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Ultrafast relaxation dynamics is studied in a quasi-one-dimensional halogen-bridged mixed-valence metal
complex [Pt(en][Pt(enkCl;](ClO4)4 by pump-probe spectroscopy. A photoinduced absorption spectrum is
measured in a broadband energy region of-@& eV, applying optical parametric amplification. The
measurement is performed at both 293 and 4 K. The photoinduced absorption spectrum consists of the three
contributions with different time and temperature dependence. One is the absorption band ascribed to the
self-trapped exciton (STE), and the second is that due to the spatially uncorrelated neutral-soliton pair. Just
after the photoexcitation, the STE is in a nonequilibrium state, and the time required for the thermalization
is evaluated to be about 1 ps. The formation time of the third one is coincident with the thermalization time
of the STE, and it is attributed to the spatially confined neutral-soliton pair.

1. Introduction a valence+3 (M3) and bridged-halogen ions with a valence
—1 (X7). The complex is characterized by strong electron
phonon coupling. The distribution of the electron on an MX
chain, hence, forms a charge density wave (CDW) ground state
because of a Peierls transition, which is expressed as

Optical, electronic, and transport properties are attracting a
lot of interests in quasi-one-dimensional materi@such as
s-conjugated organic polymefs® J aggregates of organic
molecules,® or one-dimensional metal complex&3? because
of strong electron or exciton confinement in such materials. X e M P X T MBTP—X oo M Pe e X —MBTP—X e
Quasi-one-dimensional halogen-bridged mixed-valence metal

complexes (HMMCs) also belong to such a group of com-  There s an inequality of the amount of charge distribution
pounds, and several properties based on charge-transfer (CThepyeen neighboring transition-metal sites, and the metal ions
excitons have been studied both experimentally and theoretic-p13+0 and MP—* are arrayed alternately on a quasi-one-
ally.1"1% The chemical formula of HMMC is expressed as  gimensjonal line, defining the quantity of charge transfep.as
[M(AA) 2][M(AA) 2Xo]Y 4. Here, M, X, AA, and Y are the  accordingly, the bridged-halogen ionXwith a negative charge
transition metal ion, the bridged-halogen ion, the ligand g ghifted from a position halfway betweer?M and M, and
molecule, and the counterion, respectively. The one-dimensionalj; j5 placed closer to the F ion. The strong electronphonon
chain of HMMC consists of alternate transition metal ions with coupling effectin HMMC is confirmed by the large Stokes shift
of the fluorescence spectrum and the observation of higher order
* To whom correspondence should be addressed. E-mail: kobayashi@ overtones in the Raman scattering siglr?al.

hys.s.u-tokyo.ac.jp. Fax+81-3-5841-4240. . . .
P ¥Universi¥y of -ﬂgkyo_ A lot of attention has been paid to the formation and

* Tokyo Metropolitan University. relaxation dynamics of the photoexcited states, and they
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have been extensively studied both experimeri&ify and prepared on a CaFsubstrate for the measurement of the
theoretically?®-32 The stationary absorption is observed in a absorption spectrurfi.
visible to near-infrared region depending on constituent M, X,  The time-resolved absorption spectrum is studied by pamp
AA, and Y, and it is attributed to a CT-exciton batd-? The probe spectroscopy. Femtosecond pulses are generated by an
CT-free exciton is expected to be unstable by itself, and it Er-doped fiber laser which is pumped by an all-solid-state CW
geometrically relaxes to the more stable localized state, that is,laser composed of a master-oscillator power amplifier (MOPA,
a self-trapped exciton (STE) state. This is because there is noErF femtosecond fiber laser, Clark-MXF The pulse width,
potential barrier between the free exciton and the STE states,center wavelength, and average output energy of the laser at
which is a characteristic feature common to one-dimensional 34 MHz repetition rate are 150 fs, 1.58n, and 50 mW. The
systems:232The formation of the STE in the HMMC system  pulses are frequency-doubled byeBaB,0O, (BBO) crystal,
has been confirmed by an unusually large Stokes shift of the and the second harmonics (0.746, 150 fs, and 5 mW) is
fluorescence signal extending almost half of the excitonic employed as the seed in a Ti:sapphire regenerative amplifier
transition energy?®3® However, the STE state is not the most (CPA-1000, Clark-MXR) pumped by the second harmonics
stable excited state, and it has a nonradiative relaxation channefrom a Q-switched Nd:YAG (yttriurraluminum-garnet) laser
to a neutral-soliton state, that is, one kind of nonlinear (0.532um, 5 mJ). The pulse width and the average energy of
excitation?-27 The formation of other nonlinear excitations, the amplified pulse at a 100 Hz repetition rate are 160 fs and
that is, charged-soliton and polaron, were also rep&t&d® 0.5 mJ, respectively.
They are generated not from the STE but from the lattice  The excitation pulse is the second harmonics (0,388 of
relaxation of the unbound electrehole pair. the amplified pulse generated in an kB (LBO) crystal. The
The relaxation dynamics of the exciton states and nonlinear probe light spectrum extends over a broadband wavelength range
excitations were extensively studiedrirconjugated polymers:® between 0.48 and 2.16m. A femtosecond white light con-
The decay rates of these transient states were found to be muckinuum is available at the wavelengths shorter than 6
slower in HMMC than those in-conjugated polymer&:-24In generated by SPM in a 10 mm cell containing £®robe light
HMMC, the electror-phonon coupling is considered to have with wavelengths longer than 1.6m is generated in a
the same order of the magnitude as the transfer energy, whereagparametric mixing process. The detail of the difference fre-
the transfer energy is much larger than the electqaimonon quency generation (DFG) has been already reported elsetthere
coupling in conjugated polymers. Therefore, the excited statesand here only briefly described. The pump for the parametric
are bound more tightly to the lattice in HMMC than in  processdy) is the fundamental of the Ti:sapphire laser at 0.775
conjugated polymers. Recently, the dynamics of these transient,m. The signal light ¢s) is the near-infrared part of the white
states were studied in the femtosecond and picosecond timeﬁght continuum at wavelengths of 2.5um. Both the pump
regions, and it was reported that some of the photoinduced statesind signal pulses are combined collinearly by a dichroic mirror

show an ultrafast optical resporie®® ~and focused into a KTIOPQKTP) crystal to generate an idler
The tlme-.resolved fluorescence signal was measured with anpulse with the difference frequency of pump and signal pulses
up-conversion method on [Pt(efiPt(enkClz](ClO4)s (en = (wi = wp + wg). The KTP crystal is cut af = 38.8 and¢ =

ehtylenediamine). The rapidly decaying fluorescence signal is 9¢° for type-Il phase matching (& e + 0) in they—z plane.
observed, in addition tq the sloyvly decaying fluorescence signal The wavelength of the idler pulse can be tuned by rotating
because of the STE with the lifetime of about 100°p%.The the crystal angle. The bandwidth of the idler pulse is-7800

time constant of the rapidly decaying signal was about 1 ps, cm1.

and it is dependent on the probe photon energy. This fluores-  The excitation and probe pulses are focused on the sample
cence signal is attributed to the nonequilibrated STE, and the yith spot sizes of about 0.3 and 0.2 mm, respectively. The
decay time is correspondent to the process of dissipating angensity of the excitation photon is estimated to be about<1.0
excess vibrational energy. We also studied the other HMMC 116 photons/crA The MX chains are well aligned, and the
compound of [Pt(en)[Pt(enkBrz](ClO4)s with femtosecond  polarizations of the pump and probe pulses are parallel to the
time-resolved absorption spectroscdpyhe formations of two  grientation of the MX chains. For the wavelength region 0f0.5
kinds of soliton pairs with different kinetics are observed; one 1 o um, both probe and reference pulses are dispersed in a
is a spatially confined neutral-soliton pair, and the other is a polychromator and multichannel photodiode array detectors

spatially uncorrelated neutral-soliton pair. . (ST-1000, Princeton Instruments) detect these two beams. For
In the present paper, the ultrafast relaxation dynamics of the e wavelength region longer than 1:@n, each pulse is
photoexcited states are studied for [Pte{R(enkCl2](ClO4)4 measured by a set of polychromators and liquid-nitrogen-cooled

(hereafter abbreviated asH&l). The time-resolved absorption  platinum silicon (PtSi) multichannel detectors (EG&G Reticon,

spectrum is measured with pumprobe absorption spectros-  RH1024SIU). The temporal characteristic of the probe beam is
copy. A broadband near-infrared pulse is employed as a probeémeasured by the cross-correlation method, which is used to
in addition to a white light continuum generated by the self- correct the group delay dispersion. The time resolution of the
phase modulation (SPM). The observable spectral region is veryota| system is determined to be about 300 fs in the whole probe

broad, extending from 0.6 to 2.6 eV. The photoinduced gspectral range studied. The experiments are performed at both
absorption spectrum consists of three contributions with different 293 and 4 K.

time and temperature dependence, that is, self-trapped exciton,

spatially uncorrelated neutral-soliton pair, and the spatially 3 Resuits

confined neutral-soliton pair. The formation, the relaxation, and

the transport properties of these transient states are to be Figure 1a shows the stationary reflection spectrum of a thin

discussed in detail. film sample of P+Cl at 293 K. The spectrum is dichroic,
. . namely, it depends on the polarization of the light. Both parallel
2. Experimental Section and perpendicular spectra are essentially the same as those of

The single crystal of PtCl is synthesized by the method a single crystal of PtCl in the literaturet 12 The stationary
previously reported® Additionally, an oriented thin film is spectrum is transformed from the reflection spectrum in Figure
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Figure 1. (a) Stationary reflection spectrum of-REl at 293 K. The ' |
solid and dashed curves show the spectra with the polarizations of the
light parallel and perpendicular to the MX chain, respectively. (b) 0 . R \
Stationary absorption spectrum ofF&| at 293 K. The spectrum is 0.05(e) ' . ' v
transformed from the stationary reflection spectrum using the Kramers
Kronig relation. The solid and dashed curves show the spectra with 0 ) 1 1 L L
the polarization of the light parallel and perpendicular, respectively, to 05 1 1.5 2 25 3 35
the MX chain. Photon Energy (eV)

la using the KramersKronig relations, because the sample Figure 2. Time-resolved PA spectrum of P€I at the delay time of
thickness of about &m is too thick to measure the stationary (a) 0.2, (b) 1.0, (c) 2.0, (d) 5.0, and (e) 20 ps (solid curves) at 293 K.
absorption spectrum Correct|y_ The Roessler correction methodThe e_xci_tation energy is 3.2 eV, and an arrow den_otes it. The exqitation
is applied® because of the limitation in the observed photon density is about 1.0« 10'® photons/cri The stationary absorption
energy region. Figure 1b shows the stationary absorption spectrum is also shown by a dashed curve at the top column.
spectrum of PtCl. In the configuration of the light polarization

parallel to the MX chain, the absorption spectrum has a peak — 100
at 2.7 eV, and the spectrum shape is asymmetric with a tail in @
the higher energy region. According to the previous results, the
absorption band is attributed to the CT exciton b&n#.0On

the other hand, no significant absorption signal is found for
perpendicular polarization to the MX chain. This indicates that
the interchain transition of an electron does not take place, 0?
because of the large separation between neighboring MX )
chains. Therefore, the transport of an electron or an exciton is /\

cm )

0.05}

Absorbance (1 0

considered to be restricted to the direction along the MX chain 0.05]
in the present thin film sample, in the same way as in a single
crystal.

Figure 2 shows a time-resolved photoinduced absorption (PA)

Absorbance Change
[

spectrum of PtCl at 293 K. Both the polarizations of the ©
excitation and probe are both parallel to the MX chain. The 0.05L
excitation photon energy of 3.2 eV is higher than the peak
photon energy of the CT-exciton band. Consequently, the
photoexcitation induces the transition to higher vibrational levels
in the CT-exciton band. At the fundamental probe energy of 0 Og 4 4 t 4
the Ti:sapphire laser extending from 1.51 to 1.68 eV, the 2or(d) '
background, because of continuous amplified stimulated emis- ’
sion (ASE), prevents a proper time-resolved measurement of
the PA spectrum. Therefore, the spectrum is interpolated with 0 : ' ; ;
dashed lines in the energy region in Figure 2. (&) A,
At an early stage after the photoexcitation, the PA spectrum ”"/\ﬂ
has three peaks at almost 1.3, 2.2, and 2.5 eV, respectively 01 1'5 2 2'5 3 35

(Figure 2 parts a and b). As the delay time is longer, the

absorption band around 1.3 eV is found to disappear as seenin _ )

Figure 2 parts ¢ and d. On the other hand, the other two peaksFigure 3. Time-resolved PA spectrum of PCI at the delay time of

at 2.2 and 2.5 eV are still distinguished, and furthermore, the (& 0.2, (0) 1.0, (c) 2.0, (d) 5.0, and (e) 20 ps (solid curves) at 4 K. The

PA spectrum has another peak around 1.5 eV. which is not excitation energy is 3.2 eV, as shown by the arrow. The excitation
p 8 peax oo ' density is about 1.0< 10' photons/cri The stationary absorption

clearly seen at the earlier delay times (Figure 2e). The spectrumgpectrum at 293 K is also shown by a dashed curve.

shape with these three peaks does not change substantially at

the delay times longer than 20 ps. As another characteristic,2.2 eV, and it is a bit late after the photoexcitation. Figure 3 is

the rise of the PA signal is found not to be instantaneous aroundthe time-resolved PA spectrum of REl at 4 K. As above-

Photon Ene£gy (eV)
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Figure 4. Time-dependence of the PA intensity off&l probed at Figure 6. Time-dependence of the PA intensity off&l probed at

(a) 1.20 and (b) 2.20 eV at delay times shorter than 20 ps. The excitation(a) 1.20 and (b) 2.20 eV, respectively, at delay times shorter than 20

energy is 3.2 eV, and the temperature is 293 K. Open circles denoteps. The excitation energy is 3.2 eV, and the temperature is 4 K. Open

the experimental data. The time-dependences a and b are fitted to eqgircles denote the experimental data. The time-dependence a and b is

1 and 2, respectively (solid curves). The components in each equationfitted to egs 1 and 2, respectively (solid curves). The magnitudes of

are also shown by dashed curves. the terms in each equation are also shown by dashed curves.
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Figure 7. Same as Figure 6 but at delay times up to 400 ps.

Delay Time (ps)
Figure 5. Same as Figure 3 but at delay times up to 400 ps.

mentioned, the PA spectrum cannot be measured correctlyfitting of the experimental data to eq 1. They are also determined

between 1.51 and 1.68 eV because of the ASE background inasta = 1.0 £ 0.2 ps andrg = 140+ 10 ps at 4 K.
the white light continuum, and the spectrum is, therefore, On the other hand, the time dependence at 2.20 eV is also

interpolated in that region. The several spectroscopic featuresshown at both of the temperatures (Figures 3b and 4b for 293
at 293 K are commonly observed at 4 K. In the previous work, K and Figures 5b and 6b for 4 K). In both cases, the temporal
Kanner et al. reported the photoinduced absorption spectrumprofiles of the PA signals are reproduced with a relation
of Pt—Cl in the subpicosecond time scdfeThey measured the  described by eq 2:

absorption spectrum with the several excitation photon energies

lower and higher than the CT-exciton band. However, the Ap(t) = C[ex;{— LL) - exr(— Lz)] +D erf[(i)llj 2)
corresponding PA band with a peak around 1.3 eV was not Tc Tc To

observed with any excitation energy. ) )
Figures 4 and 5 show the time-dependence of the PA intensityHere, erf() is an error function. The parameters are evaluated

at the delay times shorter than 20 and 400 ps, respectively. Theby a least-squares fitting ag, = 3.4+ 0.6 ps,zco = 1.1+
probe photon energies are 1.20, 1.70, and 2.20 eV, and the0-2 ps, andlp = 68 + 8 ps for 293 K and¢c1 = 8.8+ 0.4 ps,
temperature is 293 K. The time dependertog¢ i is also shown ~ 7c2 = 0.9+ 0.1 ps, andlp = 91 =+ 10 ps for 4 K. The first

at the same photon energies in Figures 6 and 7. The temporalerm in eq 2 expresses the PA component that increases with a
profiles at 1.20 eV (Figures 4a and 5a for 293 K and Figures rise time constant ofc;, and decreases with the decay time

6a and 7a for 4 K) are expressed with the biexponential function constant ofrcz. The rise timerc is in a good agreement within
an experimental error at both of the temperatures, whereas the

as
decay timerc; has clear temperature dependence, and it is 2.6
_ _t _t times larger 84 K than at 293 K.
AR = Aex;{ rA) +B exr{ ‘L'B) (1) The second term erff(Tp) ¥4 expresses the geminate
recombination process of pair excited species that move by
The decay time constants are determined todre 1.0+ 0.1 diffusion along a one-dimensional chdif® The pair excited

ps andrg = 90 4 6 ps at 293 K as a result of the least-squares species walk randomly along the one-dimensional chain, and
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TABLE 1: Probe Energy Dependence of the Decay Time A
Constantza at 293 and 4 K
photon energy  decay time constant  decay time constant
(eV) Tp at 293 K anat4 K
0.7 460+ 20 fs
0.9 620+ 30 fs N\ /
1.0 800+ 40 fs 8704+ 30 fs & N L
1.1 970+ 30 fs 910+ 50fs g
1.2 1.1+ 0.1 ps 1.1+ 0.2 ps =
1.3 1.2+ 0.2 ps 1.3 0.2 ps
they disappear when they meet with each other. As for the
formation of these pair species, the rise of the PA signal is
instantaneous within 300 fs, the time resolution of the spec-
trometer. This means that the free CT excitons are decomposed
. . . . . CDW state
into the pair excited species soon after the photoexcitation and —p
that the pair species transport coherently along the MX chain Coordinate of CT (1,)

until they begin the random walk. The time constégis related Figure 8. Model of the relaxation dynamics of the STE in-gl
to th? dlffu'SIOI’l (f:tons':]antg, and the. §ep?ratlorr1] beéween .“"’9 The adiabatic potential curves are depicted as the function of coordinate
species]o, just after the decomposition from the CT exciton: ¢ the chioride ion Ie). E1: the peak photon energy of absorption due

to the free excitonE,: the peak photon energy of the fluorescence
|02 due to the STE.
Th= 4d 3
ground state. The fluorescence lifetime depends on temperature,
it i 3

It should be noted that the function etfli(5) =1/ is the solution a.nd Itis about 70 ps at 293 K and 200 ps at & }Zr:he second
of the diffusion equation in a continuous limit, although the Signal is observed in a photon energy region higher than that

of the slowly decreasing fluorescence sigial’ The lifetime

real one-dimensional chain is divided into segmental areas by .
the metal sites and the excited species hop between theVaS reported to be 260 fs to 1.2 ps, depending on the probe

neighboring segments with a finite probability. However, this photon energy, gnd it 'becomes Ionger as the probe.photon energy
approximated equation is often used for analyzing the geminate 9€tS larger. This rapidly decreasing signal is attributed to the
recombination process, and it can reproduce the experimental€Mission from the STEs in the thermally nonequilibrated state.
results sufficiently weft*647 Shank et al. calculated numerically Namely, the nonthermal STEs are distributed over nonequili-

the diffusion equation where the pair species jump between thePrated excited vibrational states. The decay time constants of

segment<s They pointed out that the approximated equation € rapidly and slowly decaying components are fairly in good
solved in the continuous limit is in a good agreement with the 29réement with those of the two STEs. Hence, it is concluded

equation solved numerically in all of the delay time. that the rapidly and slowly decaying components are attributed

At other probe photon energies, the time dependence of pato the nonthermal and thermal STEs, respectively.'
can be reproduced with a combination of the four components ' '€ observed probe energy dependence of the time constant
constituting egs 1 and 2, that is, thg-decay component A 7 reflects the thermalization mechanism of the STE. Just after

the 7g-decay component B, the.»rise andzci-decay compo- the formation, the STE is considered to be in a nonthermal
nent C. and the compone,nt D which decreases following the distribution determined by the absorption cross section and laser

model of the geminate recombination process. There is no spectrum, and it is concentrated around higher vibrational levels.
significant difference seen concerning the distribution of these 1N€N. the nonthermal STE dissipates the excess vibrational

four spectral components between 293 and 4 K. The component<EN€T9Y and relaxes to lower vibrational levels described by the

A and B are seen at the probe energy lower than 1.8 eV Whereaghermal statistics. Hence, the thermalization of the STE takes

the component C is distributed mainly at the energy higher than Pl2c€ from higher to lower vibrational levels. The PA due to
1.9 eV. The component D is distributed between 1.3 and 2.6 STE is attributed to the transition from the exciton level to the

eV, and the specific three peaks at 1.5, 2.2, and 2.5 eV be|ongconduction band (Figure 8). The PA signal observed. at the lower
to this component. In Table 1, the probe energy dependence ofP"0P€ €nergies, therefore, corresponds to the transition from the
7a is listed at several probe photon energies at both of the mmal states of h|gher_ V|b_rat|onal levels. Consequently, the PA
temperatures. The tendency is found that the constagets signal at lower energies is expected to decrease faster than that

longer, as the probe photon energy is higher. with the higher energies.
ger, as P P f energy s higher The following two physical quantities are calculated for the

4. Discussion time-resolved PA spectrum at each delay time to evaluate the
) ) ] spectral shift and the population change of the STE:
First, the relaxation dynamics of thes- and rg-decay

components are to be discussed. The time constafar the E zell
rapidly decaying component is about 1 ps, and it gets longer as St) = fE AA(t) dE = fn——"—= 4)
. ) - 1 mcln 10

the probe photon energy gets higher. There is no significant

difference in the quantitys between the two temperatures of

293 and 4 K, while the longer time constamtis temperature-

dependent. It igg = 90 £10 ps at 293 K, and it increases to

75 = 140420 ps at 4 K. Here, the integration is carried out over the photon ené&rgy
In the previous work, two fluorescence signals have been betweenE; = 0.60 eV andE, = 1.51 eV, where the PA

reported for P+Cl.33:36.37The first one is the emission due to  spectrum is contributed mainly from the components A and B.

the transition from the thermal STE level to the electronic The parameter§ n, |, m, e, andc are the probe photon energy,

M(t) = fEE AA(Y) E dE/S(t) (5)
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1.35 7a = 880 fs defined in eq 6. The dynamic and spectroscopic
properties of the component C will be later discussed.

Second, the dynamics of the component D is reported, whose
time dependence is described with the function #fif)~/7
in eq 2. The function is the solution of the one-dimensional
diffusion equation, and it expresses the geminate recombination
process where the pair excited species walk randomly along
the one-dimensional chain and disappear when they meet. In
addition to it, the spectrum of the component C has three specific
peaks at around 1.5, 2.2, and 2.5 eV. The spectral shape is well
correspondent to the photoinduced absorption band ascribed to

0.06

0.04

0.02

Integrated Absorbance S(t) (eV)
Average Energy M(t) (eV)

0 the neutral-soliton state reported in the previous work of Pt
0 5 10 15 20 Cl.22The spectrum had two characteristic peaks around 1.6 and
Delay Time (ps) 2.0 eV, and the absorption edge was 1.4 eV. The PA spectrum

i ) ) ) with these two specific peaks was commonly observed in other
Figure 9. Time dependence of the integrated absorbas{te(solid HMMCs, and the third peak was also observed in the energy
curve) and average probe photon enekft) (dashed curve) of the . . .

PA band due to the STE. The temperature is 293 K. The time "€9ion higher than the former two peaks in some of the

dependence of(t) is fitted to eq 6 and shown by dashed curve. HMMCs2648When the neutral solitons are generated photolyti-

cally, they should be formed as pair species, that is, the soliton

the oscillator strength, the population density of the STE, the and anti-soliton because of the conservation of the charges and

sample thickness, electron mass, electronic charge and lightspins within the MX chain before and after the photoexcitation.

velocity, respectively. When the oscillator strength does not Consequently, they should disappear through the geminate

change during the thermalization proceS($) depends only on  recombination proces3hese observations support the assign-

the population density. Hence, the change &(t) indicates ment that the component C is attributed to the neutral soliton

the population change of the STE during the thermalization pair.

process. The second quanth(t) is the first-order momentum In the present experimental results, the time consTaris

of the PA spectrum, that is_, the average photon energy of the dependent on the temperature, and it is large¥ K than that

PA spectrum at the delay tinte at 293 K; that isTc = 68 + 8 ps at 293 K and 9% 10 ps at
Figure 9 shows the time dependenceXtj andM(t) up to 4K. As can be seen in eq 3, the time consfBats determined

10 ps after photoexcitation at 293 K. The average endf(y by the two elements, that is, the parametéfer the diffusion

of the PA increases from 1.16 eV at 0 psto 1.29 eV at 5 ps. AS oonstant and, for the initial separation between soliton and

mentioned above, the PA because of the exciton corresponds,ti_soliton pair. Among them, the initial pair separatigrs

to the transition from the STE levels to the conduction band. expected to be independent of the temperature from the
The shift of the average PA spectrum reflects the population {o|15\ing reason. As mentioned above, the formation time of
redistribution of the nonthermal STE from higher to lower o corresponding PA is faster than the temporal resolution of

vibrational levels. On the other hand, the population change of 304 t5 at both 293 and 4 K. which suggests that the photoge-
the STE is evaluated from the integrated absorbance. Thepgrateq CT exciton is decomposed into the soliton and anti-

observed time dependence §f) can be reproduced by the  gyjiton pair just after the formation and they propagate

following equation: coherently along the MX chain until they walk randomly
t t t (Figures 4c and 6c¢). The coherent propagation is driven by the
St) =S, exp{— r_) + SB[exp(— r_) - exp{— r_)] (6) sufficiently large excess vibrational energy, irrespective of the
A B A temperature. Thus, the temperature dependence of the time
The equation indicates that the nonthermal STEs relax to the constanflc is related t? only th? d|ff.US|on constat
thermal STEs with the rate 44 and, successively the thermal Two factors determine the diffusion constant between the
STEs relax to the electronic ground state with the ratg.1/ neighboring metal sites: one is the transfer energy, and the other
The parameters are evaluated by the least-squares fitting as S the electror-phonon coupling? The charges are transferred
= 880 + 60 fs andSy = (8.4 & 0.1) x 1072 eV for the between the neighboring metal ions by way of the bridged-
nonthermal STE ands = 85+ 6 fs andS; = (2.5 + 0.1) x halogen ion, and the quantity of the transfer energy is closely
1072 eV for the nonthermal STE. The quanti&/Sy = 0.30 related with the overlap between the drbital in the metal
corresponds to the probability that the nonthermal STE relaxesions and the porbital in the bridged-halogen ior$. This
to the thermal distribution. The other 70% of the nonthermal quantity is not dependent on the temperature of the system. On
STE relaxes to a state other than the thermal STE. During thethe other hand, the charge can be trapped by the local
thermalization process, the average energy reduces figm  deformation of the lattice by the strong electrgshonon
= 0 fs) = 1.16 eV toM(t = 880 fs)= 1.25 eV. Hence, the  coupling. When the charge jumps to the neighboring sites, it
energy relaxation rate is estimated to be 102 meV/ps. surmounts the potential barrier induced by the lattice deforma-
As has been reported in previous work, the fluorescence tion. Therefore, the hopping probability of the charge between
quantum efficiency of the thermal STE is 3,and the the two sites is expected to be larger at higher temperature, and
population decrease of the nonthermal STE through the radiativethe strong electronphonon coupling can cause the temperature
decay channel is negligibly small, because the fluorescencedependence of the diffusion.
qguantum efficiencies of the nonthermal and thermal STEs are It should be notified that the lifetime of the neutral solitons
expected to be of the same ordemhe most probable relaxation ~ was reported to be of the order of hours in the previous work,
path of the nonthermal STE is the relaxation channel to the which was by several magnitudes longer than that in the present
component C, because the rise timg = 1.0 ps at 293 K and  case?® The MX chain is considered to be partly disorder, and
7c2 = 0.9 ps at 4 K agrees well with the thermalization time of it is divided into the segmental are#sWhen the soliton and
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Figure 10. Adiabatic potential surface in a configuration spalge.
coordinate of lattice relaxation associated with self-trapping process
of exciton.l,: soliton—antisoliton distance. G: electronic ground state.
FE: free exciton. STE: self-trapped excitor-S. neutral soliton pair.

a: thermalization of STE. b: lattice relaxation from FE te& c:
lattice relaxation from nonthermal STE to spatially confinedSs d:
relaxation of thermal STE.

antisoliton are distributed in the different segments, they have
to surmount the potential barrier as high as 70 meV to recombine
with each othef? The thermal activating process of the soliton
is the reason for the long lifetime of the order of hours. On the
other hand, when the soliton and antisoliton are occupied in
the same segment, they will recombine without surmounting
the potential barrier because of the disordered part in the MX
chain. The kinetics of the PA signal seen in the present
experimental result corresponds to the latter case.

Finally, the dynamics of the component C is argued, which
is seen at the higher energy region of-126 eV. This excited
state appears with a rise tinag; of about 1 ps, independent of
the temperature, and disappears with a decay timeof 3.4
ps at 293 K andc1 = 8.8 ps at 4 K, respectively. The rise time
Tc2 IS in good agreement with the thermalization time of the
STE of tp = 880 fs in eq 6. Thus, some portions of the
nonthermal STEs are converted into the component C. In the
previous work, it was demonstrated theoretically that the STE
had a nonradiative lattice relaxation channel into the neutral
soliton state. The case is different from the formation of the
other nonlinear excitations, like charged soliton pair and polaron

pair, because they are charged states and their formation is
expected to come from an unbounded electron and hole pair.

In other words, the exciton state without the charge should not
be converted into the charged state, such as the charged solito
pair and polaron pair. Therefore, the component C may be
attributed to the neutral soliton pair with a lattice configuration
different from the component D, which was above-mentioned.
The difference in these two kinds of the neutral soliton pairs
is explained with the previous theoretical work using the
extended PeiersHubbard modet! In the model, it was claimed

that the potential surface is continuous between the electronic

ground and neutral soliton pair states as shown in Figure 10.
The interaction is attractive between the soliton and antisoliton,
when the pair distance is short in the vicinity lef= 0 where
their wave functions overlap with each other. In this case, the
soliton pair should be effectively confined in this attractive
potential. The hopping probability of the soliton toward the
counterpart is larger than that against it. On the other hand,
when the pair distande is large and the overlap of their wave

J. Phys. Chem. A, Vol. 106, No. 4, 200287

functions is negligible, the potential surface is approximated to
be flat. In this region, the hopping probabilities toward and
against the counterpart are the same, and the soliton and
antisoliton transport freely along the MX chain without suffering
the interaction from the counterpart.

In the present experimental cases, the temporal profiles of
the PA due to the component D is approximated with the
function erf[¢/Tp) =19, which expresses the geminate recom-
bination process of the pair excited species along the ideal one-
dimensional line. This means that the initial separaliprs
sufficiently large and the pair species transport on the flat
potential surface corresponding to laflg@alue in most of the
delay times. Because the soliton pair is converted directly from
the free exciton state, they have a sufficiently large excess
vibrational energy to attain the larggeseparation. On the other
hand, the component C may be attributed to the soliton pair in
the vicinity of I, = 0, and the soliton and antisoliton pair are
attractive with each other, which results in the mutual spatial
confinement. Because this confined state is generated by way
of the vibrationally relaxed STE state, the soliton pair does not
have enough excess energy to overcome the attractive potential.
Furthermore, the probability of the geminate recombination is
expected to be larger under the condition of the finite chain
length, comparing with the kinetics in the infinitely long chain
length, according to the previous watkOn the finite chain
length, the solution of the diffusion equation is approximated
to the exponential function rather than the equation expressed
with the error function, as in the present case.

5. Conclusions

The time-resolved absorption spectrum is studied for the
guasi-one-dimensional HMMC [Pt(ef{Pt(enkCl;](ClO4)4 with
pump—probe spectroscopy. The transient absorption spectrum
is measured throughout a broadband probe energy region of
0.6-2.6 eV, obtained by difference frequency generation. The
contributions both from the absorption because of the STE and
from the neutral-soliton pair are found in the broad absorption
band. In the relaxation process of the STE, the nonequilibrated
exciton is thermalized within 1 ps after the formation. For the
neutral-soliton pairs, two different types of the geometrical
configurations are observed: the spatially confined neutral-
soliton pair and the spatially uncorrelated neutral-soliton pair.
Among them, the spatially uncorrelated soliton pair is generated
directly from the photogenerated free exciton state, whereas the
specially confined neutral-soliton pair is from the STE state.
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