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Photoinduced transitions from ionicsId to neutralsNd and neutralsNd to ionic sId phases in an organic charge
transfer (CT) complex, tetrathiafulvalene-p-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 photoinducedN sId states in theI sNd phase. The results reveal that theI to N sINd
transition induced by the resonant excitation of the CT band at 4 K is composed of three processes;(1)
formation of a confined one-dimensional(1D) N domain, that is, a sequence ofD0A0 pairs, just after the
photoexcitation,(2) multiplication of the 1DN domains to the semimacroscopicN states up to 20 ps within the
absorption depth of the excitation light, and(3) proceeding of theIN transition along the direction normal to
the sample surface. At 77 K near theNI transition temperaturesTc=81 Kd, 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 confined 1DN domain 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 neighboringI state strongly unstable. The dynamics of the
photoinducedN to I sNId transition has also been investigated. The 1DI domains are initially produced by
lights, however, they decay within 20 ps even if the density of theI domains is increased. The results dem-
onstrate that there is a clear difference of the dynamics between the photoinducedIN and NI transitions. In
these photoinduced transitions, three kinds of coherent oscillations with the period of,0.6,,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 oscillation of theNI domain boundary. On
the basis of the results, dynamical aspects of the photoinducedIN andNI transitions have been discussed in
detail.
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I. INTRODUCTION

Control of phase transitions and related macroscopic
properties by photoirradiation has recently attracted much
attention.1 This phenomenon is called photoinduced phase
transition (PIPT), and is important not only as a subject in
the fields of physics and chemistry, but also as a useful
mechanism applicable to future optical switching devices.
When one considers applications of these phenomena to
switching devices, it is essentially important to control these
physical properties by weak intensity of lights and in pico-
second(ps) or subps time scale. A key strategy toward real-
izing such PIPTs is the exploration of one-dimensional(1D)
materials.1–6 1D electronic(spin) systems essentially include
instabilities inherent to electron-electron(e-e) and/or
electron-lattice (e-l) interactions and sometimes produce
characteristic phase transitions at low temperatures. Under

the influence of these e-e and e-l interactions, a small density
of photoexcitations will be able to stimulate instability of
electronic states, and then dramatic PIPTs may be observed.

The 1D material we focus on in this paper is a mixed-
stack charge-transfer(CT) complex, tetrathiafulvalene-
p-chloranil (TTF-CA), which is one of the most typical ex-
amples showing PIPT.2,7–11The molecular structures of TTF
and CA are presented in Fig. 1(a). This complex has 1D
chains composed of donorsDd molecules(TTF) and acceptor
sAd molecules(CA) stacking alternately as shown in Fig.
1(b).12,13 In this type of mixed-stack CT complexes, overlap
of p orbitals between adjacentD andA molecules is not so
large and the transfer energyt along the 1D chains is smaller
than on-site and nearest-neighbor e-e Coulomb interactions.
The electronic structure of TTF-CA is, therefore, reasonably
expressed by a localized electron picture as shown in Fig.
1(d), in which the highest occupied molecular orbital of do-
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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 neutralsNd state shown in Fig. 1(d).14 By lowering tem-
perature, it undergoes a neutralsNd to ionic sId phase transi-
tion atTc=81 K.15–18The effective ionization energy of TTF
donorsDd and CA acceptorsAd pair is equal toID-EA. Here,
ID andEA are the ionization potential ofD and the electron
affinity of A, respectively. TheNI transition is caused by the
energy gain of the long range Coulomb attractive interaction
overcoming the effective ionization energy ofDA pairs.14

The degree of CTsrd between TTF and CA is not equal to 0
and 1 but about 0.3 and 0.7 in theN phase and theI phase,
respectively.16,17,19 Such partial values ofr are due to the
hybridization of theN and I states through the transfer en-
ergy t. In the I phase, each molecule has essentially spinS
=1/2 constituting the 1D spin chain, which are dimerized
due to the spin-Peierls mechanism as shown in Fig.
1(e).13,17,20–23Therefore, 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 theI phase and
then ferroelectric ground state is stabilized as shown
in Fig. 1(c).13,24

In TTF-CA, thus, the neutralsNd state and the ionicsId
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 Koshiharaet
al.2 The most striking feature of the PIPT they reported is
that more than 100DA pairs are changed from ionic to neu-
tral by one photon. From the subsequent studies, they re-
ported that the time scale of the photoinducedI to N sINd
transition is the order of 100 ps.7 They also suggested that
the photoinducedN to I sNId transition occurs in the similar
time scale as the photoinducedIN transition. In these studies,
the excitation lights were set at 1.5–2.5 eV and polarized
perpendicular to theDA stacking axisa sE'ad, which pro-
duce the local intramolecular transition of TTF. Their ener-
gies are much higher than the peak energy of the lowest CT
transition s0.65 eVd. The observed dynamics of PIPT are,
therefore, quite complicated and its mechanism is unclear up
to the present. More recently, Suzukiet al. reported the be-
haviors of theIN transition induced by the irradiation of
lights with the energy of 1.2 eV forE ia.8 They suggested
that the relative efficiency of the photoinducedIN transition
induced by the CT excitation is smaller than that induced by
the intramolecular excitation. The used excitation energy
s1.2 eVd, 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 photoinducedIN transition is
driven in picosecond time scale by the resonant excitation to
the lowest CT transition, which corresponds to an excitation
of neutral donor sDd-acceptor sAd sD0A0d pair in the
ionic DA stacks such as f—D+A−D+A−D+A−— g
→ f—D+A−D0A0D+A−— g. 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 CTsrd.14,18,26In 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 photoinducedIN transition;(1) a confined 1DN
domain, that is, a sequence ofD0A0 pairs, is initially pro-
duced from a CT excitation,(2) semimacroscopicIN 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 TTFsdonor:Dd and CAsacceptor:Ad mol-
ecules(a), schematic illustrations of neutralsD0A0d chains(b) and
ionic sD+A−d chains(c) along thea axis, and the energy level struc-
tures of the neutral state(d) and ionic state(e) in TTF-CA. In the
ionic phase, theD+A− chains are dimerized. The dimers are shown
by the underlines in(c) and by the ovals in(e).
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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 excitation) are different from each other.
As a result, both the dynamics and the efficiency of theIN
transition depend strongly on the excitation energy. In this
study, dynamics of the photoinducedNI transition has also
been investigated. By the resonant excitation to the lowest
CT transition expressed as f—D0A0D0A0D0A0— g
→ f—D0A0D+A−D0A0— g, it has been found that the 1DI
domains are initially produced in theN phase, however, they
decay within 20 ps even if the density of theI domains is
increased. The essential difference of the dynamics between
the photoinducedIN andNI transitions will be discussed. In
addition, we will report that the three kinds of coherent os-
cillations with the periods of,0.6, ,50, and,80 ps are
observed in the photoinduced reflectivity changes during the
photoinduced transitions. These oscillations are attributable
to the dynamical dimeric displacements of molecules associ-
ated with the SP instability, the shock wave driven by the
sudden volume change due to the photoinduced transition,
and the oscillation of theNI domain boundary.

Here, we will summarize the content of this paper. In Sec.
II, we detail the experimental procedures. In Sec. III, we
present the polarized reflectivity spectra and the excitation
profiles of the photoconductivity in bothN and I phases of
TTF-CA. After that, we report the results of the p-p reflec-
tion spectroscopy about the photoinducedIN transition and
NI transition in Secs. IV and V, respectively. In Sec. VI, from
the analysis of the obtained photoinduced reflectivity
changes, we will elucidate the dynamical aspects of PIPTs,
the origin of the observed coherent oscillations, and the dif-
ference between the photoinducedIN andNI transitions. The
summary of this paper is given in Sec. VII.

II. EXPERIMENTAL PROCEDURES

Single crystals of TTF-CA were grown by the cosublima-
tion of the component powder materials, which were purified
by recrystallization and sublimation procedures. A typical
size of the obtained crystal is 130.530.3 mm3. To perform
the low temperature measurements, we used a cryostat(Ox-
ford Optistat), in which samples are placed in cold He gas.

To probe the photoinducedIN and NI transitions, we
adopted femtosecond(fs) pump-probe reflection spectros-
copy. In the measurement, a Ti:sapphiresAl2O3d regenerative
amplifier system operating at 1 kHz was employed as a light
source. Output from the amplifiers800 nm:1.55 eVd with
the pulse width of 130 fs was divided into two beams, which
are used for the excitations of two optical parametric ampli-
fier (OPA) systems. From the two OPA systems, the probe
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 eVs800 nmd, the output from the
regenerative amplifier system itself is used. We can adjust
the delay timetd of the probe pulse relative to the pump
pulse by changing the length of the route of the probe pulse.

The time resolution of the apparatus is about 200 fs.
In the measurements of photoconductivity excitation pro-

files, light from a xenon lamp or a halogen-tungsten lamp
was monochromized through a grating monochromator
(JASCO CT-10). The monochromized light was polarized by
a Glan-Taylor prism and focused on the surface of the
sample. Two electrodes were put on the sides of a single
crystal sample. The applied dc electric fieldF and the polar-
ization of the excitation lightE were set parallel(i) to the
DA stacking axis(the a axis). The photocurrent, which is
modulated by the incident light chopped with the frequencyf
s,270 Hzd, is detected by a lock-in amplifier. The spectral
intensity of the irradiated lights was corrected by using a
thermopile. The thickness of the sample is much larger than
the absorption depths of the incident lights. Therefore, we
can consider that all the incident photons were absorbed in
the sample. The excitation profile of the photoconductivity
was normalized to the incident photon number by taking
account of the reflection loss of the incident light. In the
measurements, we have confirmed that the chopping fre-
quencyf s,270 Hzd of the incident light is high enough that
the contributions of thermal effects are negligible compared
to photogenerated ones. Linearity of the photocurrent against
the applied voltage and the intensity of the incident light was
also carefully checked.

III. POLARIZED REFLECTIVITY SPECTRA AND
EXCITATION PROFILES OF PHOTOCONDUCTIVITY

In Fig. 2(a), we present polarized reflectivity spectra for
the electric field of lightsE parallel to theDA stacking axis

FIG. 2. (a) Polarized reflectivity spectra for the electric field of
light E ia and E'a of TTF-CA crystal on(001) surface at 4 K
(solid lines:RI) and at 90 K(broken lines:RN). (b) Spectra of the
imaginary part of dielectric constante2 and excitation profiles of the
photoconductivity at 77 K(solid line) and 90 K (broken line) for
E ia and the applied electric fieldF ia.
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a sE iad and perpendicular toa sE'ad of TTF-CA crystal on
the (001) plane measured at 4 K(I phase) and at 90 K(N
phase). The obtained spectra are almost in agreement with
those reported previously.18,26,27 The prominent peak struc-
tures around 0.65 eV observed forE ia in both I and N
phases are due to the CT transition. The three structures at
2–4.5 eV observed forE'a are attributable to the intramo-
lecular transition of TTF. It has been well established that
these bands shift sensitively depending onr. In our study, we
focus on the band at 2–2.5 eV. Its peak energy is 2.25 eV in
the I phase withr,0.7 and 2.4 eV in theN phase withr
,0.3.14,18,26 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-
version ofI sNd state toN sId state can be detected.2

To discuss the mechanism of theIN or NI transition in-
duced by the resonant CT excitation, it is necessary to con-
sider nature of the CT excited state. One of the most funda-
mental features is whether excitonic effect is important or
not. As for this, we can obtain valuable information from the
excitation profiles of photoconductivity along theDA stack.
Excitation profiles of the photoconductivity at 77 and 90 K
for the electric field of lightE ia and the applied electric field
F ia are presented in Fig. 2(b) together with the imaginary
part of the dielectric constante2 spectra, which were calcu-
lated from the polarized reflectivity spectra by using the
Kramers-Kronig(KK ) transformation. In our experimental
condition, the intensity of the incident light is extremely low,
since the excitation lights are obtained by monochromizing
the halogen-tungsten lamp. Therefore, we can consider that
the photoinduced transition to semimacroscopicN state
never occurs. As seen in Fig. 2(b), the photoconductivity is
very small at the peak energy of the CT band in both theI
andN phases, indicating that charged species are not gener-
ated by the resonant CT excitations. Namely, the excitonic
effect is important in the CT excited state. The photoconduc-
tivity then gradually increases with increase of the excitation
energy and, therefore, photocarriers are generated from the
higher-energy excitations. As reported in the following sec-
tions, the dynamics of the photoinduced transitions in
TTF-CA are strongly dependent on the excitation energy and
related with whether the initial excited states are excitonic
states or charged species.

IV. PHOTOINDUCED I TO N TRANSITION

A. Photoinduced IN transition by the resonant CT excitation

In this subsection, we present the results of the p-p reflec-
tion spectroscopy of the photoinducedI to N transition in-
duced by the resonant CT excitation. Figure 3(a) shows the
transient differential reflectivitysDR/Rd spectra of the in-
tramolecular transition of TTF forE'a s4 Kd induced by
the excitation of the CT bands0.65 eVd for E ia. Excitation
(pump) density (photon number per unit areaNex) is 1.2
31016 photons/cm2. Taking account of the reflection loss
s,68%d of the pump light and the number of photons ab-
sorbed within the absorption depthlp,400 Å, the average
excitation density within the absorption depthlp is estimated

to be 0.24 photon/DA pair. Here,lp (or equivalently the ab-
sorption coefficientap=1/lp) was obtained from the polar-
ized reflectivity spectrum by using the KK transformation.

The magnitudes of the spectral changes increase with
the delay timetd up to 40 ps and then almost saturate. The
differential reflectivity spectrum hfRNs90 Kd−RIs4 Kdg /
RIs4 Kdj calculated from the reflectivity spectra in theI
phase at 4 K,RIs4 Kd, and in theN phase at 90 K,RNs90 Kd,
is shown by the solid line in the same figure. The spectral
shape attd=60 and 140 ps are almost equal to that of the
calculated differential spectrum. It indicates that theN states
are photogenerated in theI stacks. In the time region up to
td=20 ps, the spectral shape ofDR/R is somewhat different
from the calculated one. For example,uDR/Ru at the high-
energy region around 2.5 eV relative touDR/Ru at 2.25 eV
ufDR/Rs2.5 eVdg / fDR/Rs2.25 eVdgu for td=20 ps is very
small as compared with that fortd.60 ps andfRNs90 Kd
−RIs4 Kdg /RIs4 Kd. Such a difference is attributable to the
fact that the amount of the photoinducedN states decreases
with increase of the distance from the sample surface de-
pending on the number of the absorbed photon of the pump
lights. Concerning these spectral features ofDR/R, detail
analyses will be presented in Sec. VI A. Since the overall
spectral shape ofDR/R is quite similar to the calculated
differential spectrum, we can consider that the obtained
DR/R signals fortd=20 ps are also due to the photoinduced
N states. When the excitation density is changed in the range
of 0.01–1.231016 photons/cm2 or the temperature is in-

FIG. 3. (a) Transient differential reflection spectrasDR/Rd in the
intramolecular transition region measured withE'a at 4 K for
various time delays. The energy of the pump lightsE iad is set to be
0.65 eV (the resonant CT excitation). Excitation density is 1.2
31016 photons/cm2. The solid line shows the differential spectrum
fRNs90 Kd−RIs4 Kdg /RIs4 Kd, in which RNs90 Kd andRIs4 Kd are
the reflectivity spectra of theN phase at 90 K and theI phase at
4 K, respectively.(b) The differential reflection spectrasDR/Rd cal-
culated by using the multilayer model. The used parameters
b−1 (nm) andx0 (%) are listed in the figure.
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creased to 77 K, the obtainedDR/R spectra are essentially
the same as the differential reflectivity spectrum,
fRNs90 Kd−RIs4 Kdg /RIs4 Kd, although there is a small dif-
ference of the spectral shape between them as mentioned
earlier.

To discuss the dynamics of the photogeneratedN states,
we present the time evolutions of −DR/R at 4 and 77 K in
Figs. 4(a) and 4(b), respectively. The detection energy is set
to the peak energys2.25 eVd of the intramolecular transition
of TTF in the I phase, so that the decrease ofR (or the
increase of −DR/R) indicates the generation of theN states.
The −DR/R signals are accompanied by the prominent oscil-
lations with the period of several tens of ps. The origin of
these oscillations will be discussed later. The initial re-
sponses are presented in the right-hand figures of Fig. 4(a)
and 4(b). At 4 K, the time characteristics strongly depend on
the excitation density[see the left panel of Fig. 4(a)]. For the
low excitation densitysNex=0.0231016 photons/cm2d, the
initial rise of the signal is very fast as seen in the right lower
panel of Fig. 4(a). The rise timetr is less than the time
resolution of our systems,200 fsd. The initial rise is accom-
panied by a sharp drop up to 2 ps and then the signal decays
with the decay time of about 300 ps. For the high excitation
density sNex=1.231016 photons/cm2d, we also observe the
fast initial rise that is, however, followed by the drastic in-
crease of the signal. Such an increase saturates attd,20 ps,
but the signal does not decay at least to 500 ps.

At 77 K just belowTc, on the other hand, the time evo-
lutions of the signals are rather independent of the excitation

density as seen in Fig. 4(b) that are characterized by the fast
rise within 200 fs and the following increase totd,20 ps.
The important feature of the dynamics at 77 K is that the
signal never decays, even for low excitation density. Such a
feature is in contrast with the fast decay with the decay time
,300 ps at 4 K. The photogenerated stableN states are
found to decay completely within the time much less than
the pulse intervals1 msd at both 4 and 77 K, although their
decay time is dependent on the excitation density.

To clarify the excitation densityNex dependence in the
dynamics of the photoinducedN states, we plotted −DR/R at
td=2 and 500 ps as a function ofNex in Fig. 5.28 The −DR/R
values attd=2 ps indicate the magnitudes of the initial rise,
which show the amount of theD0A0 pairs just after the pho-
toirradiation. WhenNex is less than 0.1531016 photons/
cm2, the initial rise is proportional toNex at 4 K as shown by
the broken line. In the same region ofNex, the signals almost
disappear attd=500 ps which reflects the fact that the photo-
inducedN states decay with the decay time,300 ps. When
Nex exceeds 0.331016/cm2, the initial rise saturates and the
signal attd=500 ps increases sharply indicating the multipli-
cation of theN states. At 77 K, the initial rise also shows the
linear dependence onNex (the dashed-dotted line) for small
Nex less than 0.0531016 photons/cm2 and the saturation for
the largerNex. The N states produced just after the photoir-
radiation never decay but always multiply.

The saturated value of the signals −DR/R at td=2 ps
s,0.008d is in common at 4 and 77 K. Therefore, it is rea-
sonable to consider that the saturation of the initial rise is
related with the space filling of theN states generated in the
I stacks. Considering the space-filling effects, we can esti-
mate the amount of theN states(D0A0 pairs) initially pro-
duced. Here, we assume that the saturation occurs when half
of the molecules within the absorption depthlp for the pump
light is neutralized. This assumption is based upon the ex-
pectation that the amount of theN states will not exceed that
of the I states, since the two CT processes,D+A−→D0A0 and
D0A0→D+A−, balance with each other, both of which are
resonantly excited by the 0.65 eV pump[see Fig. 2(a)]. Us-

FIG. 4. Time evolutions of the transient reflectivity changes
s−DR/Rd measured at 2.25 eV forE'a; (a) 4 and(b) 77 K. The
energy of the pump lightsE iad is set to be 0.65 eV. The right side
panels show the dynamics in the short time region.

FIG. 5. The photoinduced changes in reflectivitys−DR/Rd at
2.25 eV for E'a as a function of the excitation densityNex; the
closed circles:T=4 K andtd=2 ps; the closed squares:T=4 K and
td=500 ps; the open circles:T=77 K and td=2 ps; the open
squares:T=77 K and td=500 ps. The energy of the pump light
sE iad is set to be 0.65 eV. In the inset, only the squares are plotted.
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ing the saturation densities(Ns,0.331016 photons/cm2 at
4 K and,0.131016 photons/cm2 at 77 K) and lp,400 Å,
we can estimate the width of the initialN excited state,WN,
produced by one photon(a single CT excitation) to be
8 D0A0 pairs at 4 K and 24D0A0 pairs at 77 K.

Since the results of the photoconductivity measurements
shown in Fig. 2(b) demonstrate that the photocarriers are
never generated by the resonant CT excitations, the photoex-
cited states will have excitonic character. Considering that
the photoexcited state is composed of a number ofD0A0

pairs, the photoexcited state is not attributable to a simple CT
exciton but to a 1D confinedN states, which will be relaxed
from the Franck-Condon-type CT excited state. Formation
process of the 1D confinedN state is schematically illus-
trated in Fig. 6(a). Formation of the 1DN domain composed
of a number ofD0A0 pairs has been suggested from both
theoretical29–32and experimental9,33 points of view, when the
N and I phases are almost degenerate. In the following, we
will call the initial N state as a confined 1DN domain. The
evaluated size of the confined 1DN domain at 77 K is larger
than that at 4 K. This is perhaps because the valence insta-
bility is enhanced nearTc.

At 4 K, the initial confined 1DN domains decay rapidly
for the low excitation density, while they are multiplied for

the high excitation density. TheN states produced after the
multiplication have a lifetime much longer than 500 ps, sug-
gesting the formation of the stableN states, which are differ-
ent from the initial microscopic 1DN domains. It is reason-
able to consider that the 1DN domains make the neighboring
I states unstable and change them toN states, resulting in the
production of semimacroscopicN states. TheI phase in
TTF-CA is stabilized by the interchain interactions as well as
the intrachain one, as demonstrated by the detailed structural
analysis.13 As for the interchain interaction, there are two
kinds of energy gain stabilizing the macroscopicI phase; one
is due to the interchain Coulomb interaction, and the other to
the three-dimensional(3D) ordering of dimeric displace-
ments giving rise to the ferroelectric nature. Both energy
gains will be lost by the generation of the confined 1DN
domains. That would be the reason why the multiplication of
the confined 1DN domains to the macroscopicN region
occurs. The photoinduced behaviors for the low and high
excitation densities observed at 4 K are schematically illus-
trated in Figs. 7(b) and 7(c), respectively.

At 77 K, the multiplication is observed for all the
excitation densities we used. The lowest one is 0.005
31016 photons/cm2, which corresponds to,1 photon/
1000DA pairs. Such a promotion of the multiplication pro-
cess of theN states at 77 K as well as the relatively large

FIG. 6. (a) and (b) are schematic illustrations of photoinduced
formations of a 1DN domain in theI phase and a 1DI domain in
the N phase, respectively.(c) and (d) show charged-solitons and
charged domains in theI phase, respectively.

FIG. 7. Schematic illustrations of the photoinduced behaviors
observed in theI phase;(a) the weak excitation at 77 K,(b) the
weak excitation at 4 K, and(c) the strong excitation at 4 K.
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width of the initial confined 1DN domain is attributable to
the enhancement of the valence instability nearTc. The
photoinduced behavior for the low excitation density ob-
served at 77 K is schematically illustrated in Fig. 7(a).

B. Excitation energy dependence of photoinducedIN transition

In the previous subsection, we report the photoinducedIN
transition under the resonant CT excitation. The study about
the excitation-energy dependence of the dynamics is indis-
pensable for the overall understanding of the mechanism of
the photoinducedIN transition.34

Figure 8 shows the absorption photon densityNabsdepen-
dence of −DR/R probed at 2.25 eVs4 Kd for various exci-
tation energies, which reflects the generation of theN states.
Nabsis calculated fromNex by considering the reflection loss.
The absorption depthlp for 1.55 eVslp,28 000 Åd is much
longer than that for the other excitation energies(lp
,400 Å for 0.65 eV,,520 Å for 0.8 eV, and,720 Å for
1.0 eV) and for the absorption depth of the probe lightl r
s,1600 Åd, so that the −DR/R signal for the 1.55 eV exci-
tation is considerably smaller than that for the other three
excitations. The magnitude of −DR/R is almost proportional
to Nabs, when Nabs is low. In such low excitation densities,
the time evolutions of −DR/R are independent ofNabs for
each excitation energy. Typical time evolutions of −DR/R
are presented in Fig. 9. As seen in Fig. 9, the decay of the
photoinducedN states becomes slower with increase of the
excitation energy. For the 1.55 eV excitation, the signal
hardly decays up to 500 ps. In this excitation condition, the
N states are never multiplied. Namely, the dynamics ob-
served for the 1.55 eV excitation is completely different
from those observed for the resonants0.65 eVd excitation at
4 and 77 K shown in Fig. 4. The time characteristics of theN
states in Fig. 9 can be reproduced by the sum of the compo-
nent with the decay timet=300 ps and the constant term;
A exps−t /td+B. The constant term corresponds to the com-
ponent with the decay time much longer than 500 ps. Its
decay time was not exactly evaluated. However, it has been
ascertained that the signal completely decays within the time
much less than the pulse intervals1 msd. The amplitude of
the slow decay component relative to the total amplitude of

the signalfB/ sA+Bdg is plotted by the solid squares as a
function of the excitation energy in Fig. 10, together with the
e2 spectrum along theDA stack at 77 K(the solid line). With
increase of the excitation energy, the ratio of the slow decay
component gradually increases, indicating that the nature of
the initial excited states changes depending on the excitation
energy. As discussed earlier, the initial excited state for the
0.65 eV excitation is the confined 1DN domain, which de-
cays with the decay timet,300 ps and almost disappears at
td=500 ps. Taking account of the excitation profile of the
photoconductivity, the higher-energy excitation will generate
positively and negatively charged species. In Fig. 10, the
excitation profile of the photoconductivity in theI phase is
replotted by the broken line. The excitation energy depen-
dence of the slow decay component(the solid squares) is
similar to that of the photoconductivity. It suggests that theN
states having net charges are generated by the higher energy
excitation and they have long lifetime.

FIG. 8. The photoinduced changes of reflectivitys−DR/Rd at
2.25 eV sE'ad as a function of the absorbed photon densityNabs

for various excitationssE iad ranging from 0.65 to 1.55 eV. The
measurements were performed at 4 K. The broken lines give the
linear relation between −DR/R andNabs. The open arrows show the
critical density at which the saturation of −DR/R occurs.

FIG. 9. Time evolutions of −DR/R at 2.25 eVsE'ad for vari-
ous excitationssE iad 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 density(see text).

FIG. 10. The amplitudes of the slow decay components relative
to the total amplitudes of the signalfB/ sA+Bdg as a function of the
excitation energy(the solid squares) obtained from the results in
Fig. 9. The solid line is thee2 spectrum forE ia and the broken line
is the excitation profile of the photoconductivity forE ia andF ia in
the I phase at 77 K. The open squares show the generation effi-
ciency of the chargedN domains evaluated by assuming that the
size of a chargedN domain is 20D0A0 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 initialN
state will also be varied. By assuming again that the
saturation of the −DR/R signal occurs when half of the mol-
ecules within the absorption depthlp is neutralized, we
evaluated the size of the initialN state from the
saturation photon density indicated by the arrows in Fig. 8.
The evaluated size is,17 D0A0 pairs for the 0.8 eV excita-
tion and ,35 D0A0 pairs for the 1.0 eV excitation. These
values are the average size of the initialN states composed of
the nonchargedN domains(the confined 1DN domains) and
the chargedN states. The size of the former is,8 D0A0 pairs
s=WNd at 4 K as mentioned earlier. Judging from the excita-
tion energy dependence ofB/ sA+Bd shown in Fig. 10, the
size of the latters=WCd is expected to be slightly larger than
35 D0A0 pairs. The photoconductivity reflects the probability
of the carrier separationP, while B/ sA+Bd is expressed as
WC/ fWCP+WNs1−Pdg. Taking account of this relation, we
can estimate the size of the chargedN statesWCd so that the
excitation energy dependence of the carrier generation prob-
ability P is equal to that of the photoconductivity. When we
setWC to be 40D0A0 pairs, the values ofP are calculated as
shown by the open squares in Fig. 10, the excitation energy
dependence of which is in good agreement with that of the
photoconductivity. The important point is that the spatial size
of the chargedN state is much larger than that of the non-
chargedN state(the confined 1DN domain) produced by the
resonant excitation.

The charged carriers will be converted to chargedN do-
mains, probably during the carrier separation process. In
other words, the charge carrier injection(or equivalently the
injection ofD0 andA0) in the I phase makes the neighboring
I molecules unstable and then a relatively large size of 1DN
domain is produced. Previous theoretical studies about the
TTF-CA revealed that a possible charged excited state in the
ionic phase is a charged soliton,31 which is schematically
illustrated in Fig. 6(c). When the energy of theN phase is
close to that of theI phase, the energy gain of the Coulomb
interaction by the charge will overcome the energy cost for
the generation of theN states(D0A0 pairs). As a result, the
width of the charged soliton is expected to increase as shown
in Fig. 6(d). Assuming that the sizes of the positively- and
negatively-chargedN states are equal to each other, the size
of the charged-soliton-likeN state is estimated to be
,20 D0A0 pairs, since the total size of the chargedN state is
,40 D0A0 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. 6(d). Such a large size of the
chargedN state manifests that the charge-carrier injection
shown in Fig. 6(c) makes the neighboringI states more un-
stable than the excitation of the CT exciton(or aD0A0 pair).
The 1D charged-excited state will be strongly bound to the
lattice due to its net charge, as compared with the 1DN
domain with no charge. This may be the reason why the
lifetime of the chargedN states generated by the higher en-
ergy excitation is much longer than that of the confined 1DN
domains generated by the resonant CT excitation as seen in
Fig. 9.

When the excitation density is increased further for the
higher energy excitations of 0.8 and 1.0 eV, the −DR/R sig-

nals just after the photoirradiation saturate as shown in Fig.
8, similarly to the result for the resonants0.65 eVd excita-
tion. In these cases, multiplications of theN states are also
found to occur within about 30 ps and stableN states are
produced.

C. Coherent oscillations

In this subsection, we focus on the coherent oscillations
observed on the photoinduced reflectivity changes,DR/R,
associated with theI to N conversion. Figures 11(a)–11(c)
show the time characteristics of −DR/R for the 0.65 eV ex-
citation s0.331016 photons/cm2d at 77 K in three typical
time domains, 0–6, 0–18, and 0–500 ps, respectively. In Fig.
11(a), a rapid oscillation is observed as indicated by the ar-
rows. In Fig. 12(a), we expand the time domain of 0–3 ps.
By subtracting the background rise and decay from the time
profile and performing a smoothing, the oscillatory compo-
nent is obtained as shown in Fig. 12(b), in which an oscilla-
tion with the period of about 0.6 ps is clearly observed. The
similar oscillations are also detected at 4 K for the 0.65 eV

FIG. 11. Time evolutions of −DR/R at 2.25 eVsE'ad in the
time regions of 0–6(a), 0–18(b), and 0–500 ps(c) in the I phase at
77 K. The pump energy is 0.65 eVsE iad and the pump densityNex

is 0.331016 photons/cm2. The arrows indicate the coherent
oscillation.
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excitations1.531015 photons/cm2d as shown in Figs. 13(a)
and 13(b). Amplitude of the oscillation is found to depend
strongly on the probe energy. The amplitude of the first
maximum of the oscillation indicated by the arrow in Fig.
13(b) is plotted for various probe energies in Fig. 13(c).

As detailed in Sec. IV A, the confined 1DN domains are
multiplied at 77 K and then the semimacroscopic stableN
state is produced within,20 ps, which is reflected by the
increase of the −DR/R signal shown in Fig. 11(b). After such
semimacroscopicN state is stabilized, other oscillations with
the periods of several tens of ps are found in the time evo-
lution of −DR/R, as seen in Fig. 11(c). Such oscillations are
observed for the probe energies from 1.8 to 2.5 eV and at
all the temperatures belowTc in common. To see clearly
these oscillations, we subtracted the background rise and de-
cay from the time profiles obtained for the 0.65 eV excitation
s1.231016 photons/cm2d at 77 K. Figure 14 shows the re-
sidual oscillatory components at several typical energies of
the probe lights. The obtained oscillatory components are
composed of two oscillations having different periods. More-
over, the periods of the oscillations seem to change depend-
ing on the probe energies. The detail analyses of these co-
herent oscillations are presented in Sec. VI B.

V. PHOTOINDUCED N TO I TRANSITION

In this section, we will present the results of the p-p re-
flection spectroscopy associated with the photoinducedN to I
transition. Figure 15(a) shows the spectra of the photoin-
duced reflectivity changeDR/R at 90 K (the N phase) for
the resonant CT excitations0.65 eVd with Nex=0.77
31016 photons/cm2. Taking into account the values oflp
,510 Å and the reflection loss of 59%, this excitation den-
sity is estimated to be,0.15 photon/DA pair. The spectral
shapes ofDR/R at td=0–10 ps arealmost unchanged. In

Fig. 15(a), the solid line is the differential spectrum,
fRIs4 Kd−RNs90 Kdg /RNs90 Kd, calculated from the reflec-
tivity spectra in theI phase at 4 K,RIs4 Kd, and theN phase
at 90 K, RNs90 Kd. The DR/R spectrum attd=0–10 ps is
almost equal to thefRIs4 Kd−RNs90 Kdg /RNs90 Kd spectrum
except for in the high-energy regions2.3–2.6 eVd. This dif-
ference is an artifact due to the change of the amount of the
photoinducedI states depending on the distance from the
sample surface. The details about the effects of such inho-
mogeneity on the spectral shape will be discussed in Sec.
VI A. The observedDR/R spectra can be considered to re-
flect the photogeneration of theI state in theN phase. For
td=500 ps, on the other hand, theDR/R signal is negative.
Its spectral shape is completely different from thefRIs4 Kd
−RNs90 Kdg /RNs90 Kd spectrum.

Figures 16(a) and 16(b) show the time characteristics of
DR/R at 2.25 eV for several typical excitation densities,
which reflect the amounts of theI states in theN phase. In
each time characteristic, there is a fast rise within the time
resolution, which decays very fast up to,20 ps. Figure

FIG. 12. (a) Initial response of the reflectivity change
s−DR/Rd shown in Fig. 11(a). (b) The oscillatory component ob-
tained by subtracting background rise and decay from the time pro-
file in (a) (the solid circles). The solid line shows a profile of a
damped oscillator(see text).

FIG. 13. (a) Initial response of the reflectivity change
s−DR/Rd at 2.25 eVsE'ad measured at 4 K. The pump energy is
0.65 eV sE iad and the pump density Nex is 1.5
31015 photons/cm2. (b) The oscillatory 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 os-
cillator (see text). (c) The open circles show the probe energy de-
pendence of the initial amplitudes of the oscillation indicated by the
open arrow in (b). The solid line is the differential spectrum
fRNs90 Kd−RNs300 Kdg /RIs4 Kd.
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17(a) is the magnified time profile in 0–5 ps for the excita-
tion densityNex=0.931016 photons/cm2. A rapid oscillation
is clearly observed. The oscillatory component obtained by
subtracting the background rise and decay and performing a
smoothing is presented in Fig. 17(b). The period of the os-
cillation is about 0.6 ps. Amplitude of this oscillation is also
dependent on the probe energy, similarly to the oscillation
with the period of,0.6 ps in theI phase. The amplitude of
the first maximum of the oscillation indicated by the arrow in
Fig. 17(b) is plotted for various photon energies in Fig.
17(c). In addition to the rapid oscillation, more prominent
oscillation with the period of about 50 ps is observed as seen
in Fig. 16(b). As for these two kinds of coherent oscillations
observed in theDR/R signals, we will give detailed discus-
sions in Sec. VI B.

When excluding the oscillatory component with the pe-
riod of about 50 ps in Fig. 16(b), we can see thatDR/R
changes its sign aroundtd=20 ps and becomes negative, and
then saturates aroundtd=100 ps. Fortd.100 ps, the signal
is almost constant at least up to 500 ps.

In Fig. 18(a), the excitation densityNex dependence of the
DR/R signals attd=0.3 and 500 ps is presented. TheDR/R
signals attd=0.3 ps are almost proportional toNex up to
0.431016 photons/cm2 and then saturate. We have also
estimated the width of the initialI state s=WId from the
saturation photon density Ns. Using Ns,0.5
31016 photons/cm2, lp,510 Å, and the reflection loss of
0.59, WI is estimated to be about 5D+A− pairs. As seen in
Fig. 2(b), in the N phase, the charge carriers are not gener-
ated by the resonant CT excitation as well as in theI phase,
so that the confinedI domains35 will be generated by lights.
The formation process of the confinedI domain is illustrated
in Fig. 6(b).

The magnitudes of the negative signals ofDR/R at td
=500 ps, on the other hand, start to saturate at very low

FIG. 14. Oscillatory components of the reflectivity change
s−DR/Rd for various probe energiessE'ad at 77 K. The pump
energy is 0.65 eV sE iad and the excitation density is 1.2
31016 photons/cm2.

FIG. 15. (a) Transient differential reflection spectrasDR/Rd in
the intramolecular transition region measured withE'a at 90 K
for various time delays. The energy of the pump lightsE iad is set
to be 0.65 eV(the resonant CT excitation). Excitation density is
0.7731016 photons/cm2. The solid line shows the differential spec-
trum, fRIs4 Kd−RNs90 Kdg /RNs90 Kd. (b) The differential reflec-
tion spectrasDR/Rd calculated by using the multilayer model. The
used parametersb−1 (nm) and x0 (%) are listed in the figure. The
broken line is the differential spectrum, fRNs300 Kd
−RNs90 Kdg /RNs90 Kd.

FIG. 16. Time characteristics of the photoinduced reflectivity
changesDR/R at 2.25 eVsE'ad at 90 K for several typical exci-
tation densities;(a) short time region;(b) long time region. The
energy of the pump lightsE iad is set to be 0.65 eV.
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excitation densitys0.231016 photons/cm2d 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, fRNs300 Kd−RNs90 Kdg /
RNs90 Kd, which is shown by the broken line in Fig. 15(b).
fRNs300 Kd−RNs90 Kdg /RNs90 Kd is found to be negative
over the wide energy range. Its spectral shape is almost equal
to theDR/R spectrum attd=500 ps experimentally obtained.

These results suggest the following interpretation; the photo-
inducedI 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
photoinducedI states is very small and there is no indication
of multiplication of theI 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 andNI 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 lightsl rd are de-
pendent on its energy and different from that of the pump

FIG. 17. (a) Initial response of the reflectivity changesDR/Rd at
2.25 eV sE'ad at 90 K. The pump energy is 0.65 eVsE iad and
the pump densityNex is 0.931016 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 spectrumfRIs4 Kd−RIs77 Kdg /RNs90 Kd.

FIG. 18. The excitation densityNex dependence of theDR/R
signals attd=0.3 and 500 ps(90 K, 0.65 eV excitation withE ia).
The broken line shows the linear relation betweenDR/R andNex.

FIG. 19. (a) Schematic illustration of the difference of the ab-
sorption depths between the pump lightslpd and the probe lightsl rd.
(b) Schematic illustration of the multilayer model. The sample is
assumed to be composed ofN 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
sE1x,H1yd and the transmitted lightsE2x,H2yd, and the angle of
refractionsu1d associated with the first layer.d is the thickness of
the layer.
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light slpd as illustrated in Fig. 19(a). Such inhomogeneity of
the carrier concentration and the difference betweenlp andl r
should affect magnitude and spectral shape of transient re-
flectivity changes,DR/R.36–38 Moreover, in the case that
photoexcited species just after the photoirradiation are mul-
tiplied with time as observed in the photoinducedIN transi-
tion of TTF-CA, the distribution of the photoexcited species
in the direction normal to the sample surface may be depen-
dent on time. In the previous section, we neglected these
effects, so that the presented discussions are so qualitative.
Here, we present precise analysis of the spectral shape and
magnitude ofDR/R, in which the time-dependent inhomoge-
neity in the concentration of photoexcited states is taken into
account in the variation of refractive index and the
absorption-depth difference is exactly treated. From the
analysis, we can derive detailed information about the dy-
namics of the photoinducedIN andNI transitions.

To analyzeDR/R spectra, we adopt a multilayer model.39

In this model, we consider that a material is composed of
many thin layers having different optical constant(the com-
plex refractive indexñ), as shown in Fig. 19(b). ñl is as-
sumed to be constant within thelth layer. ReflectivityR of
such a multilayer can be easily calculated. When we apply
this model to the analysis ofDR/R spectra, we adopt the
following assumptions.

(1) The value ofñ in each layer is expressed asñ=CIñI
+CNñN, sCI +CN=1d. Here,ñI andñN are the refractive index
of the I phase and theN phase, respectively.CI andCN are
the ratio of theI andN states(or I andN molecules), respec-
tively.

(2) The value ofCN sCId in the photoinducedIN sNId
transition is expressed by the exponential function of the
distancez from the sample surface along the normal direc-
tion to the surface asCN sCId~ exps−bzd.

The size of eachN domain photogenerated in theI phase
(or I domain photogenerated in theN phase) will be consid-
erably smaller than the wavelength of the probe lights. In
such a case, assumption(1) will be valid. Assumption(2)
comes from the fact that the number of the absorbed photons
decreases exponentially with increase ofz. As discussed in
Sec. IV, in the case of the photoinducedIN transition, it
depends on the excitation densityNex whether the photoex-
cited N states are multiplied or decayed. Therefore, the dis-
tribution of theN states is not necessarily equal to that of the
absorbed photons determined by the absorption coefficient
ap, but is changed with time. In our model, such nonlinear
effects can be taken into account through the change of the
characteristic length 1/b by considering b as a time-
dependent fitting parameter.

In the following, we go on with discussions in the case of
the photoinducedIN transition. The treatment for the photo-
inducedNI transition is completely the same. According to
the assumptions mentioned above,CI and CN are given as
follows:

CIszd = 1 −x0 exps− bzd,

CNszd = x0 exps− bzd.

Here, x0 is the density of the photoinducedN state at the
sample surfacesz=0d. The refractive indexñszd is expressed
as

ñszd = ñIh1 − x0 exps− bzdj + ñNx0 exps− bzd.

Each layer with the width ofd is labeled by 1,N, as shown
in Fig. 19(b). The refractive indexñl of the lth layer is ex-
pressed as follows:

ñl = ñIf1 − x0 exph− bsl − 1ddjg + ñNx0 exph− bsl − 1ddj.

Let us consider that the TE mode of the light passes through
the film with the refractive indexñ1, as illustrated in Fig.
19(b). u1 is the angle of refraction. In this case, the electric
field E1x and they component of the magnetic fieldH1y of
the incident light,sE1x,H1yd, are connected with those of the
transmitted light,sE2x,H2yd, by the matrixM1 as follows:

SE1x

H1y
D = M1SE2x

H2y
D = 1 coskD1

− i sinkD1

p1

− ip1 sinkD1 coskD1
2SE2x

H2y
D .

Here,D1= ñ1d cosu1 andp1=Îe0/m0ñ1 cosu1. k is the wave
number of the incident light in vacuum. A similar relation
stands for thelth layer

SElx

Hly
D = MlSEl+1x

Hl+1y
D = 1 coskDl

− i sinkDl

pl

− ipl sinkDl coskDl
2SEl+1x

Hl+1y
D .

Here,Dl = ñ1d cosul and pl =Îe0/m0ñl cosul. ul is the angle
of refraction. We consider the matrixM defined as

M = M1M2M3 ¯ MN,

M = Sm11 m12

m21 m22
D .

The reflectivityR of the N-layer sample is expressed by
using the elements of the matrixM, and the parametersp1
andpN as follows:

R= U sm11 + m12pNdp1 − sm21 + m22pNd
sm11 + m12pNdp1 + sm21 + m22pNd

U2

.

In our case, the direction of the incident light is almost per-
pendicular to the sample surface, so thatul can be set to be
zero.

2. Analysis of transient reflectivity changes
in photoinduced IN transition

Using the multilayer model presented earlier, we have
tried to reproduce the differential reflectivity spectraDR/R
in Fig. 3(a), which are measured at 4 K with the resonant
s0.65 eVd excitation of the CT band.ñI andñN were deduced
by applying the KK transformation to the polarized reflectiv-
ity spectra at 4 and 90 K, respectively, which are shown in
Fig. 2(a). The adjustable parameters in our model are, there-
fore, only two parameters, that is,b andx0.

First, we set the total thickness of the analyzed region to
be 5000 Å, which is much larger than the absorption depths
of the probe lightsl r in the intramolecular transition region
from 1.8 to 2.6 eV forE'a s1300–3200 Åd and that of the
pump lightlp s,400 Åd. Next, the sample with the thickness
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of 5000 Å is divided toN=1000 layers with the thickness of
d=5 Å. We have ascertained that the calculated spectra are
not changed when the total thickness is increased larger than
5000 Å ord is decreased less than 5 Å.

The calculatedDR/R spectra are presented in Fig. 3(b).
As mentioned in Sec. IV, the spectral shape of the experi-
mental DR/R signals in Fig. 3(a) shows the characteristic
time dependence in the higher energy region around 2.5 eV,
which is well reproduced by the calculated spectra. The used
parameter values 1/b and x0 are presented as a function of
the delay timetd in Fig. 20, together with −DR/R at 2.25 eV
and the total amount of the photoinducedN stateNtotal. Ntotal
is proportional tox0/b. We can see several important fea-
tures of the photoinducedIN transition from Fig. 20. For
td,20 ps,x0 gradually increases, while 1/b is almost un-
changed. Namely, in this time region, the multiplication pro-
cess of theN states generated just after the photoirradiation
occurs two dimensionally in the plane parallel to the sample
surface.Ntotal, therefore, increases being proportional tox0.
At td.20 ps, multiplication dynamics is considerably
changed. Attd=20 ps, 1/b starts to increase and saturates at
aroundtd=40 ps. Attd=20–40 ps,x0 continues to increase,
although the slope of thex0-td curve rather decreases. As a
result, Ntotal remarkably increases duringtd=20–40 ps. For
td.40 ps, the increase ofx0 becomes small, that is about
only 5% from td=40 to 300 ps. The sharp increase of 1/b
also stops at aroundtd=40 ps. 1/b increases slightly
s,20%d from td=40 to 300 ps.

From these results, the multiplication dynamics of the
photoinducedN states can be interpreted as follows. For

td,20 ps, the distribution of theN states along the direction
perpendicular to the sample surface[iz in Fig. 19(b)] is the
same as that just after the photoirradiation, which is propor-
tional to exps−apzd. The multiplications of theN states occur
two-dimensionally in the plane parallel to the sample surface
s'zd. For td.20 ps, on the other hand, the two-dimensional
multiplications near the sample surface saturate and the mul-
tiplications occur in the direction perpendicular to the sample
surface sizd. Such a multiplication process can be seen
clearly in Fig. 21(a), in which the ratio of the photoinduced
N states as a function ofz, xszd, is plotted for varioustd.
Here,xs0d=x0. These multiplication processes are also sche-
matically illustrated in Fig. 21(b), in which the density of the
photoinducedN states is shown by the shade.

3. Analysis of the differential reflectivity spectra
in photoinduced NI transition

Using the multilayer model presented earlier, we have
also analyzed the differential reflectivity spectraDR/R in
Fig. 15(a), which are measured at 90 K with the resonant
s0.65 eVd excitation of the CT band. As for the parametersñI

and ñN, the refractive indexes at 4 and 90 K were used, re-
spectively. The absorption depthlp is ,510 Å. The values of
d andN are also set to be 5 Å and 1000, respectively.

We presented the calculatedDR/R spectra in Fig. 15(b),
which are in good agreement with the experimental results in

FIG. 20. Time characteristics of −DR/R at 2.25 eVsE'ad at
4 K corresponding to the result of Fig. 3(a), and time characteristics
of the total amounts of theN statesNtotald, the characteristic length
for the distribution of theN statesb−1d, and the ratio of theN state
at the sample surfacesx0d, which were obtained by the simulation
based upon the multilayer model presented in Fig. 3(b).

FIG. 21. (a) The time dependence of the ratioxszd of the N
states in the photoinducedI to N transition.z is the distance from
the sample surface. The white and gray arrows indicate the changes
of the N states fortd,20 ps andtd.20 ps, respectively.(b) Sche-
matic illustration of the multiplication process in the photoinducedI
to N transition. Shade shows the coexistence of theN and I state
and black region shows theN state.
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Fig. 15(a). In these calculations, 1/b is constants=lpd andx0

changes from 15.6%std=0 psd to 3.3% std=10 psd as
shown in the figure. Note that the spectral shape ofDR/R at
2.3–2.6 eV, which is not equal to that of the differential
spectrum,fRIs4 Kd−RNs90 Kdg /RNs90 Kd, is completely re-
produced. Such a difference is, therefore, conclusively attrib-
uted to the inhomogeneity of the refractive index within the
absorption depth of the probe light. It has been ascertained
that time characteristics of the amount of the photoinducedI
state derived from this analysis are in good agreement with
that of DR/R.

B. Analysis of the coherent oscillations

1. Coherent oscillations in the photoinduced IN transition

In this subsection, we will discuss the coherent oscillation
on the photoinduced signals associated with the photoin-
ducedIN transition. First, we focus on the rapid oscillation
shown in Figs. 12 and 13. This oscillatory component was
analyzed by a damped oscillator represented by the follow-
ing simple formula:

−
DR

R
= A0 cossv0t − f0dexps− t/t0d. s1d

In Figs. 12(b) and 13(b), the calculated time profile is shown
by the solid line, which reproduces well the experimental
result. The obtained frequencyv1 (the periodT) of this os-
cillation is ,56 cm−1 s,0.60 psd. The decay timet0 of the
oscillation is about 3.0 ps in Fig. 12(b) and 7.0 ps in Fig.
13(b). Taking into account the frequency value of the oscil-
lation s56 cm−1d, it is natural to consider that this oscillation
is related with an optical mode of lattice phonon.

The observed rapid oscillation can be qualitatively inter-
preted as illustrated in Fig. 22(a–c). A CT excited state is
initially photogenerated[Fig. 22(a)]. Just after the photoirra-
diation, a confined 1DN domain composed of severalD0A0

pairs is produced from the CT excited state[Fig. 22(b)]. This
process corresponds to a sequence of the electron transfer
processes, so that it will occur within the time scale of the
transfer energyt. If t is assumed to be 0.1 eV, which is a
typical value for the mixed-stack CT compounds, its time
scale is,40 fs that is much faster than the time resolution
s,200 fsd. Therefore, the formation process of the confined
1D N domain cannot be resolved in time domain by our
system. In the formation process of the 1DN domain, the
dimeric molecular displacements will persist as shown in
Fig. 22(b), since the time scale of the lattice phonon, that is
0.6 ps, is much longer than that of the transfer energy
s,40 fsd. In the confined 1DN domain, each molecule has
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. 22(b). This type of optical
phonon 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 cm−1 in both theN and I
phases40 and a Raman mode activated only in theI phase is
observed at 57 cm−1.41 The phonon mode observed in these
studies might correspond to the coherent oscillation detected
here.

Such an oscillation will modulate the transfer energy be-
tween the neighboringD andA molecules. It is reasonable to
consider that the value of the degree of charge-transferr
decreases with decrease of the dimeric displacements
through the decrease of the intradimer transfer energy. As a
result, the coherent oscillation modulatesr and, then, is de-
tected as the reflectivity change of the intramolecular transi-
tion sensitive tor.

The oscillations are of the confined 1DN domains. There-
fore, their amplitudes should reflect the change ofr in theN
state. The solid line in Fig. 13(c) shows the differential re-
flectivity spectrum,fRNs90 Kd−RNs300 Kdg /RIs4 Kd, which
corresponds to the increase ofr by ,0.07 in theN phase.19

The probe energy dependence of the amplitude of the oscil-
lation shown by the open circles is very similar to the spec-
tral shape of fRNs90 Kd−RNs300 Kdg /RIs4 Kd. This fact
strongly demonstrates the interpretation presented earlier. As
seen in the solid line in Figs. 12(b) and 13(b), the initial
phase of the oscillation defined by Eq.(1) is almost equal to
p. This is also quite reasonable becauser should decrease
through the change from the dimerizedN state[Fig. 22(b)] to
the undimerizedN state[Fig. 22(c)] as discussed earlier.

As mentioned in Sec. IV, the spike-like rise and decay is
observed within 2 ps in the time evolution of −DR/R for the
small excitation density[see the right lower panels of Figs.
4(a) and 4(b)]. It is natural to consider that these structures
will also be related with the dynamical behavior of molecular
displacements. In fact, the similar analyses have revealed
that several periods of the coherent oscillation can be distin-
guished in the results for the low excitation density.

FIG. 22. Schematic illustration of the observed dynamics in the
photoinducedNI transition(see text).
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Next, we will discuss other coherent oscillations with the
period of several tens of ps at 77 K, which are shown in Fig.
14. To analyze these oscillations, we have tried to fit the data
by a superposition of two exponentially damped oscillations
represented as follows:

−
DR

R
= o

i

Aicossvit − fidexps− t/tid:si = 1,2d. s2d

The thin solid lines in Fig. 14 are the calculated results,
which reproduce well the experimental ones. Figure 23(a)
shows the quantum energy of the oscillationsDE="vd as a
function of the twices2kd of the wave number of the probe
lights k sk=2pn/ld in the sample. In Fig. 23(b), the ampli-
tudes of the low- and high-frequency oscillations are pre-
sented by the solid and open circles, respectively. In the low
frequency oscillations, the phasesfd is almost constant for
the probe energies of 1.77–2.25 eV, but shifts relatively by
p at 2.53 eV. Such a shift ofp is taken into account as a
change of the sign of the amplitudes in Fig. 23(b). In the
high-frequency oscillations, on the other hand,f is indepen-
dent of the probe energy. As seen in Fig. 23(b), the observed
two oscillations show apparently different behaviors.

The amplitudes of the high frequency oscillation[the
open circles in Fig. 23(b)] are almost constant.DE rather
depends on the probe energy, being proportional tok and 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 inducedNI transition, the
unit cell volume decreases by about 0.6% acrossTc.

13 There-
fore, photoinducedIN conversion will also produce a sudden
volume change, which acts as a broadband source of acoustic

phonons.42 In this case, the monochromatic probe light
should be modulated by the phonon having the wave number
2k. A relation between the modulation frequency and 2k cor-
responds to a dispersion of the acoustic phonon, which gives
a linear relation for smallk. The generation of the shock
wave and the modulation of the probe light are schematically
illustrated in Fig. 24. The observed linear relation between
DE and 2k seen in Fig. 23(a) demonstrates that the observed
high-frequency oscillation is attributed to a shock wave. The
sound velocity is calculated to be 0.653105 cm/s from the
slope of the open circles in Fig. 23(a). Tanimura and
Akimoto also detected the same oscillations in TTF-CA.43

This kind of oscillation in the photoinduced reflectivity
change has been previously reported in the study on the
photoinduced melting of a charge-ordered state of perovskite
manganite.44

As for the lower-frequency oscillation,DE does not de-
pend on the probe energies as seen in Fig. 23(a) and the
period of the oscillation is,85 ps. The profile of the ampli-
tudes is in good agreement with that of −DR/R shown by the
broken line in Fig. 23(b). Therefore, this oscillation should
be related with the change of the molecular ionicityr. A
possible origin is a modulation in the amount of theN states.
To investigate this possibility, we have calculated the power
spectra from the time profiles of −DR/Rs2.25 eVd at various
temperatures(not shown) by using the Fourier transforma-
tion procedures. The obtained power spectra are presented in
Fig. 25(a). Intensity of the low-frequency bandsI ld relative to
the high frequency bandsIhd is considerably enhanced with

FIG. 23. (a) Quantum energy of the oscillationsDE="vd ob-
served in Fig. 14 as a function of 2k; the closed circles: the low-
frequency oscillation; the open circles: the high-frequency oscilla-
tion. k is the wave number of the probe light.(b) Amplitudes of the
high-frequency oscillation(the open circles) and the low-frequency
oscillation(the closed circles) as a function of the probe energy. The
broken line is theDR/R spectrum attd=500 ps.

FIG. 24. Schematic illustrations of the shock wave and the dis-
persion of the acoustic phonon. The shock wave acts as a broadband
source of acoustic phonons. The probe light having the wave num-
berk is modulated by the coherent acoustic phonon with 2k. DE as
a function of 2k gives the dispersion of the acoustic phonon.

FIG. 25. (a) Fourier power spectra of the oscillatory components
observed in Fig. 14 at various temperatures.(b) The ratio between
the amplitudes of low-sI ld and high-frequency peaksIhd.

PHOTOINDUCED PHASE TRANSITION IN… PHYSICAL REVIEW B 70, 165202(2004)

165202-15



increase of temperature up toTc as shown in Fig. 25(b).
From the result, we can consider that the low frequency os-
cillation is related with the valence instability, and, therefore,
is attributed to the modulation in the amount of theN states.
It should be noted that this oscillation starts attd,20 ps just
after the multiplication of the confined 1DN domains to the
semimacroscopicN state is completed. This indicates that the
observed oscillation is not due to the confined 1DN domains
initially photogenerated. The modulation in the size of the
semimacroscopicN domain, or equivalently, the coherent
motion of the NI domain boundary over the macroscopic
scale will be responsible for the low frequency oscillation,
that is schematically illustrated in Fig. 22(d).

2. Coherent oscillations in photoinduced NI transition

As mentioned in Sec. V, there are also observed two kinds
of coherent oscillations in the photoinducedNI transition,
which are shown in Figs. 16(b), 17(a), and 17(b). The osci-
latory component in the picosecond region presented in Fig.
17(b) is well reproduced by Eq.(1) as shown by the solid
line. The frequency(the period) of this oscillation is 54 cm−1

s0.62 psd, which is nearly equal to that observed in the
photoinducedIN transition s0.60 psd. Therefore, it can also
be attributed to the lattice phonon corresponding to the
dimeric molecular displacements. As shown in Fig. 26(b),
the confined 1DI domain is produced immediately after the
photoirradiation. Since each molecule in the 1DI domain has
spin sS=1/2d, the 1D I domain has the SP-like instability,
although the size ofI domainsWI ,5d is not so large. We can
consider that this instability will lead to the dimeric molecu-
lar displacements as shown in Fig. 26(c), which are detected
as the coherent oscillation shown in Fig. 17(b).

The probe energy dependence of the amplitudes of this
oscillation shown in Fig. 17(c) (the open circles) is quite
similar to the differential reflectivity spectrum,fRIs4 Kd
−RIs77 Kdg /RNs90 Kd, which corresponds to the increase of
r by ,0.05 in the I phase. It supports the interpretation
presented earlier. The important point to be emphasized is
that the dynamicalNI conversion[Fig. 26(b)] and the dy-
namical SP distortion[Fig. 26(c)] can be discriminated in the
time domain. Other oscillatory structures with the period of

,50 ps seen in Fig. 16(b) are attributable to the shock wave
discussed in Sec. VI B 1. In fact, the frequency of this oscil-
lation is found to show probe-energy dependence character-
istic of the shock wave.

C. Dynamical aspects of the photoinducedIN transition

In this subsection, we will discuss the physical picture of
the photoinducedIN transition on the basis of the analyses
presented in the previous subsections. For the resonant CT
excitation in theI phase at 4 K, the confined 1DN domains
composed of about 8D0A0 pairs are initially photogenerated
through the purely electronic processes, that is the first stage
of the IN transition. In theI phase of TTF-CA, theI states
are stabilized not only by the intrachain interactions but also
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-
terchain interactions are related with the Madelung potential
along the direction perpendicular to the chain and the ferro-
electric ordering of the dimeric molecular displacements.13

Under these interchain interactions, a 1DN domain cannot
spread over chain but is rather confined. The formation of the
confined 1DN domains are followed by the coherent oscil-
lations associated with the dissolution process of the molecu-
lar displacements. A number of the confined 1DN domains
can make the neighboringI states unstable cooperatively.
When the excitation density is larger than 0.3
31016 photons/cm2, that is, 0.06 photon/DA pair, the N
states are indeed multiplied at 4 K. In this stage, that is, the
second stage of theIN transition, the multiplication occurs
two-dimensionally within the absorption depth of the pump
light slpd, as seen in Fig. 20. It is quite reasonable, since the
multiplication of theN states is a nonlinear process and oc-
curs only when the amount of the initial 1DN domains
reaches the critical density. Accordingly, in the region with
z. lp, the multiplication of theN states does not occur in this
second stage up totd,20 ps. The time scales,20 psd of
this multiplication process is quite slow as compared with
the time scales!200 fsd of the formation process of the
confined 1DN domains. It is, therefore, natural to consider
that the multiplication is not dominated by purely electronic
process. A possible factor determining the time scale of the
multiplication is the change of the unit cell volume or the
lattice constants. As mentioned in the Sec. VI B 1, the vol-
ume of the unit cell is changed by 0.6% through theNI
transition. Therefore, the multiplication of theN states
should also be accompanied by the change of the lattice con-
stants, which will proceed in the time scale of the acoustic
phonons. This will be the reason for the fairly slow multipli-
cation processes.

The periods,85 psd of the slow coherent oscillation is
about 4 times as large as the characteristic time of the mul-
tiplication processs,20 psd. Therefore, this coherent oscil-
lation might also be related to the change of the volume or
lattice constants in the semimacroscopicN state. Namely, the
generation of the semimacroscopicN state induces the long-
range deformation of the lattice due to the large lattice con-
stants in theN state as compared with those in theI state and

FIG. 26. Schematic illustration of the observed dynamics in the
photoinducedNI transition(see text).
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then the change of the lattice deformation is coupled with the
motion of theNI domain wall, that will result in the slow
coherent oscillation.

After the multiplication process of theN states up totd
,20 ps in the second stage of theIN transition, another mul-
tiplication process occurs along the direction perpendicular
to the sample surface up totd,40 ps, that is the third stage
of the IN transition. When the multiplication process in the
second stage is completed, the semimacroscopicN state is
produced near the sample surface. TheI states near the in-
terface of theN and I regions then become unstable due
mainly to the lack of the interchain Coulomb attractive inter-
actions. It is the reason why the multiplication along thez
direction occurs. In this delayed multiplication process, the
increase of the lattice constants should also be indispensable
and then its time scale will be very slowstd,20–40 psd.

When the temperature is raised to 77 K just below theNI
transition temperatureTc, the efficiency of the photoinduced
I to N transition is strongly enhanced due to the increase of
the valence instability. At 77 K, the size of the confined 1D
N domain s,24 D0A0d is three times as large as that
s,8 D0A0d at 4 K and the multiplication of the confined 1D
N domains occurs for very low excitation density
(0.001 photon/DA pair). Nevertheless, the time of the mul-
tiplication process at 4 and 77 K is the sames,20 psd, as
seen in Fig. 4. It indicates that the time scale of this process
is not dominated by the instability of the electron-lattice sys-
tem but by other origin such as the volume change as dis-
cussed here.

D. Difference of the dynamics between the photoinducedIN
and NI transition

As discussed in the previous subsections, it is clear that
there is a significant difference of the dynamical behaviors
between the photoinducedIN and NI transitions. In theIN
transition, the confined 1DN domains are multiplied through
the cooperative interactions in the time scale of 20 ps, when
the excitation density is high or the temperature is nearTc. In
the NI transition, the confined 1DI domains are also gener-
ated just after the photoirradiation, but they decay up totd
,20 ps even for the high excitation density. Such a differ-
ence may be simply explained as follows. The ionic state of
TTF-CA is the ferroelectric ordered state with the 3D order-
ing of dimeric displacements. Namely, the photoinduced for-
mation of theN domain in theI phase corresponds to a
dissolution process of the ordering, so that this process will
be easily driven by photoirradiations. On the other hand, the
N to I transition is a formation process of a 3D orderedI
state. Considering this point, it is natural that the stable semi-
macroscopicI state is difficult to be produced by photoirra-
diations. Very recently, however, Colletet al. have reported
from the time resolved x-ray study that the photoirradiation
can stabilize the ferroelectrically orderedI state in theN
phase.10 The reason for the discrepancy between our results
and theirs is not clear at present. It may be attributable to the
difference of the excitation conditions, e.g., the pulse width
and/or the photon density of the pump lights or the spot size
of the pump lights relative to the sample size.

VII. SUMMARY

Dynamical aspects of the photoinduced phase transitions
from ionic sId to neutral sNd and neutralsNd to ionic sId
phases in organic CT compound, TTF-CA, have been inves-
tigated by the femtosecond pump-probe reflection spectros-
copy. The transient reflectivity spectra of the intramolecular
transition band of TTF sensitive to the change of the degree
of CT have been measured as a function of the excitation
density, temperature and excitation energy. To obtain quanti-
tative information of the photoinduced transitions from the
transient reflectivity spectra, we adopt the multilayer model.
From the detailed analysis using this model, we have clari-
fied the time characteristics of the amounts and spatial dis-
tributions of photoinduced products.

In the IN transition induced by the resonant excitation of
the CT band, three processes are clearly demonstrated;(1) a
confined 1DN domain, that is, a sequence ofD0A0 pairs, is
initially produced from a CT excitation,(2) the 1D N do-
mains are multiplied through the cooperative interactions up
to ,20 ps and semimacroscopicN states are stabilized
within the absorption depth of the pump light, and then(3)
the IN transition proceeds in the direction normal to the
sample surface. The size of the confined 1DN domain ini-
tially generated and the efficiency of the multiplication pro-
cess are strongly dependent on temperature. Near theNI
transition temperature, the size is very large, exceeding
20 D0A0 pairs and the multiplication process is considerably
enhanced. When the excitation energy is increased, the initial
photoproducts are changed from the confined 1DN domains
to the positively and negatively changedN domains. The size
of the latter is considerably larger than that of the former,
indicating the charge-carrier injection makes the neighboring
I state strongly unstable.

The dynamics of the photoinducedNI transition has also
been investigated in detail. The 1DI domain is initially pro-
duced by lights. Its size is, however, not so large even near
the NI transition temperature, and the domains decay up to
,20 ps, even if the density of theI domains is increased.
The results demonstrate that there is a clear difference of the
dynamics between the photoinducedNI and IN transitions.
Such a difference has been explained by considering the 3D
ordering of the dimeric displacements(or equivalently the
ferroelectric nature) in the I phase.

Other important results of this study were the observation
of several kinds of coherent oscillations with subps or ps
periods in the photoinduced reflectivity changes. In the
photoinducedIN transition, the observed three kinds of os-
cillations with the period of,0.6, ,50, and,85 ps, are
reasonably assigned to the dynamical dimeric displacements
of molecules associated with the dissolution of the spin-
Peierls distortions, the shock wave driven by the sudden vol-
ume change due to the photoinducedIN transition, and the
oscillation of theNI domain boundary, respectively. In the
photoinducedNI transition, the observed two kinds of oscil-
lations with the period of,0.6 and,50 ps, are attributed to
the dynamical dimeric displacements of molecules associ-
ated with the spin-Peierls instability and the shock wave,
respectively. Note that the rapid oscillation with the period of
,0.6 ps reported here is the first example of the coherent
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oscillation associated with the spin-Peierls instability and
gives a direct evidence for the strong coupling between the
charge(spin) and the lattice.

Finally, we would like to emphasize that the multilayer
model adopted here is a powerful tool to analyze the results
of pump-probe reflectivity spectroscopy, which is the most
standard method to investigate photoinduced phase transi-
tions of solids. Using this model, information about the time

characteristics of not only amounts of the photoproducts but
also their spatial distributions is provided.
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