
KEK物構研　　岩野薫

物質の新しい素励起発見を目指して
~ 光誘起相転移研究の立場から～

2015年7月27日＠KEK



New
Order

Lattice Distortion

hν

Ad
iab

at
ic 

Po
te

nt
ial

 E
ne

rg
y

光誘起相転移＝光で系の性質を巨視的に変化させる
本talkの興味→超高速(~ fs)なドメイン形成

背景

1次元系：
     理論◎、実験△

2次元系：
     理論○、実験△

Domain formation?
電子転移？

電子自由度と格子自由度の分離



光誘起相転移の超高速性

TTF-CA Br-bridged Pd complex

Matsuzaki et al., JPSJ 75 
(2007)123701&PRL113, 

096403 (2014)

state. Therefore, it is natural to consider that an MH domain
consisting of ca. 20 Pd sites (! ! !–Pd3þ–Pd3þ! ! ! ! ! !Pd3þ–
Pd3þ–! ! !) is also generated by pumping at 1.55 eV from an
excitonic (or local) CT state (! ! !–Pd2þ–Pd3þ–Pd3þ–Pd4þ–
! ! !) via multiple CT processes.

The dynamical processes of the photoinduced transition
were also investigated. Figure 2(g) shows the time profile of
! (open circles) together with those of the transient
reflectivity change (j "R j) at 0.60 and 1.24 eV (dashed
lines). As the profiles are in very close agreement, the profile
of j "R j at these energies is considered suitable for use as
a measure for the photogeneration and decay of the
MH domains. The initial responses of "R(0.60 eV) and
"R(1.24 eV) are the open circles in Figs. 3(a)(i) and 3(b)(i),
respectively. "R(0.60 eV) increases immedialtely upon
photoirradiation, while "R(1.24 eV) decreases. This behav-
ior is well reproduced by the temporal profile of a step
response calculated by the convolution assuming a Gaussian
pulse response function with a width of 180 fs (solid line).
This suggests that the formation of the 1D MH domain
occurs much faster than the temporal resolution of the
present observations. Immediately following the initial
rise, a coherent oscillation is observed up to 3 ps [see
Figs. 3(a)(ii) and 3(b)(ii)], which will be discussed later.

The time profiles of "R [Fig. 2(g)] excluding the
oscillation can be reproduced well by

"RðtÞ ¼ A& erfððt=!Þ'nÞ; ð1Þ

where erf is the error function. The calculated response with
parameters of ! ¼ 0:85 ps and n ¼ 0:8 for "R(0.60 eV) and
! ¼ 0:42 ps and n ¼ 0:61 for "R(1.24 eV) are shown as
solid lines in Fig. 2(g). Equation (1) describes the geminate
recombination of a pair of excited species diffusing along a
1D chain,21) and is consistent with the linear relationship
between j "R j and xph [Fig. 2(h)]. The parameter ! is
related to the diffusion constant (D) and the initial distance
between two photogenerated species (l0) by ! ¼ l20=4D.

For an infinite chain, n is 0.5. The evaluated values of n
(> 0:5) indicate that the decay rate of the excited species is
larger than in the infinite case, possibly due to the spatial
confinement of the motion of the excited species, which
increases the encounter rate.22) A plausible candidate for the
excited species is the pair of domain walls (DWs) between
the original CDW state and the photogenerated MH state
(i.e., the CDW-MH DWs). When the MH and CDW states
are degenerate, a finite 1D MH domain corresponds to a pair
of CDW-MH DWs, similar to the case for DWs in the
neutral (N) to ionic (I) transition system.23) Strictly, the
energy of the MH state is slightly higher than that of the
CDW state, resulting in the confinement of the MH domain.

The coherent oscillations observed in the "R response
[Figs. 3(a)(ii) and 3(b)(ii)] provide important information on
the charge and lattice dynamics. The oscillatory component
is plotted in Figs. 3(a)(iii) and 3(b)(ii) after subtraction of
the background rise and decay from the "R response. The
data were analyzed assuming a damped oscillator given
by "Rosc ¼ A0 cosð!0t ' "0Þ expð't=!0Þ, where !0 is the
oscillation frequency, !0 is the decay time, and "0 is the
initial phase. The simulated results (solid lines) reproduce
the experimental results well. The evaluated frequency !0

(the period T0) of the oscillation does not depend on the

probe energy (!0 ¼ 90 cm'1, T0 ¼ 0:36 ps). The decay time
!0 of the oscillation is 1.4 ps (1.2 ps) for the probe energy of
0.6 eV (1.24 eV). The initial phase "0 at 1.24 eV is small (ca.
#=6), indicating that the oscillator is cosinusoidal, and shifts
by # at 0.60 eV, which corresponds to the sign reversal of
"Rosc. Such a change in the sign of "Rosc is in agreement
with that in the "R response [Fig. 2(e)], suggesting that
the coherent oscillation is associated with the CDW-MH
conversion. A possible origin of the oscillation is the
symmetric Pd–Br stretching mode in the photogenerated MH
domains, since the CDW-MH conversion should be accom-
panied by release of the bridging-Br displacements.

The Raman spectrum for [Pd(chxn)2Br]Br2 is shown in
Fig. 3(c), together with that for [Pt(chxn)2Br]Br2, which has
larger bridging-Br displacements. The band at ca. 85 cm'1 is
observed in both compounds with comparable intensities,
indicating that this peak is not related to an M-Br stretching
mode but probably to a mode associated with the
ligand molecules. The band at 120 cm'1 (165 cm'1) for
[Pd(chxn)2Br]Br2 ([Pt(chxn)2Br]Br2) can be assigned to the
symmetric Pd–Br (Pt–Br) stretching mode. The frequency of
the coherent oscillation (90 cm'1) is lower than that of the
Raman band (120 cm'1), consistent with the relative weak-
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Fig. 3. (a, b) (i) Initial "R response for xph ¼ 0:025 (open circles) with
probe energies of (a) 0.60 eV and (b) 1.24 eV. Solid lines denote fitting
curves. (ii) Time profiles of "R within 3 ps. (iii) Oscillatory components
obtained by subtracting background rise and decay from time profiles
shown in (ii) (dots) (see text). Solid lines denote the time profiles of a
damped oscillator. (c) Polarized Raman spectra obtained under excitation
of 1.96 eV for [Pd(chxn)2Br]Br2 (solid line) and [Pt(chxn)2Br]Br2
(dashed line). The intensity of excitation is the same for both compounds.
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PIPT

Figure 2(a) shows the polarized R spectrum for
[Pd(chxn)2Br]Br2 (x ¼ 1) in the CDW state with light
polarization (Ei) oriented parallel to the chain axis b (i.e.,
Ei k b). The spectrum for [Ni0:16Pd0:84(chxn)2Br]Br2 (x ¼
0:84) in the MH state is also shown for comparison,17) and
the corresponding ! spectra obtained by the Kramers–
Kronig transformation (KKT) of the R spectra are shown in
Fig. 2(b). The broad peak at ca. 0.7 eV for the x ¼ 1
compound is due to the CT transition, ðPd2þ; Pd4þÞ !
ðPd3þ;Pd3þÞ [see Fig. 1(c)]. The ! spectrum for the x ¼
0:84 compound exhibits a peak structure at ca. 0.55 eV
attributable to the Mott-gap transition, ðPd3þ; Pd3þÞ !
ðPd2þ;Pd4þÞ [see Fig. 1(b)].17)

Figure 2(e) shows the transient reflectivity change (!R)
spectra for Ei k b using the 1.55-eV pump with polarization
parallel to b. The averaged excitation photon density xph
within the absorption depth (450 Å) is 0.025 photon/Pd.
Here, xph was evaluated from the absorption coefficient
(2:23% 105 cm&1) and the reflection loss (61%) of the pump
light. Immediately following the photoirradiation (td ¼
0:25 ps), the R at 0.8–2 eV is lower, and R below 0.8 eV
is higher. The spectral shape of the transient !R spectrum
is very similar to the differential spectrum [i.e., !R ¼
Rðx ¼ 0:84Þ & Rðx ¼ 1Þ, Fig. 2(c)], indicating that the MH
state is generated by the photoirradiation within a CDW
background.

To evaluate the photoconversion efficiency, the photo-
induced ! change (!!) spectra were calculated by KKT
analysis of the Rþ!R spectra. As shown in Fig. 2(f), the
photoinduced !! spectra also coincide well with the
differential spectrum [i.e., !! ¼ !ðx ¼ 0:84Þ & !ðx ¼ 1Þ,
Fig. 2(d)]. The spectral shape of the photoiduced !!
spectrum appears to be largely independent of td up to
500 ps. By comparing the integrated intensity of the induced
absorption in the photoinduced !! spectrum [the gray area
in Fig. 2(f)] with that of the differential spectrum [!! ¼
!ðx ¼ 0:84Þ & !ðx ¼ 1Þ, the gray area in Fig. 2(d)], the
fraction (") of conversion from CDW to MH is evaluated to
be 55% at td ¼ 0:25 ps with xph ¼ 0:025 photon/Pd. From
these values it can be deduced that an MH domain produced

by one photon consisits of 22 Pd sites. The high efficiency of
the CDW-MH conversion can be attributed to the near-
degeneracy of the CDW and MH states.

To obtain information on the nature of the photogenerated
MH state, the transient !R spectra were also measured
under a resonant excitation of the CT transition (0.7 eV)
(data not shown). The spectral shape and its time depen-
dence under the 0.7-eV excitation were found to be almost
the same as those under the 1.55-eV excitation. Previous
photoconductivity15) and electroreflectance20) measurements
for MX chains in the CDW phase revealed that the excited
state produced by resonant excitation is an excitonic CT

(b) Mott-Hubbard state(a) [Pd(chxn)2Br]Br2
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Fig. 1. (a) Crystal structure of [Pd(chxn)2Br]Br2. (b, c) Schematic
electronic structures of (b) MH state and (c) CDW state. Solid arrows
mark the lowest optical transition in each state.
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Fig. 2. (a, b) Polarized reflectivity (R) and optical conductivity (!) spectra
with Ei k b for [Pd(chxn)2Br]Br2 (x ¼ 1) (solid line) and [Ni0:16-
Pd0:84(chxn)2Br]Br2 (x ¼ 0:84) (dashed line) at room temperature. (c,
d) Differential reflectivity (!R) and optical conductivity (!!) spectra
between [Ni0:16Pd0:84(chxn)2Br]Br2 (x ¼ 0:84) and [Pd(chxn)2Br]Br2
(x ¼ 1). (e, f) Photoinduced reflectivity change (!R) and optical
conductivity change (!!) in [Pd(chxn)2Br]Br2 (x ¼ 1) at various delay
times (td) after photoexcitation (dots). Solid lines are guides to the eye.
The pump energy is 1.55 eV [indicated by an arrow in (a)]. The excitation
density (xph) is 0.025 photon/Pd. The polarizations of the pump and
probe beams are parallel to b. (g) Time profiles of !R(0.60 eV) and
!R(1.24 eV) for xph ¼ 0:025 (dashed lines). The time profile of " is
also shown (open circles). Solid lines are fitting curves (see text). (h)
Excitation-density dependence of !R(0.60 eV) and !R(1.24 eV) for
td ¼ 0:15 ps (dots). Dashed lines are guides for the eye.
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nor and the lowest unoccupied molecular orbital of acceptor
are taken into account.14 At room temperature, TTF-CA is in
the neutral !N" state shown in Fig. 1(d).14 By lowering tem-
perature, it undergoes a neutral !N" to ionic !I" phase transi-
tion at Tc=81 K.

15–18 The effective ionization energy of TTF
donor !D" and CA acceptor !A" pair is equal to ID-EA. Here,
ID and EA are the ionization potential of D and the electron
affinity of A, respectively. The NI transition is caused by the
energy gain of the long range Coulomb attractive interaction
overcoming the effective ionization energy of DA pairs.14

The degree of CT !!" between TTF and CA is not equal to 0
and 1 but about 0.3 and 0.7 in the N phase and the I phase,
respectively.16,17,19 Such partial values of ! are due to the
hybridization of the N and I states through the transfer en-
ergy t. In the I phase, each molecule has essentially spin S
=1/2 constituting the 1D spin chain, which are dimerized
due to the spin-Peierls mechanism as shown in Fig.
1(e).13,17,20–23 Therefore, the e-l interaction also plays an im-
portant role on the NI transition of TTF-CA as well as the e-e
Coulomb interaction. The recent x-ray and neutron studies
revealed that the directions of dimeric molecular displace-
ments are three-dimensionally ordered in the I phase and
then ferroelectric ground state is stabilized as shown
in Fig. 1(c).13,24
In TTF-CA, thus, the neutral !N" state and the ionic !I"

state are almost degenerate and the two states can be

switched to each other by photoirradiations. The PIPT of
TTF-CA was reported about 10 years ago by Koshihara et
al.2 The most striking feature of the PIPT they reported is
that more than 100 DA pairs are changed from ionic to neu-
tral by one photon. From the subsequent studies, they re-

ported that the time scale of the photoinduced I to N !IN"
transition is the order of 100 ps.7 They also suggested that

the photoinduced N to I !NI" transition occurs in the similar
time scale as the photoinduced IN transition. In these studies,

the excitation lights were set at 1.5–2.5 eV and polarized

perpendicular to the DA stacking axis a !E!a", which pro-
duce the local intramolecular transition of TTF. Their ener-

gies are much higher than the peak energy of the lowest CT

transition !0.65 eV". The observed dynamics of PIPT are,
therefore, quite complicated and its mechanism is unclear up

to the present. More recently, Suzuki et al. reported the be-

haviors of the IN transition induced by the irradiation of

lights with the energy of 1.2 eV for E #a.8 They suggested
that the relative efficiency of the photoinduced IN transition

induced by the CT excitation is smaller than that induced by

the intramolecular excitation. The used excitation energy

!1.2 eV", however, corresponds to the off-resonant CT exci-
tation with a large excess energy. To clarify the mechanism

of the PIPT in TTF-CA, it will be significant to detect the

dynamical behaviors of the transition under the resonant ex-

citation of the CT band.

Here, we report the studies of the PIPT in TTF-CA using

femtosecond pump-probe (p-p) reflection spectroscopy.9,25
It has been found that the photoinduced IN transition is

driven in picosecond time scale by the resonant excitation to

the lowest CT transition, which corresponds to an excitation

of neutral donor !D"-acceptor !A" !D0A0" pair in the

ionic DA stacks such as $—D
+
A
!
D
+
A
!
D
+
A
!— %

→ $—D
+
A
!
D
0
A
0
D
+
A
!— %. In this condition of photoexcita-

tions, we can investigate directly the multiplication process

of the D0A0 pairs leading to semimacroscopic photoinduced

IN transition. To unravel the mechanism of the multiplication

of D0A0 pairs, we have studied the excitation-density and

temperature dependence of the time characteristics of the

TTF intramolecular transition band, the energy of which de-

pends sensitively on the degree of CT !!".14,18,26 In the p-p
reflectivity experiments, the density of absorbed photons

changes depending on the distance from the sample surface

and the absorption depths of the pump and probe lights are

different from each other. To obtain quantitative information

of the photoinduced transition from the transient reflectivity

spectra, these two effects should be strictly treated. For this

purpose, we adopt the multilayer model in our study. By

applying this model for the analysis of the transient reflec-

tivity spectra, the time characteristics of the amounts and

spatial distributions of photoinduced products have been

evaluated. The results clearly demonstrate the three-step sce-

nario of the photoinduced IN transition; (1) a confined 1D N

domain, that is, a sequence of D0A0 pairs, is initially pro-

duced from a CT excitation, (2) semimacroscopic IN transi-
tion occurs up to 20 ps within the absorption depth of the

excitation light through the cooperative multiplication of the

1D N domains, and then (3) the IN transition proceeds in the
direction normal to the sample surface. When the excitation

FIG. 1. Structures of TTF !donor:D" and CA !acceptor:A" mol-
ecules (a), schematic illustrations of neutral !D0A0" chains (b) and
ionic !D+A!" chains (c) along the a axis, and the energy level struc-
tures of the neutral state (d) and ionic state (e) in TTF-CA. In the
ionic phase, the D+A! chains are dimerized. The dimers are shown

by the underlines in (c) and by the ovals in (e).
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excitation density !0.2!1016 photons/cm2" as seen in Fig.
18(a). A most plausible origin of the negative signals is a

thermal effect. To evaluate the thermal effect, we calculate

the differential spectrum, #RN!300 K"!RN!90 K"$ /
RN!90 K", which is shown by the broken line in Fig. 15(b).
#RN!300 K"!RN!90 K"$ /RN!90 K" is found to be negative
over the wide energy range. Its spectral shape is almost equal

to the "R /R spectrum at td=500 ps experimentally obtained.

These results suggest the following interpretation; the photo-

induced I states decay within %20 ps through the nonradia-
tive processes and their energies are transferred to the lattice.

Then the lattice temperature is increased and the spectral

change corresponding to the sample heating is observed for

td#30 ps.
As seen in Figs. 16(a) and 16(b), the decay time of the

photoinduced I states is very small and there is no indication

of multiplication of the I states, when the excitation density

is increased. It has been ascertained that these features are

almost independent of the excitation energy from

0.65 to 1.55 eV. It is clear that there is a significant differ-

ence of the dynamical behaviors between the photoinduced

IN and NI transitions.

VI. DISCUSSIONS

A. Analysis of transient reflectivity changes

1. Multilayer model

When a single crystal sample is irradiated by light, the

amount of the photoexcited states or carriers is exponentially

decreased with increase of the distance from the sample sur-

face. In addition, in the reflection detected p-p measurement

used here, absorption depths of the probe light !lr" are de-
pendent on its energy and different from that of the pump

FIG. 17. (a) Initial response of the reflectivity change !"R /R" at
2.25 eV !E!a" at 90 K. The pump energy is 0.65 eV !E &a" and
the pump density Nex is 0.9!1016 photons/cm2. (b) The oscillating
component obtained by subtracting background rise and decay from

the time profile in (a) (the solid circles). The solid line shows a
profile of a damped oscillator (see text). (c) The open circles show
the probe energy dependence of the initial amplitudes of the oscil-

lation indicated by the open arrow in (b). The solid line is the
differential spectrum #RI!4 K"!RI!77 K"$ /RN!90 K".

FIG. 18. The excitation density Nex dependence of the "R /R
signals at td=0.3 and 500 ps (90 K, 0.65 eV excitation with E &a).
The broken line shows the linear relation between "R /R and Nex.

FIG. 19. (a) Schematic illustration of the difference of the ab-
sorption depths between the pump light !lp" and the probe light !lr".
(b) Schematic illustration of the multilayer model. The sample is
assumed to be composed of N layers with the complex refractive

index ñl. The z axis is normal to the sample surface. (c) The defi-
nitions of electric and magnetic fields of the incident light

!E1x ,H1y" and the transmitted light !E2x ,H2y", and the angle of
refraction !$1" associated with the first layer. d is the thickness of
the layer.
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可視光線形スペクトル：
運動量K=0

放射光スペクトル：
運動量K≠0

Photon Energy
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異なるサイズのドメイン状態

｢粒子｣としての
ドメインの分散
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スピン自由度を陽に考える必要のある場合
（角度分解光電子分光）
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Domain Model II ー Involvement of spins
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ドメインの成長過程
(=実時間動力学)

「量子状態(素励起)」
としての記述

ドメインの
重心運動

電子的光誘起相転移の考え方



2-dimensional systems(1/4-filled system): 
Organic charge-transfer salts 

gap ~ as small as 0.1 eV.
α-(BEDT-TTF )2I3

Charge Ordering

By Iwai et al., PRL 98, 097402 (2007)

Photoinduced Phase Transition
100~250 molecules/photon!

α-I3
Eex=0.89eV



The time scale of the initial rise in the ΔR/R signal (< 20 fs) is as fast 
as that of the correlated electron motion, as discussed later.

The magnitude of ΔR/R observed at 0.1–0.8 eV for td = 0.1 ps 
increases linearly with Iex up to 0.1 mJ cm-2.

literature [7]. Reflection-detected pump-probe measure-
ments were performed using a Ti:Al2O3 amplifier with
two-stage degenerate optical parametric amplifiers
(OPAs) [14] in order to generate a broadband (0.65–
1 eV) spectrum. This broadband infrared pulse was com-
pressed using an active-mirror (Flexible Optical, MMDM
11! 39 mm) compressor [14]. The pulse width was
estimated to be 12 fs, which corresponds to three optical
cycles, using a second harmonic generation frequency-
resolved optical gating technique. The time resolution at
the sample position was 15 fs as an FWHM of the cross-
correlation between the pump and the probe pulses.

Figure 2(a) shows the optical conductivity (!) spectrum
along the ==b axis at 10 K (CO) and 150 K (metallic). The
! spectrum at 10 K exhibits an intermolecular CO gap
in energy regions of "0:1 eV indicating the CT ex-
citation of the correlated electron motion [15]. Figure 2
(b) shows the photo-induced reflectivity change [!R=R ¼
ðR0 % RÞ=R, where R and R0 represent the reflectivity
before and after the excitation, respectively], which was
measured by pump-probe spectroscopy at a time resolution
of "200 fs (pump: 0.89 eV; excitation intensity, Iex:
0:1 mJ cm%2; a pump-probe delay time td ¼ 100 fs) along
the ==b axis at 20 K [11]. As seen in Fig. 2(b), the !R=R
spectrum is analogous to the spectral difference
[Rð150 KÞ % Rð10 KÞ'=Rð10 KÞ [solid curve (! 0:5)], in-
dicating that a metallic state is generated by the photo-
excitation using the "150 fs pulse. The spectral range of
the pump and the probe pulses generated by the degenerate
OPA [indicated by the shaded area in Fig. 2(a)] corre-
sponds to the high-energy side of the intermolecular

CT transition. The !R=R spectrum shows a marked
decrease at "0:7 eV, which indicates the occurrence of
the PIMT.
Figure 2(c) shows the time evolution of!R=Rmeasured

at 0.7 eV at 20 K (Iex ¼ I0, 0.05 I0, where I0 ¼
0:03 mJ cm%2) and 80 K (Iex ¼ I0) under the excitation
by 12 fs pulses, reflecting the generation dynamics of
the photoinduced metallic state. The Iex value for
I0 ¼ 0:03 mJ=cm2 corresponds to a density of
1 photon=1500 molecules for the 0.89 eV excitation. The
time scale of the initial rise in the !R=R signal (< 20 fs)
is as fast as that of the correlated electron motion, as
discussed later.
The high-frequency oscillating component of !R=R

(20 K, Iex ¼ I0) was obtained by using a Fourier high-
pass (> 300 cm%1) filter [Fig. 3(a)]. In addition, a time-
frequency spectrogram [Fig. 3(b)] and time-resolved
spectra [Figs. 4(b)–4(e)] were obtained by wavelet (WL)
analysis of the oscillating component. As indicated by the
black dashed circle denoted as (i) in Figs. 3(a) and 3(b), the
spectrogram is dominated by the broad signal at
"1800 cm%1 for td < 50 fs. The signal peak exhibits a
drastic frequency change with td between (ii)"1000 cm%1

and (iii) 1450 cm%1 for td ¼ 50–200 fs. Then, the
(iv) signal approaches "820 cm%1 for td > 200 fs.
It is noteworthy that the broad spectrum at"1800 cm%1

exhibiting the spectral gap at "1000 cm%1 for td ¼ 30 fs
[Fig. 4(b) and (i) in Figs. 3(a) and 3(b)] is analogous to the

FIG. 2 (color online). (a) ! spectrum along the ==b axis at
10 K (CO phase) and 150 K (metallic phase). The spectral range
of the pump and the probe 12 fs pulse is indicated by the shaded
area. (b) !R=R spectrum at td ¼ 100 fs measured by pump-
probe spectroscopy at a time resolution of "200 fs [11]. The
spectral difference ½Rð150 KÞ-Rð10 KÞ'=Rð10 KÞ is represented
by the solid curve (! 0:5). (c) Time evolutions of !R=R
measured at 0.7 eV at 20 K (Iex ¼ 0:05I0 and I0), and 80 K
(Iex ¼ I0). The cross correlation profile between the pump and
probe pulses is indicated as a response function [GðtÞ].

FIG. 3 (color online). (a) High-frequency oscillating compo-
nent of !R=R at 20 K for I ¼ I0, which was obtained by using
a Fourier high-pass (> 300 cm%1) filter. (b) Time-frequency
spectrogram was calculated by wavelet analysis of the high-
frequency oscillating component. (c) Calculated photoinduced
charge-density modulation (!ni) at molecule A in the extended
Peierls-Hubbard model with EMV coupling (see text).
(d) Spectrogram of calculated !ni.

PRL 105, 246402 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

10 DECEMBER 2010

246402-2
Iwai et al., PRL 98, 097402 (2007)

Kawakami et al., PRL 105, 246402 (2010)

I0=  0.03 mJ/cm2

超高速！

線形性！
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α-(BEDT-TTF )2I3

単位胞

BEDT-TTF

電荷秩序

まず、1個だけ移動

周りに波及！
電子

“電子氷”
光

“電子氷の融解”



２次元系電荷秩序系

Spinless Fermion Model

Charge Order (CO)

V, to

Photo
Excitation

多電子励起？

H = −t0 (Cl+1
† Cl + h.c.)+ V (l − l ')nlnl '

<l ,l '>
∑

l
∑

Ref. H. Hashimoto et al. JPSJ 83, 123703 (2014).



フラストレーション（V’）の効果

例えば、

2excitons 3excitons1exciton
Eex    　3V-3V’          5V-4V’          5V-4V’
@V=V’    V           　　V          　　V
（Rem: V=V’ は相境界 )

◎相境界に近づくにつれて励起状態同志が縮退

VV’



5V-4V’
4V-3V’

5V-4V’
7V-6V’

5V

Nex=1
Nex=2

Nex=3

・・・

位相反転ドメイン

5V-4V’

3V-2V’

6V-5V’

7V-6V’6V-5V’

ドメイン形状
という自由度

Rem. 
相境界でも必ずしも
全ては縮退しない

5V-2V’

6V-4V’
7V-4V’

6V-4V’

6V-5V’
6V-3V’

6V-3V’

“Domain-animals”
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Ref. C. Hotta et al., JPSJ 75, 123704 
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ドメイン状態
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(2015).

6×6格子
光学伝導度スペクトル

新しい秩序の形成
元々の秩序の融解



まとめ
◎１，２次元系の一部の物質群で
ドメイン励起が観察できる可能性

ー2次元系の分散は理論でもまだ。

ー今までの理論は非共鳴で行った。
 共鳴でも勿論観察可能と考えるが、
 より複雑になると思われる。

ー物質は種類を問わない。
　レーザー分光とのタイアップが望ましい。


