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Photoinduced transitions from ionfb) to neutral(N) and neutra(N) to ionic (1) phases in an organic charge
transfer (CT) complex, tetrathiafulvalenp-chloranil (TTF-CA), were investigated by femtosecond pump-
probe reflection spectroscopy. Transient reflectivity changes of the intramolecular transition band of TTF
sensitive to the degree of CT between a donor molecule of TTF and an acceptor molecule of CA are measured
as a function of excitation energy, excitation density, and temperature. By adopting the multilayer model for the
analysis of the obtained transient reflectivity spectra, we have derived the time characteristics of amounts and
spatial distributions of photoinduced (1) states in thd (N) phase. The results reveal that théo N (IN)
transition induced by the resonant excitation of the CT band at 4 K is composed of three pro¢Bsses;
formation of a confined one-dimensiondlD) N domain, that is, a sequence DPAC pairs, just after the
photoexcitation(2) multiplication of the 1DN domains to the semimacroscopicstates up to 20 ps within the
absorption depth of the excitation light, a(®) proceeding of theéN transition along the direction normal to
the sample surface. At 77 K near tiN transition temperaturéT.=81 K), the size of the 1DN domain
initially produced is enlarged and its multiplication process is strongly enhanced. When the excitation energy
is increased, the initial photoproduct is changed from the confinetN idmain to the positively and nega-
tively chargedN states. The spatial size of the latter is considerably larger than that of the former, indicating
that the introduction of charge carriers makes the neighbdrstgte strongly unstable. The dynamics of the
photoinducedN to | (NI) transition has also been investigated. The IL&omains are initially produced by
lights, however, they decay within 20 ps even if the density ofltklemains is increased. The results dem-
onstrate that there is a clear difference of the dynamics between the photointlueed NI transitions. In
these photoinduced transitions, three kinds of coherent oscillations with the perie@l &f~50, and~85 ps
have been detected on the photoinduced reflectivity changes, which are reasonably assigned to the dynamical
dimeric displacements of molecules associated with the spin-Peierls instability, the shock wave driven by the
sudden volume change due to the photoinduced transitions, and the oscillatiorNdfdbmain boundary. On
the basis of the results, dynamical aspects of the photoinddead NI transitions have been discussed in
detail.
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I. INTRODUCTION the influence of these e-e and e-l interactions, a small density
of photoexcitations will be able to stimulate instability of
Control of phase transitions and related macroscopi&lectronic states, and then dramatic PIPTs may be observed.
properties by photoirradiation has recently attracted much The 1D material we focus on in this paper is a mixed-
attention! This phenomenon is called photoinduced phasestack charge-transfeCT) complex, tetrathiafulvalene-
transition (PIPT), and is important not only as a subject in p-chloranil (TTF-CA), which is one of the most typical ex-
the fields of physics and chemistry, but also as a usefutmples showing PIPF7-1The molecular structures of TTF
mechanism applicable to future optical switching devicesand CA are presented in Fig(a). This complex has 1D
When one considers applications of these phenomena t@hains composed of don@D) moleculegTTF) and acceptor
switching devices, it is essentially important to control thesg/A) molecules(CA) stacking alternately as shown in Fig.
physical properties by weak intensity of lights and in pico-1(b).1222In this type of mixed-stack CT complexes, overlap
second(ps) or subps time scale. A key strategy toward real-of = orbitals between adjaceit and A molecules is not so
izing such PIPTs is the exploration of one-dimensiqii)) large and the transfer energglong the 1D chains is smaller
materialst=® 1D electronic(spin) systems essentially include than on-site and nearest-neighbor e-e Coulomb interactions.
instabilities inherent to electron-electroige-e and/or  The electronic structure of TTF-CA is, therefore, reasonably
electron-lattice (e-l) interactions and sometimes produce expressed by a localized electron picture as shown in Fig.
characteristic phase transitions at low temperatures. Unddi(d), in which the highest occupied molecular orbital of do-
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(@ cl ¢l switched to each other by photoirradiations. The PIPT of
S, S TTF-CA was reported about 10 years ago by Koshitetra
[]: /E< ] (o) 0] al.2 The most striking feature of the PIPT they reported is
s S that more than 10@A pairs are changed from ionic to neu-
cl ¢l tral by one photon. From the subsequent studies, they re-
TTF (D) CA (A) ported that the time scale of the photoindudetb N (IN)
transition is the order of 100 gsThey also suggested that
(b © the photoinduced to | (NI) transition occurs in the similar
DYA'DYA°DP A°DP A°D° A® D'A" D'A" D'A” D'A" DA™ time scale as the photoinduckd transition. In these studies,
DO A®DP A® DY A°D° A® DO A® D'A” D'A” D'A” D'A” D'A” the excitation lights were set at 1.5-2.5 eV and polarized
D A°D? A0 DO A® DP A® DO A? D'A” D'A” D'A” D'A” DA™ perpendicular to th®A stacking axisa (E L a), which pro-
D° A9 D A? DO A® DO A® DO A0 D'A” D'A” D'A” D*A™ D*A- duce the local intramolecular transition of TTF. Their ener-
gies are much higher than the peak energy of the lowest CT
(d) Neutral (N) transition (0.65 e\j. The observed dynamics of PIPT are,

therefore, quite complicated and its mechanism is unclear up
to the present. More recently, Suzuédi al. reported the be-

% % % % haviors of thelN transition induced by the irradiation of
lights with the energy of 1.2 eV foE|a.? They suggested
D° A" DO A® DO A0 DO A0 that the relative efficiency of the photoinduckd transition
induced by the CT excitation is smaller than that induced by
(e) Ionic (I) the intramolecular excitation. The used excitation energy
e N (1.2 eV), however, corresponds to the off-resonant CT exci-
o ~l—‘ P S _1_\ P tation with a large excess energy. To clarify the mechanism
i /4 i /4 7 of the PIPT in TTF-CA, it will be significant to detect the
\+ d ;+ o \—T— e ;—T» P dynamical behaviors of the transition under the resonant ex-
RN oot O S e SN <3 R R o C|tat|0n Of the CT band
Dt A~ D* A" D* A DT A Here, we report the studies of the PIPT in TTF-CA using

femtosecond pump-prob-p) reflection spectroscopy?®

It has been found that the photoinducéd transition is
driven in picosecond time scale by the resonant excitation to
tures of the neutral stat@) and ionic statde) in TTF-CA. In the the lowest CT transition, which correspoorg)ds to an excitation
ionic phase, thé&*A~ chains are dimerized. The dimers are shown f)f _neutral donor (D)-acceptor (A) (D°A) pair in the

by the underlines iric) and by the ovals irfe). ionic DA stacks such as [—D'AD'AD'A"—]

—[—D*A"D°A’D*A"—1. In this condition of photoexcita-

nor and the lowest unoccupied molecular orbital of acceptotions, we can investigate directly the multiplication process
are taken into account.At room temperature, TTI_:-CA isin of the DOA? pairs leading to semimacroscopic photoinduced
the neutraN) state shown in F|g.(]:i_).14_By lowering tem- |\ transition. To unravel the mechanism of the multiplication
perature, it undergoes a neut(dl) to ionic (1) phase transi- ot pOA? pairs, we have studied the excitation-density and
tion atT,=81 K>*8The effective ionization energy of TTF temperature dependence of the time characteristics of the
donor(D) and CA acceptofA) pair is equal tdp-Ex. Here, 17 intramolecular transition band, the energy of which de-
Ip andE, are the ionization potential d and the electron pends sensitively on the degree of G).141825|n the p-p

affinity of A, respectively. Thé\l transition is caused by the reflectivity experiments, the density of absorbed photons

energy gain of the long range Coulomb attractive interaCtiOQ:hanges depending on the distance from the sample surface

overcoming the effective ionization energy BfA pairsi* : :
The degreg of CTp) between TTF and CAgi)é not epqual t0 0 and the absorption depths of the pump and probe lights are
and 1 but about 0.3 and 0.7 in thephase and the phase different from each other. To obtain quantitative information

i : b P ' of the photoinduced transition from the transient reflectivity

respectively:®17:19 Such partial values op are due to the . .
hybridization of theN and| states through the transfer en- spectra, these two effects should be strictly treated. For this

ergyt. In the | phase, each molecule has essentially pin PUrpose, we adopt the multilayer model in our study. By
=1/2 constituting the 1D spin chain, which are dimerized@PPlying this model for the analysis of the transient reflec-
due to the spin-Peierls mechanism as shown in Figlivity spectra, the time characteristics of the amounts and
1(e).13.17.20-23Therefore, the e- interaction also plays an im- spatial distributions of photoinduced products have been
portant role on the NI transition of TTF-CA as well as the e-e€valuated. The results clearly demonstrate the three-step sce-
Coulomb interaction. The recent x-ray and neutron studiegario of the photoinducetN transition;(1) a confined 1DN
revealed that the directions of dimeric molecular displacedomain, that is, a sequence BPA® pairs, is initially pro-
ments are three-dimensionally ordered in thehase and duced from a CT excitation(2) semimacroscopitN transi-
then ferroelectric ground state is stabilized as showrtion occurs up to 20 ps within the absorption depth of the
in Fig. 1(c).1324 excitation light through the cooperative multiplication of the
In TTF-CA, thus, the neutralN) state and the ioni¢l) 1D N domains, and the(B) the IN transition proceeds in the
state are almost degenerate and the two states can Wd&ection normal to the sample surface. When the excitation

FIG. 1. Structures of TTRdonor:D) and CA(acceptorA) mol-
ecules(a), schematic illustrations of neutréD®A% chains(b) and
ionic (D*A") chains(c) along thea axis, and the energy level struc-
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energy is increased, the dynamical behaviors of the photoin-
ducedIN transition are considerably modified. The system-
atic studies of the p-p reflection spectroscopy reveal that the
natures of the photoexcited states initially produced by the
resonant CT excitation and by the higher energy excitation
(or off-resonant CT excitatigrare different from each other.
As a result, both the dynamics and the efficiency of like I
transition depend strongly on the excitation energy. In this 0
study, dynamics of the photoinduc@d transition has also 0
been investigated. By the resonant excitation to the lowest
CT transition expressed as[—DCA°DCA’DCAC—]
—[—DCPA’D*A"DOA°—], it has been found that the 1D
domains are initially produced in th¢ phase, however, they
decay within 20 ps even if the density of thedomains is
increased. The essential difference of the dynamics between
the photoinducedN andNI transitions will be discussed. In
addition, we will report that the three kinds of coherent os- N
cillations with the periods of-~0.6, ~50, and~80 ps are
observed in the photoinduced reflectivity changes during the 0.5 1.0 1.5

photoinduced transitions. These oscillations are attributable Photon Energy (eV)

to the dynamical dimeric displacements of molecules associ- ) . o

ated with the SP instability, the shock wave driven by the. FIG. 2. (a) Polarized reflectivity spectra for the electric field of
sudden volume change due to the photoinduced transitiorﬂgm Ella andE L. a of TTF-CA crystal on(001) surface at 4 K
and the oscillation of théll domain boundary. $olid lines:R)) and at 90 K(broken lines:Ry). (b) Spectra of the

Here. we will summarize the content of this paper. In Secimaginary part of dielectric constaeg and excitation profiles of the
Lo . paper. photoconductivity at 77 K(solid line) and 90 K (broken ling for
[I, we detail the experimental procedures. In Sec. lll, we

. o ;> ""~Ella and the applied electric fielH| a.
present the polarized reflectivity spectra and the excitation

profiles of the photoconductivity in botN and| phases of
TTF-CA. After that, we report the results of the p-p reflec-

tion spectroscopy about the photoindudettransition and In the measurements of photoconductivity excitation pro-
NI transition in Secs. IV and V, respectively. In Sec. VI, from files, light from a xenon lamp or a halogen-tungsten lamp

the analysis of the obtained photoinduced reflectivityV@S monochromized through a grating monochromator
changes, we will elucidate the dynamical aspects of PIPTJASCO CT-10. The monochromized light was polarized by
the origin of the observed coherent oscillations, and the dif® Clan-Taylor prism and focused on the surface of the

ference between the photoindudétiandNI transitions. The ~Sample. Two electrodes were put on the sides of a single
summary of this paper is given in Sec. VII. crystal sample. The applied dc electric fiéldand the polar-

ization of the excitation lighE were set paralle(l) to the
DA stacking axis(the a axis). The photocurrent, which is
IIl. EXPERIMENTAL PROCEDURES modulated by the incident light chopped with the frequehcy

Single crystals of TTF-CA were grown by the cosublima- (7270 H2, is detected by a lock-in amplifier. The spectral
tion of the component powder materials, which were purifiedntensity of the irradiated lights was corrected by using a
by recrystallization and sublimation procedures. A typicalth€rmopile. The thickness of the sample is much larger than
size of the obtained crystal i$40.5x 0.3 mn?. To perform  the absorption depths of the incident lights. Therefore, we
the low temperature measurements, we used a cry@at ~ an consider that all _thg |nC|der]t photons were absorbgq in
ford Optistaj, in which samples are placed in cold He gas. the sample. The excitation profile of the photoconductivity

To probe the photoinducetN and NI transitions, we Was normalized to th_e incident photqn _numbe_r by taking
adopted femtosecondis) pump-probe reflection spectros- account of the reflection loss .of the incident light. I_n the
copy. In the measurement, a Ti:sapphis,0,) regenerative Mmeasurements, we have confirmed that the chopping fre-
amplifier system operating at 1 kHz was employed as a lighfUe€ncyf (~270 H2 of the incident light is high enough that
source. Output from the amplifil800 nm:1.55 eV with the contributions of thermgl effgcts are negligible compargd
the pulse width of 130 fs was divided into two beams, which!® Photogenerated ones. Linearity of the photocurrent against
are used for the excitations of two optical parametric ampli-the applied voltage and the intensity of the incident light was
fier (OPA) systems. From the two OPA systems, the probe?!SO carefully checked.
light pulses ranging from 1.8 to 2.6 eV and the pump light
pulses ranging from 0.6 to 1.0 eV are obtained. When the
pump light is set at 1.55 e\800 nmj, the output from the
regenerative amplifier system itself is used. We can adjust
the delay timety of the probe pulse relative to the pump In Fig. 2a), we present polarized reflectivity spectra for
pulse by changing the length of the route of the probe pulsehe electric field of lightE parallel to theDA stacking axis
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The time resolution of the apparatus is about 200 fs.

IIl. POLARIZED REFLECTIVITY SPECTRA AND
EXCITATION PROFILES OF PHOTOCONDUCTIVITY
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a (Ella) and perpendicular ta (E L a) of TTF-CA crystal on oo 40mM 10%

the (001) plane measured at 4 K phas¢ and at 90 K(N 0.041 13T 01'532 ----- 40nm 20%

phasg. The obtained spectra are almost in agreement with 0.02k o ;g 32 - ‘7‘82m ggoﬁ:

those reported previoust:?62’ The prominent peak struc- ' --4-- 60 ps — —130nm 55%

tures around 0.65 eV observed f&ila in both | and N [ ~®-140ps = 160nm 57%
phases are due to the CT transition. The three structures ¢ 0 S R, £ ‘e N
2-4.5 eV observed fdE L a are attributable to the intramo- - "A.\

lecular transition of TTF. It has been well established thatg -0.02 b o 2 7
these bands shift sensitively dependingoin our study, we g R Ny &

focus on the band at 2—2.5 eV. Its peak energy is 2.25 eV in 0045 e 7

the | phase withp~0.7 and 2.4 eV in thé\ phase withp
~0.31418.26 Therefore, this band is a good probe of the
photoinduced changes of the molecular ionicity. By measur-
ing photoinduced reflectivity changes of this band, photocon- -0.08
version ofl (N) state toN (I) state can be detectéd.

To discuss the mechanism of tihd or NI transition in- 0.1

-0.06

R, {90K)- R,(4K)x 08

duced by the resonant CT excitation, it is necessary to con r (@) & 4’9 (®) T
sider nature of the CT excited state. One of the most funda: -0'121.8 ' é ' 2f2 ' 2f4 286 é ; 2i2 ' 2f4 26
mental features is whether excitonic effect is important or Photon Energy (eV)

not. As for this, we can obtain valuable information from the

excitation profiles of photoconductivity along tiA stack. FIG. 3. (a) Transient differential reflection spectfAR/R) in the

Excitation profiles of the photoconductivity at 77 and 90 K intramolecular transition region measured wih. a at 4 K for
for the electric field of lighElla and the applied electric field various time delays. The energy of the pump ligfta) is set to be
Flla are presented in Fig.(8) together with the imaginary 0.65 eV (the resonant CT excitation Excitation density is 1.2
part of the dielectric constart, spectra, which were calcu- x 10 photons/cri. The solid line shows the differential spectrum
lated from the polarized reflectivity spectra by using the[Ry(90 K)-R (4 K)]/R(4 K), in which Ry(90 K) andR;(4 K) are
Kramers-Kronig(KK) transformation. In our experimental the reflectivity spectra of th&l phase at 90 K and thephase at
condition, the intensity of the incident light is extremely low, 4 K, respectively(b) The differential reflection spect@R/R) cal-
since the excitation lights are obtained by monochromizingulated by using the multilayer model. The used parameters
the halogen-tungsten lamp. Therefore, we can consider tha - (Nm) andx, (%) are listed in the figure.
the photoinduced transition to semimacroscopic state
never occurs. As seen in Fig(9, the photoconductivity is to be 0.24 photorA pair. Here,|, (or equivalently the ab-
very small at the peak energy of the CT band in bothlthe sorption coefficienta,=1/1;) was obtained from the polar-
andN phases, indicating that charged species are not gend#ed reflectivity spectrum by using the KK transformation.
ated by the resonant CT excitations. Namely, the excitonic The magnitudes of the spectral changes increase with
effect is important in the CT excited state. The photoconducthe delay timety up to 40 ps and then almost saturate. The
tivity then gradually increases with increase of the excitatiordifferential  reflectivity ~ spectrum {[Ry(90 K)-R (4 K)]/
energy and, therefore, photocarriers are generated from tH&(4 K)} calculated from the reflectivity spectra in the
higher-energy excitations. As reported in the following secphase at 4 KR,(4 K), and in theN phase at 90 KR\(90 K),
tions, the dynamics of the photoinduced transitions inis shown by the solid line in the same figure. The spectral
TTF-CA are strongly dependent on the excitation energy andhape aty;=60 and 140 ps are almost equal to that of the
related with whether the initial excited states are excitoniacalculated differential spectrum. It indicates that bhetates
states or charged species. are photogenerated in thestacks. In the time region up to
t4=20 ps, the spectral shape &R/R is somewhat different
from the calculated one. For examp|&R/R| at the high-

IV. PHOTOINDUCED | TO N TRANSITION energy region around 2.5 eV relative [hR/R| at 2.25 eV
I[AR/R(2.5 eV]/[AR/R(2.25 eV}]| for t4=20 ps is very
small as compared with that fag>60 ps and[R\(90 K)

In this subsection, we present the results of the p-p reflec-R (4 K)]/R,(4 K). Such a difference is attributable to the
tion spectroscopy of the photoinducedo N transition in-  fact that the amount of the photoinduchidstates decreases
duced by the resonant CT excitation. Figu@3hows the  jth increase of the distance from the sample surface de-
transient differential reﬂect|V|t}(AR/R) Spectra of the in- pending on the number of the absorbed photon of the pump
tramolecular transition of TTF foE L a (4 K) induced by |ights. Concerning these spectral featuresA®/R, detail
the excitation of the CT ban(D.65 eV) for Ella. Excitation  analyses will be presented in Sec. VI A. Since the overall
(pump density (photon number per unit arel,) is 1.2  spectral shape oAR/R is quite similar to the calculated
X 10% photons/cr. Taking account of the reflection loss differential spectrum, we can consider that the obtained
(~68%) of the pump light and the number of photons ab- AR/R signals forty=20 ps are also due to the photoinduced
sorbed within the absorption deptp~ 400 A, the average N states. When the excitation density is changed in the range
excitation density within the absorption depthis estimated of 0.01—1.2< 10 photons/crh or the temperature is in-

A. PhotoinducedIN transition by the resonant CT excitation
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C

FIG. 5. The photoinduced changes in reflectivitsAR/R) at
2.25 eV forE La as a function of the excitation densil,; the
closed circlesT=4 K andty=2 ps; the closed squareb=4 K and
o To 3530 t4=500 ps; the open circlesT=77 K and t4=2 ps; the open
Time Delay (ps) squares:T=77 K andty=500 ps. The energy of the pump light
(Ella) is set to be 0.65 eV. In the inset, only the squares are plotted.

7K

4

1.2x10'

0.3x10'°

0.1x10' density as seen in Fig(l) that are characterized by the fast
rise within 200 fs and the following increase tg~ 20 ps.
0.02x10' The important feature of the dynamics at 77 K is that the
T T e signal never decays, even for low excitation density. Such a
Time Delay (ps) Time Delay (ps) feature is in contrast with the fast decay with the decay time
~300 ps at 4 K. The photogenerated stablestates are
FIG. 4. Time evolutions of the transient reflectivity changesfound to decay completely within the time much less than
(-AR/R) measured at 2.25 eV fd L a; (@) 4 and(b) 77 K. The  the pulse interva(l mg at both 4 and 77 K, although their
energy of the pump lightElla) is set to be 0.65 eV. The right side decay time is dependent on the excitation density.
panels show the dynamics in the short time region. To clarify the excitation densit\N., dependence in the

; : dynamics of the photoinducéd states, we plotted AR/R at
creased to 77 K, the obtainedR/R spectra are essentiall . T
the same as the differential preflectivity spectruym,td:2 and 500 ps as a function bit, in Fig. 5°° The -AR/R
[Ry(90 K)-R,(4 K)]/R (4 K), although there is a small dif- values atq=2 ps indicate the Tzaogmtydgs of the initial rise,
ference of the spectral shape between them as mentiondglich show the amount of thB"A” pairs just after the pho-
earlier. toirradiation. WhenNg, is less than 0.1% 10" photons/

To discuss the dynamics of the photogeneratestates, €M, the initial rise is proportional tdl,, at 4 K as shown by
we present the time evolutions oAR/R at 4 and 77 K in  the broken line. In the same regionNf,, the signals almost
Figs. 4a) and 4b), respectively. The detection energy is setdisappear at;=500 ps which reflects the fact that the photo-
to the peak energ§2.25 e\ of the intramolecular transition inducedN states decay with the decay time300 ps. When
of TTF in the | phase, so that the decreaseRf(or the  Ne, exceeds 0.8 10™/cn?, the initial rise saturates and the
increase of AR/R) indicates the generation of tistates.  signal atty=500 ps increases sharply indicating the multipli-
The -AR/R signals are accompanied by the prominent oscil-cation of theN states. At 77 K, the initial rise also shows the
lations with the period of several tens of ps. The origin oflinear dependence oN., (the dashed-dotted lindor small
these oscillations will be discussed later. The initial re-N,, less than 0.0% 10' photons/crf and the saturation for
sponses are presented in the right-hand figures of k&. 4 the largerN,,. The N states produced just after the photoir-
and 4b). At 4 K, the time characteristics strongly depend onradiation never decay but always multiply.
the excitation densitjsee the left panel of Fig.(d)]. For the The saturated value of the signal\R/R at t4=2 ps
low excitation density(Ne,=0.02x 10* photons/crd), the  (~0.009 is in common at 4 and 77 K. Therefore, it is rea-
initial rise of the signal is very fast as seen in the right lowersonable to consider that the saturation of the initial rise is
panel of Fig. 4a). The rise timer, is less than the time related with the space filling of thid states generated in the
resolution of our systert~200 fg. The initial rise is accom- | stacks. Considering the space-filling effects, we can esti-
panied by a sharp drop up to 2 ps and then the signal decaysate the amount of thdl states(D°A° pairs initially pro-
with the decay time of about 300 ps. For the high excitationduced. Here, we assume that the saturation occurs when half
density (Ng,=1.2X 10" photons/cr), we also observe the of the molecules within the absorption depgtfor the pump
fast initial rise that is, however, followed by the drastic in- light is neutralized. This assumption is based upon the ex-
crease of the signal. Such an increase saturatgs-&0 ps, pectation that the amount of tiestates will not exceed that
but the signal does not decay at least to 500 ps. of thel states, since the two CT processesA™— D°A° and

At 77 K just belowT,, on the other hand, the time evo- D°A°— D*A", balance with each other, both of which are
lutions of the signals are rather independent of the excitatiomesonantly excited by the 0.65 eV purfgee Fig. 2a)]. Us-

(R

(=
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(a) Photoinduced formation of a 1D N domain (a) Weak excitation at 77K
o e s
—-D*A-D*A-D*A{D°AY D*A-D*A-D*A~ - | T . [ KT
mmmmmmm i multi-
{1 T " o~
N
—-D*A-DYADOAODOA DO A DOAD A~ --- I I ? CI N [
' | C N 11 P O N [
[ | L1 N [1
(b) Photoinduced formation of a 1D I domain Low density of 1D N domains Semi-macroscopic stable
P produced within 200 fs N state with T >> 500ps
---DYAODOAC D°A°§D+A‘§D°A° DIAODOAL -
ﬂ—' (b) Weak excitation at 4K
T ] chain axis—>
---D!A®D*A-D*A-D*A"D*A"D*ADOAO--- | | I |
[ [NT | decay | |
. . CINT ] [ |
(c) Negatively charged-soliton | | I:> I |
I = B | [N ] ~300ps | |
---D'A" D'A" D'A" D A'D* AAD" A’ D*--- | ] | |
Low density of 1D N domains Ground state
Positively charged-soliton produced within 200 fs (I phase)
--- A-D+* A-D* A‘D*I-;;B D*A- D*A- D*A—--- (c) Strong excitation at 4K
o chain axis —>
. ) L INT INT | - 1 N []
(d) Negatively charged-N domain [CINT INT ] plication LI N__ 1]
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—AD +§ A° D° AO D° A° DO A° D° AOID A" e prooduced within 200 fs N state with 7 >> 500 ps

FIG. 7. Schematic illustrations of the photoinduced behaviors
FIG. 6. (8 and(b) are schematic illustrations of photoinduced observed in thd phase;(a) the weak excitation at 77 K(b) the
formations of a 1DN domain in thel phase and a 1D domain in  weak excitation at 4 K, an¢t) the strong excitation at 4 K.
the N phase, respectivelyc) and (d) show charged-solitons and
charged domains in thiephase, respectively. the high excitation density. Thd states produced after the
multiplication have a lifetime much longer than 500 ps, sug-
gesting the formation of the stahb\estates, which are differ-
ent from the initial microscopic 1M domains. It is reason-
able to consider that the 1B domains make the neighboring
| states unstable and change thenNtstates, resulting in the
roduction of semimacroscopidl states. Thel phase in
TF-CAis stabilized by the interchain interactions as well as
Q]e intrachain one, as demonstrated by the detailed structural

cited states will have excitonic character. Considering thafinalysis:® As for the interchain interaction, there are two
the photoexcited state is composed of a numbeD®A I<|nds of energy gain gtabmzmg the macrc_)scoppmase; one
pairs, the photoexcited state is not attributable to a simple CiS due to the interchain Coulomb interaction, and the other to
exciton but to a 1D confinel states, which will be relaxed the three-dimensional3D) ordering of dimeric displace-
from the Franck-Condon-type CT excited state. Formatiorments giving rise to the ferroelectric nature. Both energy
process of the 1D confinel state is schematically illus- gains will be lost by the generation of the confined D
trated in Fig. 6a). Formation of the 1IN domain composed domains. That would be the reason why the multiplication of
of a number ofD°A® pairs has been suggested from boththe confined 1DN domains to the macroscopid region
theoretical®32and experiment&f? points of view, when the occurs. The photoinduced behaviors for the low and high
N and| phases are almost degenerate. In the following, weexcitation densities observed at 4 K are schematically illus-
will call the initial N state as a confined 18 domain. The trated in Figs. {) and 7c), respectively.
evaluated size of the confined MDdomain at 77 K is larger At 77 K, the multiplication is observed for all the
than that at 4 K. This is perhaps because the valence instaxcitation densities we used. The lowest one is 0.005
bility is enhanced nedf.. X 10 photons/cm, which corresponds to~1 photon/

At 4 K, the initial confined 1DN domains decay rapidly 1000DA pairs. Such a promotion of the multiplication pro-
for the low excitation density, while they are multiplied for cess of theN states at 77 K as well as the relatively large

ing the saturation densitig®N,~ 0.3X 10 photons/cr at
4 K and ~0.1x 10'® photons/crf at 77 K) and|l,~400 A,
we can estimate the width of the initibl excited stateyVy,
produced by one photoiga single CT excitationto be
8 DA pairs at 4 K and 248°A° pairs at 77 K.

Since the results of the photoconductivity measurement
shown in Fig. 2b) demonstrate that the photocarriers are
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FIG. 8. The photoinduced changes of reflectivisAR/R) at
2.25 eV(E L a) as a function of the absorbed photon densify
for various excitationgElla) ranging from 0.65 to 1.55 eV. The

measurements were performed at 4 K. The broken lines give the Probe energy

linear relation betweenAR/R andNg,s The open arrows show the 2.25eV

critical density at which the saturation oAR/R occurs. 100200300 200500
Time Delay (ps)

width of the initial confined 1DN domain is attributable to
the enhancement of the valence instability n@ar The
photoinduced behavior for the low excitation density ob-
served at 77 K is schematically illustrated in Figa)/

FIG. 9. Time evolutions of AR/R at 2.25 eV(E 1 a) for vari-
ous excitationgElla) ranging from 0.65 to 1.55 eV at 4 K. The
excitation density is set to be very low, in which the dynamics is
independent of the excitation densisee text

the signal[B/(A+B)] is plotted by the solid squares as a
) ) . function of the excitation energy in Fig. 10, together with the
In the previous subsection, we report the photoinduded ¢, spectrum along thBA stack at 77 Kithe solid ling. With
transition under the resonant CT excitation. The study aboyhcrease of the excitation energy, the ratio of the slow decay
the excitation-energy dependence of the dynamics is indissomponent gradually increases, indicating that the nature of
pensable for the overall understanding of the mechanism gfe injtial excited states changes depending on the excitation
the photoinducedN transition®* energy. As discussed earlier, the initial excited state for the
Figure 8 shows the absorption photon denlfy;depen- ¢ g5 eV excitation is the confined 18 domain, which de-
dence of AR/R probed at 2.25 eW(4 K) for various exci-  cays with the decay time~ 300 ps and almost disappears at
tation energies, which reflects the generation offth&tates.  t =500 ps. Taking account of the excitation profile of the
Nansis calculated fromNe, by considering the reflection loss. photoconductivity, the higher-energy excitation will generate
The absorption depth, for 1.55 eV(l,~28 000 A is much  positively and negatively charged species. In Fig. 10, the
longer than that for the other excitation energid§ excitation profile of the photoconductivity in tHephase is
~400 A for 0.65 eV,~520 A for 0.8 eV, and~720 A for  replotted by the broken line. The excitation energy depen-
1.0 eV) and for the absorption depth of the probe lidht dence of the slow decay componditiie solid squargsis
(~1600 A), so that the AR/R signal for the 1.55 eV exci- similar to that of the photoconductivity. It suggests thatlhe
tation is considerably smaller than that for the other threestates having net charges are generated by the higher energy
excitations. The magnitude ofAR/R is almost proportional  excitation and they have long lifetime.
to Naps When N is low. In such low excitation densities,

B. Excitation energy dependence of photoinducetN transition

the time evolutions of AR/R are independent oy, for 100/ Photoconductivity (77K) s
each excitation energy. Typical time evolutions ciR/R - 80F £, (77K) ST
are presented in Fig. 9. As seen in Fig. 9, the decay of the § : a
photoinduced\N states becomes slower with increase of the 7 60 104 )
excitation energy. For the 1.55 eV excitation, the signal < 40l —a o5 g
hardly decays up to 500 ps. In this excitation condition, the o Iy {02 §
N states are never multiplied. Namely, the dynamics ob- 20r 0 ]
served for the 1.55 eV excitation is completely different ol E’ , y

from those observed for the reson&Bt65 e\) excitation at 0.5 1 15
4 and 77 K shown in Fig. 4. The time characteristics ofthe Photon Energy (V)

states in Fig. 9 can be reproduced by the sum of the compo- FIG. 10. The amplitudes of the slow decay components relative

nent with the decay time=300 ps and the constant term; to the total amplitudes of the signd@/(A+B)] as a function of the

Aexp(=t/7)+B. The constant term corresponds to the com-g,itation energy(the solid squaresobtained from the results in

ponent with the decay time much longer than 500 ps. Itssig. 9. The solid line is the;, spectrum foiElla and the broken line
decay time was not exactly evaluated. However, it has beeg the excitation profile of the photoconductivity fila andFlia in

ascertained that the signal _completely decays within the timghe | phase at 77 K. The open squares show the generation effi-
much less than the pulse intervd mg. The amplitude of ciency of the chargedl domains evaluated by assuming that the
the slow decay component relative to the total amplitude ofize of a chargedl domain is 20D°A° pairs.
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As the nature of the initial excited states changes depend-
ing on the excitation energy, the spatial size of the inidal
state will also be varied. By assuming again that the
saturation of the AR/R signal occurs when half of the mol-
ecules within the absorption depth is neutralized, we
evaluated the size of the initiaN state from the

o
g
-—
-

—
N
T

—
(3]
T

77K A

-ARR (10%)
[+ -]
]

saturation photon density indicated by the arrows in Fig. 8. AL 0.65 eV pump |
The evaluated size is 17 D°A° pairs for the 0.8 eV excita- 2.25 eV probe
tion and ~35 DPA? pairs for the 1.0 eV excitation. These 0 L
values are the average size of the iniNs$tates composed of 10 1 2 3 4 5 6
Time Delay (ps) i

the nonchargetll domains(the confined 1IN domaing and
the chargedN states. The size of the former+s8 DCA° pairs
(=W, at 4 K as mentioned earlier. Judging from the excita-
tion energy dependence &/ (A+B) shown in Fig. 10, the 30

G

size of the latte(=W,,) is expected to be slightly larger than z
35 DYAP pairs. The photoconductivity reflects the probability S 20
of the carrier separatioR, while B/(A+B) is expressed as s
We/[WeP+Wy(1-P)]. Taking account of this relation, we 5 10

can estimate the size of the chargédtate(W,) so that the
excitation energy dependence of the carrier generation prob- 0 1 1
ability P is equal to that of the photoconductivity. When we 0 TixieDela l(gs) 15
setW, to be 40DCA° pairs, the values dP are calculated as y

shown by the open squares in Fig. 10, the excitation energy (c) 60 _. - T r r -
dependence of which is in good agreement with that of the

photoconductivity. The important point is that the spatial size - S0F

of the chargedN state is much larger than that of the non- S a0} .
chargedN state(the confined 10N domair) produced by the = 30k i
resonant excitation. § a0k i

The charged carriers will be converted to char¢édo- i

mains, probably during the carrier separation process. In 10 ]
other words, the charge carrier injecti@r equivalently the 0 S — o555 —"306 706300

injection of D° andA°) in the | phase makes the neighboring
I molecules unstable and then a relatively large size oN1D
domain is produced. Previous theoretical studies about the g, 11, Time evolutions of AR/R at 2.25 eV(E 1 a) in the
TTF-CArevealed that a possible charged excited state in th@me regions of 0-6a), 0-18(b), and 0—500 pgc) in thel phase at
ionic phase is a charged solitéhwhich is schematically 77 K. The pump energy is 0.65 ¥ lla) and the pump densitye,
illustrated in Fig. c). When the energy of th&l phase is is 0.3x 10 photons/crd. The arrows indicate the coherent
close to that of theé phase, the energy gain of the Coulomb oscillation.

interaction by the charge will overcome the energy cost for

- 0A0 pai , o -
the generation of thél states(D"A" pairs. As a result, the 55 jyst after the photoirradiation saturate as shown in Fig.
width of the charged soliton is expected to increase as showg similarly to the result for the resonaf@.65 eV} excita-

in Fig. 6(d). Assuming that the sizes of the positively- andjo, |y these cases, multiplications of thestates are also

negatively-chargedl states are equal to eac_h other, the Size1‘0und to occur within about 30 ps and stalMestates are
of the charged-soliton-likeN state is estimated to be produced.

~20 DA0 pairs, since the total size of the chardédtate is
~40 D°A0 pairs as mentioned earlier. It should be noted that
the chargedN state is composed of the odd number of neutral
molecules, as shown in Fig(d. Such a large size of the In this subsection, we focus on the coherent oscillations
chargedN state manifests that the charge-carrier injectionobserved on the photoinduced reflectivity changeB/R,
shown in Fig. 6c) makes the neighboringstates more un- associated with thé to N conversion. Figures 1&)—-11(c)
stable than the excitation of the CT excit@r aD°A° pair).  show the time characteristics oAR/R for the 0.65 eV ex-
The 1D charged-excited state will be strongly bound to thecitation (0.3 10 photons/crf) at 77 K in three typical
lattice due to its net charge, as compared with the ND time domains, 0—6, 0-18, and 0—500 ps, respectively. In Fig.
domain with no charge. This may be the reason why thell(a), a rapid oscillation is observed as indicated by the ar-
lifetime of the chargedN states generated by the higher en-rows. In Fig. 12a), we expand the time domain of 0—3 ps.
ergy excitation is much longer than that of the confinedML.D By subtracting the background rise and decay from the time
domains generated by the resonant CT excitation as seen pmofile and performing a smoothing, the oscillatory compo-
Fig. 9. nent is obtained as shown in Fig.(®b2 in which an oscilla-
When the excitation density is increased further for thetion with the period of about 0.6 ps is clearly observed. The
higher energy excitations of 0.8 and 1.0 eV, theRfR sig-  similar oscillations are also detected at 4 K for the 0.65 eV

Time Delay (ps)

C. Coherent oscillations

165202-8



PHOTOINDUCED PHASE TRANSITION IN.. PHYSICAL REVIEW B 70, 165202(2004)
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FIG. 12. (a) Initial response of the reflectivity change ‘g 4(0')' T T 4
(-AR/R) shown in Fig. 11a). (b) The oscillatory component ob- s T=4K )
tained by subtracting background rise and decay from the time pro- 8 3 giglsllfv 7 §
file in (@) (the solid circleg The solid line shows a profile of a a —g
damped oscillatofsee text g 2 2=

E 5
excitation(1.5X 10 photons/crf) as shown in Figs. 13) = 1_'RN(90K)—RN(300K) o 1<
and 13b). Amplitude of the oscillation is found to depend 2 R,(4K)

X . © oL 4 . p
strongly on the probe energy. The amplitude of the first 15 2 25 3
maximum of the oscillation indicated by the arrow in Fig. Photon Energy (eV)
13(b) is plotted for various probe energies in Fig.(d3 . o

As detailed in Sec. IV A, the confined 1B domains are FIG. 13. (a) Initial response of the reflectivity change

(-AR/R) at 2.25 eV(E L a) measured at 4 K. The pump energy is
0.65eV (Ellay and the pump density N is 1.5
X 10 photons/cri. (b) The oscillatory component obtained by
subtracting background rise and decay from the time profil@)in

h iods of | f f din the ti (the solid circleg The solid line shows a profile of a damped os-
the periods of several tens of ps are found in the time EVOGillator (see text (c) The open circles show the probe energy de-

lution of ~AR/R, as seen in Fig' 1#). Such oscillations are pendence of the initial amplitudes of the oscillation indicated by the
observed for the probe energies from 1.8 to 2.5 eV and &lpen arrow in(b). The solid line is the differential spectrum

all the temperatures beloW, in common. To see clearly [R (90 K)-Ry(300 K)]/R,(4 K).

these oscillations, we subtracted the background rise and de-

cay from the time profiles obtained for the 0.65 eV excitationFig. 15a), the solid line is the differential spectrum,
(1.2Xx 10 photons/crf) at 77 K. Figure 14 shows the re- [R(4 K)—Ry(90 K)]/Ry(90 K), calculated from the reflec-
sidual oscillatory components at several typical energies ofivity spectra in thd phase at 4 KR (4 K), and theN phase

the probe lights. The obtained oscillatory components arat 90 K, Ry(90 K). The AR/R spectrum atty=0-10 ps is
composed of two oscillations having different periods. More-almost equal to thER,(4 K)—Ry(90 K)]/Ry(90 K) spectrum
over, the periods of the oscillations seem to change depengxcept for in the high-energy regid8.3—2.6 eV. This dif-

ing on the probe energies. The detail analyses of these cerence is an artifact due to the change of the amount of the

multiplied at 77 K and then the semimacroscopic stalle
state is produced within-20 ps, which is reflected by the
increase of the AR/R signal shown in Fig. 1(b). After such

semimacroscopibl state is stabilized, other oscillations with

herent oscillations are presented in Sec. VI B. photoinduced! states depending on the distance from the
sample surface. The details about the effects of such inho-
V. PHOTOINDUCED N TO | TRANSITION mogeneity on the spectral shape will be discussed in Sec.

VI A. The observedAR/R spectra can be considered to re-

In this section, we will present the results of the p-p re-flect the photogeneration of tHestate in theN phase. For
flection spectroscopy associated with the photoindiéall t4=500 ps, on the other hand, téR/R signal is negative.
transition. Figure 1) shows the spectra of the photoin- Its spectral shape is completely different from {4 K)
duced reflectivity changdR/R at 90 K (the N phasg for ~ —Ry(90 K)]/Ry(90 K) spectrum.
the resonant CT excitation(0.65 eV} with Ne,=0.77 Figures 16a) and 16b) show the time characteristics of
X 10% photons/crA. Taking into account the values ¢f  AR/R at 2.25 eV for several typical excitation densities,
~510 A and the reflection loss of 59%, this excitation den-which reflect the amounts of thestates in the\ phase. In
sity is estimated to be-0.15 photonDA pair. The spectral each time characteristic, there is a fast rise within the time
shapes ofAR/R at t;=0-10 ps arealmost unchanged. In resolution, which decays very fast up te20 ps. Figure

165202-9
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FIG. 14. Oscillatory components of the reflectivity change  FIG. 16. Time characteristics of the photoinduced reflectivity
(-AR/R) for various probe energie€E La) at 77 K. The pump  changesAR/R at 2.25 eV(E L a) at 90 K for several typical exci-
energy is 0.65eV(Ella) and the excitation density is 1.2 tation densities(a) short time regionyb) long time region. The
X 10'® photons/cri. energy of the pump lightElla) is set to be 0.65 eV.

17(a) is the magnified time profile in 0—5 ps for the excita-

tion densityN,,=0.9x 10'® photons/cri A rapid oscillation

is clearly observed. The oscillatory component obtained by

subtracting the background rise and decay and performing a

[ --g--' 0.3 ps ' @} 50 nm 15.6 % ()’ smoothing is presented in Fig. (bj. The period of the os-
-4 1ps cillation is about 0.6 ps. Amplitude of this oscillation is also

-O-- ——- 29 o e
0.04- "0~ 132: T2 0nm e2% 1 dependent on the probe energy, similarly to the oscillation

| --&-- 500ps -—- ,(3001?-3,,(90@,( ] with the period of~0.6 ps in thel phase. The amplitude of
R,(90K. 02 the first maximum of the oscillation indicated by the arrow in

0.03 i 1 Fig. 14b) is plotted for various photon energies in Fig.
17(c). In addition to the rapid oscillation, more prominent
0.02 oscillation with the period of about 50 ps is observed as seen
% ’ in Fig. 16b). As for these two kinds of coherent oscillations
| observed in the\R/R signals, we will give detailed discus-
0.01 sions in Sec. VI B.
----- . When excluding the oscillatory component with the pe-
Shae T riod of about 50 ps in Fig. X6), we can see thaAR/R
0 changes its sign arourtg=20 ps and becomes negative, and
________ then saturates arourtg=100 ps. Forty>100 ps, the signal
is almost constant at least up to 500 ps.
-0.011 In Fig. 1§a), the excitation densitil,, dependence of the

RI(MI? 9§;§90K)XO.18 ] AR/R signals atty=0.3 and 500 ps is presented. TAR/R

L L I I signals atty=0.3 ps are almost proportional td, up to

18 2 22 24 26 2 22 24 26  (4x10%photons/cri and then saturate. We have also
Photon Energy (eV) estimated the width of the initial state (=W,) from the

FIG. 15. (a) Transient differential reflection spectfAR/R) in Sat%';%t'%n phortﬁonl denSA;ty Ns. h Usu;lg . NSINO'S f
the intramolecular transition region measured wih a at 90 K X 10" photons/cm, P~510 , and the reflection loss o

for various time delays. The energy of the pump ligitia) is set ~ 0-59, Wi is estimated to be aboutB*A™ pairs. As seen in

to be 0.65 eV(the resonant CT excitationExcitation density is Fi9- D), in the N phase, the charge carriers are not gener-
0.77x 106 photons/crf. The solid line shows the differential spec- ated by the resonant CT excitation as well as inltiphase,
trum, [R,(4 K)—Ry(90 K)]/Ry(90 K). (b) The differential reflec- SO that the confinetl domaing® will be generated by lights.
tion spectra AR/R) calculated by using the multilayer model. The The formation process of the confinedomain is illustrated
used parameter8™! (nm) andx, (%) are listed in the figure. The in Fig. 6b).

broken line is the differential spectrum,[Ry(300 K) The magnitudes of the negative signals AoR/R at tq
—Ry(90 K)]/Ry(90 K). =500 ps, on the other hand, start to saturate at very low
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§ ok- RUK)-R(T7K) ____. 0 FIG. 19. (a) Schematic illustration of the difference of the ab-
2 R, (90K) sorption depths between the pump lighp and the probe lightl,).

1.5 2 25 3 (b) Schematic illustration of the multilayer model. The sample is

Photon Energy (¢V) assumed to be composed Nflayers with the complex refractive
index™,. The z axis is normal to the sample surface) The defi-
nitions of electric and magnetic fields of the incident light
(Eix.H1y) and the transmitted lightEyy,H,,), and the angle of
refraction(6,) associated with the first layed. is the thickness of
e layer.

FIG. 17. (a) Initial response of the reflectivity chang&R/R) at
2.25 eV(E La) at 90 K. The pump energy is 0.65 e¥lla) and
the pump densit\,, is 0.9X 106 photons/crA. (b) The oscillating
component obtained by subtracting background rise and decay fro
the time profile in(a) (the solid circles The solid line shows a
profile of a damped oscillatqisee text (c) The open circles show o )
the probe energy dependence of the initial amplitudes of the oscill N€se results suggest the following interpretation; the photo-
lation indicated by the open arrow ib). The solid line is the inducedl states decay within-20 ps through the nonradia-
differential spectrunfR,(4 K)=R,(77 K)]/Ry(90 K). tive processes and their energies are transferred to the lattice.

Then the lattice temperature is increased and the spectral
excitation density(0.2x 10 photons/crf) as seen in Fig. change corresponding to the sample heating is observed for
18(@). A most plausible origin of the negative signals is ata=30Pps. .
thermal effect. To evaluate the thermal effect, we calculate AS Seen in Figs. 1@ and 1€b), the decay time of the
the differential  spectrum, [Ry(300 K)—Ry(90 K)]/ photom_dL_Jcec_i states is very small and there is no |nd|cat|_on
Ry(90 K), which is shown by the broken line in Fig. (5. _of multlpllcat|on of thel states, Wh_en the excitation density
[Ry(300 K)—Ry(90 K)]/Ry(90 K) is found to be negative IS increased. It has been ascertained that these features are

over the wide energy range. Its spectral shape is almostequgllmOSt independent  of the excitation _energy  from

- ; : 65 to 1.55 eV. It is clear that there is a significant differ-
to theAR/R t ty=500 tally obtained. . ; :
othe Specirim alg ps expenmentaty oblaine ence of the dynamical behaviors between the photoinduced

. ; . ° IN and NI transitions.
3 <
2?2 103ps N VI. DISCUSSIONS
% 1 /." g;gglépump' A. Analysis of transient reflectivity changes
. 2.25¢V prob .
0 : o P 1. Multilayer model
m 1500 ps . o .
s " s ] When a single crystal sample is irradiated by light, the
0 0.2 0.4 0.6 0.8

N 16 amount of the photoexcited states or carriers is exponentially
.« (10'6photon/cm?) . ;
decreased with increase of the distance from the sample sur-
FIG. 18. The excitation densiti{,, dependence of tharR/R  face. In addition, in the reflection detected p-p measurement
signals atty=0.3 and 500 p$90 K, 0.65 eV excitation wittElla). ~ used here, absorption depths of the probe lightare de-
The broken line shows the linear relation betweeR/ R and Ng,. pendent on its energy and different from that of the pump
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light (Ip) as illustrated in Fig. 1@). Such inhomogeneity of Ti(2) =H{1 — Xo eXp(— B2)} + TinXo exp(— B2).

the carrier concentration and the difference betwigemdl, ) ) )

should affect magnitude and spectral shape of transient rd=ach layer with the width ofl is labeled by *-N, as shown
flectivity changes,AR/R.36-38 Moreover, in the case that in Fig. 19b). The refractive index of the Ith layer is ex-
photoexcited species just after the photoirradiation are mulPressed as follows:

tiplied with time as observed in the photoindud&dtransi- ~ ~

tion of TTF-CA, the distribution of the photoexcited species 1 = NiLL ~Xo €xp= A(l = )d}] +Tinxo expi— B(l - 1)d}.

in the direction normal to the sample surface may be depen-et us consider that the TE mode of the light passes through
dent on time. In the previous section, we neglected thesge fim with the refractive indefi,, as illustrated in Fig.
effects, so that the presented discussions are so qualitativeg ) ¢, is the angle of refraction. In this case, the electric
Here, we present precise analysis of the spectral shape agd|q'g, and they component of the magnetic field,, of
magnitude oAR/R, in which the time-dependent inhomoge- y,q jcigent light,(E14,Hsy), are connected with those of the

neity in the concentration of photoexcited states is taken int . . ) i
account in the variation of refractive index and the?ransmnted l'ght'(EZX'HZV)’ by the matrixM, as follows:

absorption-depth difference is exactly treated. From the —isinka,
analysis, we can derive detailed information about the dy- [ Ey | Eox ) coskA, — |[ Ex
namics of the photoinducddN andNI transitions. Hay =M Ha, = P1 Ha .

To analyzeAR/R spectra, we adopt a multilayer modél.
In this model, we consider that a material is composed oI_' . N serae® .
many thin layers having different optical constatite com-  1€r€,41=Nyd coséy andp, = Veo/ 11oN; COS ;. K is the wave
plex refractive index), as shown in Fig. 1®). T, is as- number of the incident light in vacuum. A similar relation

sumed to be constant within theh layer. ReflectivityR of ~ Stands for theth layer

—ipysinkA;  coskA,

such a multilayer can be easily calculated. When we apply —isinkA

this model to the analysis akR/R spectra, we adopt the [E, = coskd,  ————— | (Ejray

following assumptions. H =M, H = P H .
ly I+1y I+1y

(1) The value offi in each layer is expressed s Ch
+Cy\Ny, (C+Cy=1). Here, i, andny are the refractive index _ JE— ]
of the | phase and thél phase, respectivelf, andCy are  Here,Aj=nyd cos¢ and pi=\eo/ uoh cosé. 6 is the angle
the ratio of thel andN stategor | andN molecules, respec-  Of refraction. We consider the matr defined as

—ip;sinkd;  coskA,

tively. _
(2) The value ofCy (C)) in the photoinducedN (NI) M=MiMMs- - My,

transition is expressed by the exponential function of the

distancez from the sample surface along the normal direc- M = (mn m12)

tion to the surface a€y (C)) x exp(—52). My, My,

The size of eacN domain photogenerated in thehase L .
(or | domain photogenerated in theéphase will be consid- The reflectivityR of the N-layer sample is expressed by

erably smaller than the wavelength of the probe lights. InUSing the elements of the matri¥, and the parameters,
such a case, assumptigh) will be valid. Assumption(2) ~ andpy as follows:
comes from the fact that the number of the absorbed photons
decreases exponentially with increasezof\s discusseg in R= (Mg *+ My PPy = (Mg + Mpay)
Sec. IV, in the case of the photoinducéd transition, it (Mg + MyoPp)P1 + (Mg + MyzPy)
dgpends on the excitation densh, whether the photoex-. In our case, the direction of the incident light is almost per-
C|_ted N states are multl_plled or decaye_d. Therefore, the d'sbendicular to the sample surface, so thiatan be set to be
tribution of theN states is not necessarily equal to that of the
absorbed photons determined by the absorption coefficiedtt" "
ap, but is changed with time. In our model, such nonlinear
effects can be taken into account through the change of the
characteristic length 33 by considering8 as a time-
dependent fitting parameter. Using the multilayer model presented earlier, we have
In the following, we go on with discussions in the case oftried to reproduce the differential reflectivity speck&/R

the photoinducedN transition. The treatment for the photo- in Fig. 3&), which are measured at 4 K with the resonant
inducedNI transition is completely the same. According to (0.65 eV} excitation of the CT bandj, andny were deduced
the assumptions mentioned abo¢g,and Cy are given as by applying the KK transformation to the polarized reflectiv-
follows: ity spectra at 4 and 90 K, respectively, which are shown in

—1_ _ Fig. 2a). The adjustable parameters in our model are, there-

Ci(2)= 1 ~xp expl- f2), fore, only two parameters, that ig,andx,,.
Cn(2) =xgexp(— B2).

First, we set the total thickness of the analyzed region to
be 5000 A, which is much larger than the absorption depths
Here, Xy is the density of the photoinduced state at the of the probe lightd, in the intramolecular transition region
sample surfacéz=0). The refractive indeXi(z) is expressed from 1.8 to 2.6 eV folE 1 a (1300—3200 A and that of the
as pump lightl, (~400 A). Next, the sample with the thickness

2

2. Analysis of transient reflectivity changes
in photoinduced IN transition
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FIG. 20. Time characteristics ofAR/R at 2.25 eV(E L a) at
4 K corresponding to the result of Fig(e, and time characteristics
of the total amounts of thdl state(Nyya), the characteristic length
for the distribution of theN state(71), and the ratio of thé\ state
at the sample surfadep), which were obtained by the simulation
based upon the multilayer model presented in F{).3

the ab plane

FIG. 21. (a) The time dependence of the ratkoz) of the N
states in the photoinducddto N transition.z is the distance from
the sample surface. The white and gray arrows indicate the changes
of the N states forty<<20 ps andy> 20 ps, respectivelyb) Sche-
matic illustration of the multiplication process in the photoinduted
to N transition. Shade shows the coexistence of thand| state
of 5000 A is divided toN=1000 layers with the thickness of and black region shows th¢ state.
d=5 A. We have ascertained that the calculated spectra are
not changed when the total thickness is increased larger th

5000 A ord is decreased less than 5 A. perpendicular to the sample surfgde in Fig. 19b)] is the

The calculatedAR/R spectra are presented in Figbg - o o O
. : .same as that just after the photoirradiation, which is propor-
As mentioned in Sec. IV, the spectral shape of the experi: J b brop

. L ~F="Tional to exg—«a,z). The multiplications of thé\ states occur
g:ﬁre]tg?;/] ?eilgeneilristr:rel Eilgheera)e :Qrowsrethi% ncg?(r)iitg”zsgce\}wo-dimensionglly in the plane parallel to the sample surface
e dep 9 gy reg : SLZ). Forty>20 ps, on the other hand, the two-dimensional
which is well reproduced by the calculated spectra. The USemultiplications near the sample surface saturate and the mul-
parameter values B/andx, are presented as a function of . i pY i the di P dicul h |
the delay timey in Fig. 20, together with AR/R at 2.25 eV tiplications occur in the direction perpendicular to the sample
. surface (llz). Such a multiplication process can be seen
and the total amount of the photoindudddstateN;qia Niotal clearlv in Fig. 2 in which the ratio of the photoinduced
is proportional toxg/ 8. We can see several important fea- Y g. 21a), in which the ratio of the photoinduce
tures of the photoinducetN transition from Fig. 20. For N states as a function d >§(z),_ is plotted for variousty.
t,< 20 ps, X, gradually increases, while B/is almost un- Herg,x(O)_:xo. Thesg mgltlpllcat!on processes are also sche-
changed. Namely, in this time region, the multiplication pro-matically illustrated in Fig. 2(), in which the density of the
cess of theN states generated just after the photoirradiatiorPotoinducedN states is shown by the shade.
occurs two dimensionally in the plane parallel to the sample
surface.Ny,, therefore, increases being proportionalxgo
At ty>20 ps, multiplication dynamics is considerably
changed. Aty=20 ps, 13 starts to increase and saturates at
aroundty=40 ps. Atty=20-40 psx, continues to increase, Using the multilayer model presented earlier, we have
although the slope of thgy-ty curve rather decreases. As a also analyzed the differential reflectivity specthdr/R in
result, Nyt remarkably increases duririg=20-40 ps. For Fig. 15a), which are measured at 90 K with the resonant
ty>40 ps, the increase of, becomes small, that is about (0.65 eV} excitation of the CT band. As for the paramefgrs
only 5% fromty=40 to 300 ps. The sharp increase of8l/ andTy, the refractive indexes at 4 and 90 K were used, re-
also stops at aroundy=40 ps. 1 increases slightly spectively. The absorption depthis ~510 A. The values of
(~20%) from t;=40 to 300 ps. d andN are also set to be 5 A and 1000, respectively.
From these results, the multiplication dynamics of the We presented the calculatédr/R spectra in Fig. 1),
photoinducedN states can be interpreted as follows. Forwhich are in good agreement with the experimental results in

E[Q< 20 ps, the distribution of thil states along the direction

3. Analysis of the differential reflectivity spectra
in photoinduced NI transition
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(3 ---D*A-D*A-D*A-D*A- D°A? D*A- D*A- D*A- D*A-- - - The observed rapid oscillation can be qualitatively inter-
— — preted as illustrated in Fig. 22-0. A CT excited state is
ﬂ Formation of 1D N domain initially photogeneratediFig. 22a)]. Just after the photoirra-
(<200 fs : time res.) diation, a confined 10N domain composed of sever@PA°
() - D*A-D*A- DYA? DIA® DIA® DIA® DOA® D*A-D*A-- - - pairs is produced from the CT excited stfffgg. 22b)]. This
I = = == LS process corresponds to a sequence of the electron transfer
ﬂ Coherent oscillation of processes, so that it will occur within the time scale of the
lattice phonon (T~0.6 psec) transfer energyt. If t is assumed to be 0.1 eV, which is a
typical value for the mixed-stack CT compounds, its time
() ---D'AD*A” D'A’D°A’DYA’DPA°DPA® D*A”D*A~- - - scale is~40 fs that is much faster than the time resolution
(~200 f9. Therefore, the formation process of the confined
ﬂ| Multiplication (~ 20 psec) | 1D N domain cannot be resolved in time domain by our
system. In the formation process of the NDdomain, the

dimeric molecular displacements will persist as shown in
- D*A"DA’DOA’DC A’ D A°DOA'DC A DO A D*A” - - - Fig. 22b), since the time scale of the lattice phonon, that is
0.6 ps, is much longer than that of the transfer ener
(@) ---D'ATD°A’D°A°DA’D°A’DPA"DCA°DACD*A” - - (~4F()) fs). In the configed 1DN domain, each molecule hasgy
< D*A"DOA'DOA'DO A DP A°DO AODO AODO A® D*A~- - - no spin, so that the dimeric displacements should be dis-
> > solved. Remember that the molecular dimerization is caused
by the SP instability. In the dissolution process of the dimeric
molecular displacements, the coherent oscillation does occur
as shown by the arrows in Fig. @3. This type of optical
ephonon is infrared(IR)-active independent of the lattice
dimerizations but Raman-active only when the lattice is
dimerized. In the previous IR and Raman studies, an IR
mode is observed at around 58 @min both theN and |
phase® and a Raman mode activated only in thghase is
changes from 15.6%t3=0p9 to 3.3% (t;=10p3 as  gpserved at 57 cM.*! The phonon mode observed in these
shown in the figure. Note that the spectral shapaRfR at  stydies might correspond to the coherent oscillation detected
2.3—-2.6 eV, which is not equal to that of the differential here.
spectrum[R;(4 K)—Ry(90 K)]/Ry(90 K), is completely re- Such an oscillation will modulate the transfer energy be-
prOduced. Such a difference iS, therefore, CO“C'USively attribtween the neighborin@ andA molecules. It is reasonable to
uted to the inhomogeneity of the refractive index within theconsider that the value of the degree of Charge-transfer
absorption depth of the probe light. It has been ascertainegecreases with decrease of the dimeric displacements
that time characteristics of the amount of the photoindUced through the decrease of the intradimer transfer energy. As a
state derived from this analysis are in good agreement witRegylt, the coherent oscillation modulaesnd, then, is de-

Formation of semi-macroscopic N domain
+ Oscillation of N domain size (T~ 85 psec)

FIG. 22. Schematic illustration of the observed dynamics in th
photoinduced\l transition(see text

Fig. 1§a). In these calculations, B/is constan(=l,) andx,

that of AR/R. tected as the reflectivity change of the intramolecular transi-
tion sensitive top.
B. Analysis of the coherent oscillations The oscillations are of the confined MDdomains. There-

fore, their amplitudes should reflect the change af the N
1. Coherent oscillations in the photoinduced IN transition state. The solid line in Fig. 18) shows the differential re-

In this subsection, we will discuss the coherent osciIIationﬂemivity spectrum[Ry(90 K)-Ry(300 K)]/R;(4 K), which

on the photoinduced signals associated with the photoin(i:_orresFJOndS to the increasemby ~0.07 in t.heN phase-? .
ducedIN transition. First, we focus on the rapid oscillation gakt]i?)nprsohbo?/v?lns;gt)égi%izdsi?;isO]icstr\]/ir?/rg?rlr;tilljadretgftrgzesgzgl-
shown in Figs. 12 and 13. This oscillatory component wa . )
analyzed by a damped oscillator represented by the followt—ral shape of[Ry(90 K)_RN(?’OO K)]/,R'(4 K). This fagt
ing simple formula: strong_ly demonstra_tes t_he interpretation presented_e_a_rller. As
seen in the solid line in Figs. 1® and 13b), the initial
AR phase of the oscillation defined by H@G) is almost equal to
- — = Ay cog wot — po)exp(— t/ ). (1) 7. This is also quite reasonable becawsshould decrease
R through the change from the dimerizRdstate[Fig. 22b)] to
the undimerizeN state[Fig. 22¢)] as discussed earlier.
In Figs. 12b) and 13b), the calculated time profile is shown  As mentioned in Sec. IV, the spike-like rise and decay is
by the solid line, which reproduces well the experimentalobserved within 2 ps in the time evolution oAR/R for the
result. The obtained frequeneay, (the periodT) of this 0s-  small excitation densitysee the right lower panels of Figs.
cillation is ~56 cn* (~0.60 p3. The decay timer, of the  4(a) and 4b)]. It is natural to consider that these structures
oscillation is about 3.0 ps in Fig. I® and 7.0 ps in Fig. will also be related with the dynamical behavior of molecular
13(b). Taking into account the frequency value of the oscil-displacements. In fact, the similar analyses have revealed
lation (56 cnT™), it is natural to consider that this oscillation that several periods of the coherent oscillation can be distin-
is related with an optical mode of lattice phonon. guished in the results for the low excitation density.
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e ) FIG. 24. Schematic illustrations of the shock wave and the dis-

'5 ~~~~~~~ - g persion of the acoustic phonon. The shock wave acts as a broadband

= | ] o source of acoustic phonons. The probe light having the wave num-

g 1I6 TRy berk is modulated by the coherent acoustic phonon wkhAE as

Photon Energy keV) a function of X gives the dispersion of the acoustic phonon.

FIG. 23. (@) Quantum energy of the oscillatigdE=/w) ob- ~ phonons®? In this case, the monochromatic probe light
served in Fig. 14 as a function ok2the closed circles: the low- should be modulated by the phonon having the wave number

frequency oscillation; the open circles: the high-frequency oscilla-2k. A relation between the modulation frequency amkd:ar-

tion. k is the wave number of the probe ligith) Amplitudes of the  responds to a dispersion of the acoustic phonon, which gives

high-frequency oscillatioithe open circlesand the low-frequency a linear relation for smalk. The generation of the shock

oscillation(the closed circlgsas a function of the probe energy. The wave and the modulation of the probe light are schematically

broken line is theAR/R spectrum aty=500 ps. illustrated in Fig. 24. The observed linear relation between

AE and X seen in Fig. 2@) demonstrates that the observed

Next, we will discuss other coherent oscillations with the high-frequency oscillation is attributed to a shock wave. The

period of several tens of ps at 77 K, which are shown in Figsound velocity is calculated to be 0.88.0° cm/s from the

14. To analyze these oscillations, we have tried to fit the datglope of the open circles in Fig. @3. Tanimura and

by a superposition of two exponentially damped oscillationsAkimoto also detected the same oscillations in TTFA.

represented as follows: This kind of oscillation in the photoinduced reflectivity
change has been previously reported in the study on the
AR photoinduced melting of a charge-ordered state of perovskite

2 Acodot- g)exp-t/m):(i=1,2. (2  manganite

! As for the lower-frequency oscillatiodME does not de-
pend on the probe energies as seen in Figa)2and the
'period of the oscillation is-85 ps. The profile of the ampli-
tudes is in good agreement with that afR/R shown by the

R

The thin solid lines in Fig. 14 are the calculated results
which reproduce well the experimental ones. Figuréa3

shows the guantum energy of the oscillatidrE=%w) as a broken line in Fig. 28). Therefore, this oscillation should
function of the twice(2k) of the wave number of the probe be related with the change of the molecular ionigityA

lights k (k=27n/)) in the sample. In Fig. 28), the ampli-  ossible origin is a modulation in the amount of thetates.
tudes of the low- and high-frequency oscillations are pre-rq jnvestigate this possibility, we have calculated the power
sented by the solid and open circles, respectively. In the |0V§pectra from the time profiles ofAR/R(2.25 e\ at various
frequency oscillations, the phate) is almost constant for 1emperaturegnot shown by using the Fourier transforma-
the probe energies of 1.77-2.25 eV, but shifts relatively bition procedures. The obtained power spectra are presented in
m at 2.53 eV. Such a shift ofr is taken into account as a Fig. 25a). Intensity of the low-frequency bart}) relative to

change of the sign of the amplitudes in Fig.(@3 In the  he high frequency banfl,) is considerably enhanced with
high-frequency oscillations, on the other hagdis indepen-

dent of the probe energy. As seen in Fig(l®3the observed
two oscillations show apparently different behaviors.

The amplitudes of the high frequency oscillatigtine
open circles in Fig. 2®)] are almost constanAE rather
depends on the probe energy, being proportion&ldad the
corresponding period changes from 37 to 57 ps. From these
features, this oscillation is attributable to the shock wave,
which is generated from the photoinduced impulsive me-
chanical stress. In the temperature indubddransition, the
unit cell volume decreases by about 0.6% aciss There- FIG. 25. (a) Fourier power spectra of the oscillatory components
fore, photoinducedN conversion will also produce a sudden observed in Fig. 14 at various temperaturés.The ratio between
volume change, which acts as a broadband source of acoustte amplitudes of low{l,) and high-frequency pealt,).

VAN

5T s
Frequency (cm™)

>

Fourier Intensity (arb. units)
~]
~J]
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(@) « - DOA'DYA'DOA® D*A DY AODP AODO AL - ~50 ps seen in Fig. 1B) are attributable to the shock wave
‘ : - — discussed in Sec. VI B 1. In fact, the frequency of this oscil-
ﬂ Formation of 1D 1domain lation is found to show probe-energy dependence character-
=200 Bitimorres, istic of the shock wave.

(b) [:--D°A%D*A-D*A-D*A-D*A-D*A-DVA®- .-

f/ / / // / / f / C. Dynamical aspects of the photoinducedN transition

Coherent oscillation of In this subsection, we will discuss the physical picture of
lattice phonon (T ~ 0.6 ps) the photoinducedN transition on the basis of the analyses
| presented in the previous subsections. For the resonant CT
(©)  [:2:D°A’D*A” D*A” D*A” D*A” D*A”DYAC: -+ excitation in thel phase at 4 K, the confined 18 domains

composed of about BPA° pairs are initially photogenerated
@@@@ @ through the purely electronic processes, that is the first stage
of the IN transition. In thel phase of TTF-CA, the states
FIG. 26. Schematic illustration of the observed dynamics in ther€ stabilized not only by the intrachain interactions but also
photoinducedN| transition(see text by the interchain ones. The intrachain interactions are based
upon the Madelung potential along the chain and the dimeric
molecular displacements due to the SP mechanism. The in-

increase of temperature up M as shown in Fig. 2®). e . : .
From the result, we can consider that the low frequency OSt_erchaln interactions are related with the Madelung potential

cillation is related with the valence instability, and, therefore,""long,the dlrgctlon perper_1d|cqlar to the cham and the ferro-
is attributed to the modulation in the amount of festates.  €l€ctric ordering of the dimeric molecular displaceménts.

It should be noted that this oscillation startgat 20 ps just Under these '”t?rCha'F‘ Interactions, a bodomain cannot
after the multiplication of the confined 18 domains to the spread over chain but is rather confined. The formation of the

semimacroscopibl state is completed. This indicates that thefo.nf'ned 1DN do(;na!nhs ﬁredfoIIO\l/vgd by the COh?rﬁm OS|CI|-
observed oscillation is not due to the confinedMEomains ~ 'ations associated with the dissolution process of the molecu-

initially photogenerated. The modulation in the size of theIar dlsplacements._A ”“Wber of the confined ILIDJIomaI_nS
semimacroscopicN domain, or equivalently, the coherent can make the neighboring states unstable cooperatively.

: : .. When the excitation density is larger than 0.3
motion of the NI domain boundary over the macroscopic 6 . .
scale will be responsible for the low frequency oscillation, X 10" phot.ons/crﬁ, thgt S, 0.06 photorI?A pair, the N
that is schematically illustrated in Fig. @3. states are indeed multiplied at 4 K. In this stage, that is, the

second stage of theN transition, the multiplication occurs
two-dimensionally within the absorption depth of the pump
light (I), as seen in Fig. 20. It is quite reasonable, since the
As mentioned in Sec. V, there are also observed two kindsnultiplication of theN states is a nonlinear process and oc-
of coherent oscillations in the photoinducéd transition, curs only when the amount of the initial 18 domains
which are shown in Figs. 1B), 17(a), and 17b). The osci- reaches the critical density. Accordingly, in the region with
latory component in the picosecond region presented in Figz> 1, the multiplication of theN states does not occur in this
17(b) is well reproduced by Eql) as shown by the solid second stage up tty~ 20 ps. The time scalé~20 p9 of
line. The frequencythe period of this oscillation is 54 cm"  this multiplication process is quite slow as compared with
(0.62 pg, which is nearly equal to that observed in the the time scale(<200 f9 of the formation process of the
photoinducedN transition(0.60 ps. Therefore, it can also confined 1DN domains. It is, therefore, natural to consider
be attributed to the lattice phonon corresponding to thehat the multiplication is not dominated by purely electronic
dimeric molecular displacements. As shown in Fig(l86 process. A possible factor determining the time scale of the
the confined 10 domain is produced immediately after the multiplication is the change of the unit cell volume or the
photoirradiation. Since each molecule in the l@omain has |attice constants. As mentioned in the Sec. VI B 1, the vol-
spin (S=1/2), the 1D| domain has the SP-like instability, ume of the unit cell is changed by 0.6% through tKe
although the size dfdomain(W, ~5) is not so large. We can transition. Therefore, the multiplication of thBl states
consider that this instability will lead to the dimeric molecu- should also be accompanied by the change of the lattice con-
lar displacements as shown in Fig.(26 which are detected stants, which will proceed in the time scale of the acoustic

2. Coherent oscillations in photoinduced NI transition

as the coherent oscillation shown in Fig.(A) phonons. This will be the reason for the fairly slow multipli-
The probe energy dependence of the amplitudes of thisation processes.
oscillation shown in Fig. 1(¢) (the open circlesis quite The period(~85 p9 of the slow coherent oscillation is

similar to the differential reflectivity spectruniR;(4 K) about 4 times as large as the characteristic time of the mul-
-R\(77 K)]/Ry(90 K), which corresponds to the increase of tiplication procesg~20 p9. Therefore, this coherent oscil-

p by ~0.05 in thel phase. It supports the interpretation lation might also be related to the change of the volume or
presented earlier. The important point to be emphasized igttice constants in the semimacroscolistate. Namely, the
that the dynamicaNI conversion[Fig. 26b)] and the dy- generation of the semimacroscocstate induces the long-
namical SP distortiofiFig. 26¢)] can be discriminated in the range deformation of the lattice due to the large lattice con-
time domain. Other oscillatory structures with the period ofstants in theN state as compared with those in thetate and
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then the change of the lattice deformation is coupled with the VIl. SUMMARY

motion of theNI domain wall, that will result in the slow  pynamical aspects of the photoinduced phase transitions
coherent oscillation. from ionic (1) to neutral (N) and neutral(N) to ionic (1)
After the multiplication process of thll states up tdq  phases in organic CT compound, TTF-CA, have been inves-
~20 ps in the second stage of th¢ transition, another mul-  tigated by the femtosecond pump-probe reflection spectros-
tiplication process occurs along the direction perpendiculagopy, The transient reflectivity spectra of the intramolecular
to the sample surface up tg~40 ps, that is the third stage transition band of TTF sensitive to the change of the degree
of the IN transition. When the multiplication process in the of cT have been measured as a function of the excitation
second stage is completed, the semimacroschipstate is  gensity, temperature and excitation energy. To obtain quanti-
produced near the sample surface. Tretates near the in-  tative information of the photoinduced transitions from the
terface of theN and | regions then become unstable dueransjent reflectivity spectra, we adopt the multilayer model.
mainly to the lack of the interchain Coulomb attractive inter- grom the detailed analysis using this model, we have clari-

actions. It is the reason why the multiplication along the fieq the time characteristics of the amounts and spatial dis-
direction occurs. In this delayed multiplication process, theyihytions of photoinduced products.

increase of the lattice constants should also be indispensable |y the IN transition induced by the resonant excitation of

and then its time scale will be very sloty~20-40 ps. the CT band, three processes are clearly demonstrétee;

When the temperature is raised to 77 K just belowNtie  confined 1DN domain, that is, a sequence BPAC pairs, is
transition temperaturﬁc, the efﬁCiency of the phOtOinduced |n|t|a||y produced from a CT excitatior(’Z) the 1D N do-
| to N transition is strongly enhanced due to the increase ofnains are multiplied through the cooperative interactions up
the valence InStablllty At 77 K, the size of the confined 1Dt0 ~20 ps and SemimacroscopN states are stabilized
N domain (~24 D°A°) is three times as large as that within the absorption depth of the pump light, and th@h
(~8 D°A?) at 4 K and the multiplication of the confined 1D the IN transition proceeds in the direction normal to the
N domains occurs for very low excitation density sample surface. The size of the confined Wlomain ini-
(0.001 photonDA pair). Nevertheless, the time of the mul- tially generated and the efficiency of the multiplication pro-
tiplication process at 4 and 77 K is the safe20 p9, as  cess are strongly dependent on temperature. NealNthe
seen in Fig. 4. It indicates that the time scale of this procesgransition temperature, the size is very large, exceeding
is not dominated by the instability of the electron-lattice sys-20 D°A° pairs and the multiplication process is considerably
tem but by other origin such as the volume change as disenhanced. When the excitation energy is increased, the initial
cussed here. photoproducts are changed from the confined\LBomains
to the positively and negatively changddlomains. The size
of the latter is considerably larger than that of the former,
indicating the charge-carrier injection makes the neighboring
| state strongly unstable.

As discussed in the previous subsections, it is clear that The dynamics of the photoinducéd transition has also
there is a significant difference of the dynamical behaviordeen investigated in detail. The I0domain is initially pro-
between the photoinducd®l and NI transitions. In theN duced by lights. Its size is, however, not so large even near
transition, the confined 1IN domains are multiplied through the NI transition temperature, and the domains decay up to
the cooperative interactions in the time scale of 20 ps, wher-20 ps, even if the density of thedomains is increased.
the excitation density is high or the temperature is ieam  The results demonstrate that there is a clear difference of the
the NI transition, the confined 1D domains are also gener- dynamics between the photoinduckd and IN transitions.
ated just after the photoirradiation, but they decay upyto Such a difference has been explained by considering the 3D
~20 ps even for the high excitation density. Such a differ-ordering of the dimeric displacemengsr equivalently the
ence may be simply explained as follows. The ionic state oferroelectric naturgin the | phase.

TTF-CAis the ferroelectric ordered state with the 3D order-  Other important results of this study were the observation
ing of dimeric displacements. Namely, the photoinduced for-of several kinds of coherent oscillations with subps or ps
mation of theN domain in thel phase corresponds to a periods in the photoinduced reflectivity changes. In the
dissolution process of the ordering, so that this process wilphotoinducedN transition, the observed three kinds of os-
be easily driven by photoirradiations. On the other hand, theillations with the period of~0.6, ~50, and~85 ps, are

N to | transition is a formation process of a 3D ordelled reasonably assigned to the dynamical dimeric displacements
state. Considering this point, it is natural that the stable semief molecules associated with the dissolution of the spin-
macroscopid state is difficult to be produced by photoirra- Peierls distortions, the shock wave driven by the sudden vol-
diations. Very recently, however, Collet al. have reported ume change due to the photoindud&ttransition, and the
from the time resolved x-ray study that the photoirradiationoscillation of theNI domain boundary, respectively. In the
can stabilize the ferroelectrically orderédstate in theN photoinduced\I transition, the observed two kinds of oscil-
phase® The reason for the discrepancy between our resulttations with the period of-0.6 and~50 ps, are attributed to
and theirs is not clear at present. It may be attributable to théhe dynamical dimeric displacements of molecules associ-
difference of the excitation conditions, e.g., the pulse widthated with the spin-Peierls instability and the shock wave,
and/or the photon density of the pump lights or the spot sizeespectively. Note that the rapid oscillation with the period of
of the pump lights relative to the sample size. ~0.6 ps reported here is the first example of the coherent

D. Difference of the dynamics between the photoinducetN
and NI transition
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oscillation associated with the spin-Peierls instability andcharacteristics of not only amounts of the photoproducts but
gives a direct evidence for the strong coupling between thalso their spatial distributions is provided.
charge(spin) and the lattice.

Finally, we would 'Iike to emphasize that the multilayer ACKNOWLEDGMENT
model adopted here is a powerful tool to analyze the results
of pump-probe reflectivity spectroscopy, which is the most This work was supported by a grant-in-aid from the Min-
standard method to investigate photoinduced phase trangstry of Education, Culture, Sports, Science and Technology
tions of solids. Using this model, information about the timeof Japan.
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