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Ultrafast relaxation dynamics is studied in a quasi-one-dimensional halogen-bridged mixed-valence metal
complex [Pt(en)2][Pt(en)2Cl2](ClO4)4 by pump-probe spectroscopy. A photoinduced absorption spectrum is
measured in a broadband energy region of 0.6-2.6 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

Optical, electronic, and transport properties are attracting a
lot of interests in quasi-one-dimensional materials,1,2 such as
π-conjugated organic polymers,3-6 J aggregates of organic
molecules,7,8 or one-dimensional metal complexes,9-10 because
of strong electron or exciton confinement in such materials.
Quasi-one-dimensional halogen-bridged mixed-valence metal
complexes (HMMCs) also belong to such a group of com-
pounds, and several properties based on charge-transfer (CT)
excitons have been studied both experimentally and theoretic-
ally.11-18 The chemical formula of HMMC is expressed as
[M(AA) 2][M(AA) 2X2]Y4. Here, M, X, AA, and Y are the
transition metal ion, the bridged-halogen ion, the ligand
molecule, and the counterion, respectively. The one-dimensional
chain of HMMC consists of alternate transition metal ions with

a valence+3 (M3+) and bridged-halogen ions with a valence
-1 (X-). 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

There is an inequality of the amount of charge distribution
between neighboring transition-metal sites, and the metal ions
M3+F and M3-F are arrayed alternately on a quasi-one-
dimensional line, defining the quantity of charge transfer asF.
Accordingly, the bridged-halogen ion X- with a negative charge
is shifted from a position halfway between M3+F and M3-F, and
it is placed closer to the M3+F ion. The strong electron-phonon
coupling effect in HMMC is confirmed by the large Stokes shift
of the fluorescence spectrum and the observation of higher order
overtones in the Raman scattering signal.19

A lot of attention has been paid to the formation and
relaxation dynamics of the photoexcited states, and they
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have been extensively studied both experimentally20-27 and
theoretically.28-32 The stationary absorption is observed in a
visible to near-infrared region depending on constituent M, X,
AA, and Y, and it is attributed to a CT-exciton band.11,12 The
CT-free exciton is expected to be unstable by itself, and it
geometrically relaxes to the more stable localized state, that is,
a self-trapped exciton (STE) state. This is because there is no
potential barrier between the free exciton and the STE states,
which is a characteristic feature common to one-dimensional
systems.1,2,32 The formation of the STE in the HMMC system
has been confirmed by an unusually large Stokes shift of the
fluorescence signal extending almost half of the excitonic
transition energy.19,33 However, the STE state is not the most
stable excited state, and it has a nonradiative relaxation channel
to a neutral-soliton state, that is, one kind of nonlinear
excitation.25-27 The formation of other nonlinear excitations,
that is, charged-soliton and polaron, were also reported21,25,26.
They are generated not from the STE but from the lattice
relaxation of the unbound electron-hole pair.

The relaxation dynamics of the exciton states and nonlinear
excitations were extensively studied inπ-conjugated polymers.3-6

The decay rates of these transient states were found to be much
slower in HMMC than those inπ-conjugated polymers.20-24 In
HMMC, the electron-phonon coupling is considered to have
the same order of the magnitude as the transfer energy, whereas
the transfer energy is much larger than the electron-phonon
coupling in conjugated polymers. Therefore, the excited states
are bound more tightly to the lattice in HMMC than in
conjugated polymers. Recently, the dynamics of these transient
states were studied in the femtosecond and picosecond time
regions, and it was reported that some of the photoinduced states
show an ultrafast optical response.33-39

The time-resolved fluorescence signal was measured with an
up-conversion method on [Pt(en)2][Pt(en)2Cl2](ClO4)4 (en )
ehtylenediamine). The rapidly decaying fluorescence signal is
observed, in addition to the slowly decaying fluorescence signal
because of the STE with the lifetime of about 100 ps.36,37 The
time constant of the rapidly decaying signal was about 1 ps,
and it is dependent on the probe photon energy. This fluores-
cence signal is attributed to the nonequilibrated STE, and the
decay time is correspondent to the process of dissipating an
excess vibrational energy. We also studied the other HMMC
compound of [Pt(en)2][Pt(en)2Br2](ClO4)4 with femtosecond
time-resolved absorption spectroscopy.39 The formations of two
kinds of soliton pairs with different kinetics are observed; one
is a spatially confined neutral-soliton pair, and the other is a
spatially uncorrelated neutral-soliton pair.

In the present paper, the ultrafast relaxation dynamics of the
photoexcited states are studied for [Pt(en)2][Pt(en)2Cl2](ClO4)4

(hereafter abbreviated as Pt-Cl). The time-resolved absorption
spectrum is measured with pump-probe absorption spectros-
copy. A broadband near-infrared pulse is employed as a probe
in addition to a white light continuum generated by the self-
phase modulation (SPM). The observable spectral region is very
broad, extending from 0.6 to 2.6 eV. The photoinduced
absorption spectrum consists of three contributions with different
time and temperature dependence, that is, self-trapped exciton,
spatially uncorrelated neutral-soliton pair, and the spatially
confined neutral-soliton pair. The formation, the relaxation, and
the transport properties of these transient states are to be
discussed in detail.

2. Experimental Section

The single crystal of Pt-Cl is synthesized by the method
previously reported.40 Additionally, an oriented thin film is

prepared on a CaF2 substrate for the measurement of the
absorption spectrum.41

The time-resolved absorption spectrum is studied by pump-
probe spectroscopy. Femtosecond pulses are generated by an
Er-doped fiber laser which is pumped by an all-solid-state CW
laser composed of a master-oscillator power amplifier (MOPA;
ErF femtosecond fiber laser, Clark-MXR).42 The pulse width,
center wavelength, and average output energy of the laser at
34 MHz repetition rate are 150 fs, 1.55µm, and 50 mW. The
pulses are frequency-doubled by aâ-BaB2O4 (BBO) crystal,
and the second harmonics (0.775µm, 150 fs, and 5 mW) is
employed as the seed in a Ti:sapphire regenerative amplifier
(CPA-1000, Clark-MXR) pumped by the second harmonics
from a Q-switched Nd:YAG (yttrium-aluminum-garnet) laser
(0.532µm, 5 mJ). The pulse width and the average energy of
the amplified pulse at a 100 Hz repetition rate are 160 fs and
0.5 mJ, respectively.

The excitation pulse is the second harmonics (0.388µm) of
the amplified pulse generated in an LiB3O5 (LBO) crystal. The
probe light spectrum extends over a broadband wavelength range
between 0.48 and 2.10µm. A femtosecond white light con-
tinuum is available at the wavelengths shorter than 1.6µm,
generated by SPM in a 10 mm cell containing CCl4. Probe light
with wavelengths longer than 1.6µm is generated in a
parametric mixing process. The detail of the difference fre-
quency generation (DFG) has been already reported elsewhere43

and here only briefly described. The pump for the parametric
process (ωp) is the fundamental of the Ti:sapphire laser at 0.775
µm. The signal light (ωs) is the near-infrared part of the white
light continuum at wavelengths of 1.2-1.5µm. Both the pump
and signal pulses are combined collinearly by a dichroic mirror
and focused into a KTiOPO4 (KTP) crystal to generate an idler
pulse with the difference frequency of pump and signal pulses
(ωi ) ωp + ωs). The KTP crystal is cut atθ ) 38.8° andφ )
90° for type-II phase matching (o) e + o) in they-z plane.
The wavelength of the idler pulse can be tuned by rotating
the crystal angle. The bandwidth of the idler pulse is 700-800
cm-1.

The excitation and probe pulses are focused on the sample
with spot sizes of about 0.3 and 0.2 mm, respectively. The
density of the excitation photon is estimated to be about 1.0×
1016 photons/cm2. The MX chains are well aligned, and the
polarizations of the pump and probe pulses are parallel to the
orientation of the MX chains. For the wavelength region of 0.5-
1.2 µm, both probe and reference pulses are dispersed in a
polychromator and multichannel photodiode array detectors
(ST-1000, Princeton Instruments) detect these two beams. For
the wavelength region longer than 1.2µm, each pulse is
measured by a set of polychromators and liquid-nitrogen-cooled
platinum silicon (PtSi) multichannel detectors (EG&G Reticon,
RH1024SIU). The temporal characteristic of the probe beam is
measured by the cross-correlation method, which is used to
correct the group delay dispersion. The time resolution of the
total system is determined to be about 300 fs in the whole probe
spectral range studied. The experiments are performed at both
293 and 4 K.

3. Results

Figure 1a shows the stationary reflection spectrum of a thin
film sample of Pt-Cl at 293 K. The spectrum is dichroic,
namely, it depends on the polarization of the light. Both parallel
and perpendicular spectra are essentially the same as those of
a single crystal of Pt-Cl in the literature.11,12 The stationary
spectrum is transformed from the reflection spectrum in Figure
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1a using the Kramers-Kronig relations, because the sample
thickness of about 1µm is too thick to measure the stationary
absorption spectrum correctly. The Roessler correction method
is applied,44 because of the limitation in the observed photon
energy region. Figure 1b shows the stationary absorption
spectrum of Pt-Cl. In the configuration of the light polarization
parallel to the MX chain, the absorption spectrum has a peak
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 band.11,12 On
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,
because of the large separation between neighboring MX
chains. Therefore, the transport of an electron or an exciton is
considered to be restricted to the direction along the MX chain
in the present thin film sample, in the same way as in a single
crystal.

Figure 2 shows a time-resolved photoinduced absorption (PA)
spectrum of Pt-Cl at 293 K. Both the polarizations of the
excitation and probe are both parallel to the MX chain. The
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
the Ti:sapphire laser extending from 1.51 to 1.68 eV, the
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
dashed lines in the energy region in Figure 2.

At an early stage after the photoexcitation, the PA spectrum
has three peaks at almost 1.3, 2.2, and 2.5 eV, respectively
(Figure 2 parts a and b). As the delay time is longer, the
absorption band around 1.3 eV is found to disappear as seen in
Figure 2 parts c and d. On the other hand, the other two peaks
at 2.2 and 2.5 eV are still distinguished, and furthermore, the
PA spectrum has another peak around 1.5 eV, which is not
clearly seen at the earlier delay times (Figure 2e). The spectrum
shape with these three peaks does not change substantially at
the delay times longer than 20 ps. As another characteristic,
the rise of the PA signal is found not to be instantaneous around

2.2 eV, and it is a bit late after the photoexcitation. Figure 3 is
the time-resolved PA spectrum of Pt-Cl at 4 K. As above-

Figure 1. (a) Stationary reflection spectrum of Pt-Cl 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)
Stationary absorption spectrum of Pt-Cl at 293 K. The spectrum is
transformed from the stationary reflection spectrum using the Kramers-
Kronig relation. The solid and dashed curves show the spectra with
the polarization of the light parallel and perpendicular, respectively, to
the MX chain.

Figure 2. Time-resolved PA spectrum of Pt-Cl at the delay time of
(a) 0.2, (b) 1.0, (c) 2.0, (d) 5.0, and (e) 20 ps (solid curves) at 293 K.
The excitation energy is 3.2 eV, and an arrow denotes it. The excitation
density is about 1.0× 1016 photons/cm2. The stationary absorption
spectrum is also shown by a dashed curve at the top column.

Figure 3. Time-resolved PA spectrum of Pt-Cl at the delay time of
(a) 0.2, (b) 1.0, (c) 2.0, (d) 5.0, and (e) 20 ps (solid curves) at 4 K. The
excitation energy is 3.2 eV, as shown by the arrow. The excitation
density is about 1.0× 1016 photons/cm2. The stationary absorption
spectrum at 293 K is also shown by a dashed curve.
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mentioned, the PA spectrum cannot be measured correctly
between 1.51 and 1.68 eV because of the ASE background in
the white light continuum, and the spectrum is, therefore,
interpolated in that region. The several spectroscopic features
at 293 K are commonly observed at 4 K. In the previous work,
Kanner et al. reported the photoinduced absorption spectrum
of Pt-Cl in the subpicosecond time scale.38 They measured the
absorption spectrum with the several excitation photon energies
lower and higher than the CT-exciton band. However, the
corresponding PA band with a peak around 1.3 eV was not
observed with any excitation energy.

Figures 4 and 5 show the time-dependence of the PA intensity
at the delay times shorter than 20 and 400 ps, respectively. The
probe photon energies are 1.20, 1.70, and 2.20 eV, and the
temperature is 293 K. The time dependence at 4 K is also shown
at the same photon energies in Figures 6 and 7. The temporal
profiles at 1.20 eV (Figures 4a and 5a for 293 K and Figures
6a and 7a for 4 K) are expressed with the biexponential function
as

The decay time constants are determined to beτA ) 1.0 ( 0.1
ps andτB ) 90 ( 6 ps at 293 K as a result of the least-squares

fitting of the experimental data to eq 1. They are also determined
asτA ) 1.0 ( 0.2 ps andτB ) 140 ( 10 ps at 4 K.

On the other hand, the time dependence at 2.20 eV is also
shown at both of the temperatures (Figures 3b and 4b for 293
K and Figures 5b and 6b for 4 K). In both cases, the temporal
profiles of the PA signals are reproduced with a relation
described by eq 2:

Here, erf() is an error function. The parameters are evaluated
by a least-squares fitting asτC1 ) 3.4 ( 0.6 ps,τC2 ) 1.1 (
0.2 ps, andTD ) 68 ( 8 ps for 293 K andτC1 ) 8.8 ( 0.4 ps,
τC2 ) 0.9 ( 0.1 ps, andTD ) 91 ( 10 ps for 4 K. The first
term in eq 2 expresses the PA component that increases with a
rise time constant ofτC1, and decreases with the decay time
constant ofτC2. The rise timeτC2 is in a good agreement within
an experimental error at both of the temperatures, whereas the
decay timeτC1 has clear temperature dependence, and it is 2.6
times larger at 4 K than at 293 K.

The second term erf[(t/TD)-1/2] expresses the geminate
recombination process of pair excited species that move by
diffusion along a one-dimensional chain.6,45 The pair excited
species walk randomly along the one-dimensional chain, and

Figure 4. Time-dependence of the PA intensity of Pt-Cl probed at
(a) 1.20 and (b) 2.20 eV at delay times shorter than 20 ps. The excitation
energy is 3.2 eV, and the temperature is 293 K. Open circles denote
the experimental data. The time-dependences a and b are fitted to eqs
1 and 2, respectively (solid curves). The components in each equation
are also shown by dashed curves.

Figure 5. Same as Figure 3 but at delay times up to 400 ps.

∆A(t) ) A exp(- t
τA

) + B exp(- t
τB

) (1)

Figure 6. Time-dependence of the PA intensity of Pt-Cl probed at
(a) 1.20 and (b) 2.20 eV, respectively, at delay times shorter than 20
ps. The excitation energy is 3.2 eV, and the temperature is 4 K. Open
circles denote the experimental data. The time-dependence a and b is
fitted to eqs 1 and 2, respectively (solid curves). The magnitudes of
the terms in each equation are also shown by dashed curves.

Figure 7. Same as Figure 6 but at delay times up to 400 ps.

∆A(t) ) C[exp(- t
τC1

) - exp(- t
τC2

)] + D erf[( t
TD

)-1/2] (2)
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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
into the pair excited species soon after the photoexcitation and
that the pair species transport coherently along the MX chain
until they begin the random walk. The time constantTD is related
to the diffusion constant,d, and the separation between two
species,I0, just after the decomposition from the CT exciton:

It should be noted that the function erf[(t/TD)-1/2] is the solution
of the diffusion equation in a continuous limit, although the
real one-dimensional chain is divided into segmental areas by
the metal sites and the excited species hop between the
neighboring segments with a finite probability. However, this
approximated equation is often used for analyzing the geminate
recombination process, and it can reproduce the experimental
results sufficiently well6,46,47. Shank et al. calculated numerically
the diffusion equation where the pair species jump between the
segments.46 They pointed out that the approximated equation
solved in the continuous limit is in a good agreement with the
equation solved numerically in all of the delay time.

At other probe photon energies, the time dependence of PA
can be reproduced with a combination of the four components
constituting eqs 1 and 2, that is, theτA-decay component A,
the τB-decay component B, theτC2-rise andτC1-decay compo-
nent C, and the component D which decreases following the
model of the geminate recombination process. There is no
significant difference seen concerning the distribution of these
four spectral components between 293 and 4 K. The components
A and B are seen at the probe energy lower than 1.8 eV, whereas
the component C is distributed mainly at the energy higher than
1.9 eV. The component D is distributed between 1.3 and 2.6
eV, and the specific three peaks at 1.5, 2.2, and 2.5 eV belong
to this component. In Table 1, the probe energy dependence of
τA is listed at several probe photon energies at both of the
temperatures. The tendency is found that the constantτA gets
longer, as the probe photon energy is higher.

4. Discussion

First, the relaxation dynamics of theτA- and τB-decay
components are to be discussed. The time constantτA for the
rapidly decaying component is about 1 ps, and it gets longer as
the probe photon energy gets higher. There is no significant
difference in the quantityτA between the two temperatures of
293 and 4 K, while the longer time constantτB is temperature-
dependent. It isτB ) 90 (10 ps at 293 K, and it increases to
τB ) 140 (20 ps at 4 K.

In the previous work, two fluorescence signals have been
reported for Pt-Cl.33,36,37The first one is the emission due to
the transition from the thermal STE level to the electronic

ground state. The fluorescence lifetime depends on temperature,
and it is about 70 ps at 293 K and 200 ps at 4 K.33 The second
signal is observed in a photon energy region higher than that
of the slowly decreasing fluorescence signal.36,37 The lifetime
was reported to be 260 fs to 1.2 ps, depending on the probe
photon energy, and it becomes longer as the probe photon energy
gets larger. This rapidly decreasing signal is attributed to the
emission from the STEs in the thermally nonequilibrated state.
Namely, the nonthermal STEs are distributed over nonequili-
brated excited vibrational states. The decay time constants of
the rapidly and slowly decaying components are fairly in good
agreement with those of the two STEs. Hence, it is concluded
that the rapidly and slowly decaying components are attributed
to the nonthermal and thermal STEs, respectively.

The observed probe energy dependence of the time constant
τA reflects the thermalization mechanism of the STE. Just after
the formation, the STE is considered to be in a nonthermal
distribution determined by the absorption cross section and laser
spectrum, and it is concentrated around higher vibrational levels.
Then, the nonthermal STE dissipates the excess vibrational
energy and relaxes to lower vibrational levels described by the
thermal statistics. Hence, the thermalization of the STE takes
place from higher to lower vibrational levels. The PA due to
STE is attributed to the transition from the exciton level to the
conduction band (Figure 8). The PA signal observed at the lower
probe energies, therefore, corresponds to the transition from the
initial states of higher vibrational levels. Consequently, the PA
signal at lower energies is expected to decrease faster than that
with the higher energies.

The following two physical quantities are calculated for the
time-resolved PA spectrum at each delay time to evaluate the
spectral shift and the population change of the STE:

Here, the integration is carried out over the photon energyE
betweenE1 ) 0.60 eV andE2 ) 1.51 eV, where the PA
spectrum is contributed mainly from the components A and B.
The parametersf, n, l, m, e, andc are the probe photon energy,

TABLE 1: Probe Energy Dependence of the Decay Time
Constant τA at 293 and 4 K

photon energy
(eV)

decay time constant
τA at 293 K

decay time constant
τA at 4 K

0.7 460( 20 fs
0.9 620( 30 fs
1.0 800( 40 fs 870( 30 fs
1.1 970( 30 fs 910( 50 fs
1.2 1.1( 0.1 ps 1.1( 0.2 ps
1.3 1.2( 0.2 ps 1.3( 0.2 ps

TD )
I0

2

4d
(3)

Figure 8. Model of the relaxation dynamics of the STE in Pt-Cl.
The adiabatic potential curves are depicted as the function of coordinate
of the chloride ion (l1). E1: the peak photon energy of absorption due
to the free exciton.E2: the peak photon energy of the fluorescence
due to the STE.

S(t) ) ∫E1

E2∆A(t) dE ) fn
πe2l

mc ln 10
(4)

M(t) ) ∫E1

E2 ∆A(t) E dE/S(t) (5)

Metal Complex [Pt(en)2][Pt(en)2Cl2](ClO4)4 J. Phys. Chem. A, Vol. 106, No. 4, 2002585



the oscillator strength, the population density of the STE, the
sample thickness, electron mass, electronic charge and light
velocity, respectively. When the oscillator strength does not
change during the thermalization process,S(t) depends only on
the population densityn. Hence, the change ofS(t) indicates
the population change of the STE during the thermalization
process. The second quantityM(t) is the first-order momentum
of the PA spectrum, that is, the average photon energy of the
PA spectrum at the delay timet.

Figure 9 shows the time dependence ofS(t) andM(t) up to
10 ps after photoexcitation at 293 K. The average energyM(t)
of the PA increases from 1.16 eV at 0 ps to 1.29 eV at 5 ps. As
mentioned above, the PA because of the exciton corresponds
to the transition from the STE levels to the conduction band.
The shift of the average PA spectrum reflects the population
redistribution of the nonthermal STE from higher to lower
vibrational levels. On the other hand, the population change of
the STE is evaluated from the integrated absorbance. The
observed time dependence ofS(t) can be reproduced by the
following equation:

The equation indicates that the nonthermal STEs relax to the
thermal STEs with the rate 1/τA and, successively the thermal
STEs relax to the electronic ground state with the rate 1/τB.
The parameters are evaluated by the least-squares fitting asτA

) 880 ( 60 fs andSA ) (8.4 ( 0.1) × 10-2 eV for the
nonthermal STE andτB ) 85 ( 6 fs andSB ) (2.5 ( 0.1) ×
10-2 eV for the nonthermal STE. The quantitySB/SA ) 0.30
corresponds to the probability that the nonthermal STE relaxes
to the thermal distribution. The other 70% of the nonthermal
STE relaxes to a state other than the thermal STE. During the
thermalization process, the average energy reduces fromM(t
) 0 fs) ) 1.16 eV toM(t ) 880 fs) ) 1.25 eV. Hence, the
energy relaxation rate is estimated to be 102 meV/ps.

As has been reported in previous work, the fluorescence
quantum efficiency of the thermal STE is 3%,33 and the
population decrease of the nonthermal STE through the radiative
decay channel is negligibly small, because the fluorescence
quantum efficiencies of the nonthermal and thermal STEs are
expected to be of the same order.36 The most probable relaxation
path of the nonthermal STE is the relaxation channel to the
component C, because the rise timeτC2 ) 1.0 ps at 293 K and
τC2 ) 0.9 ps at 4 K agrees well with the thermalization time of

τA ) 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 erf[(t/TD)-1/2]
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
the neutral-soliton state reported in the previous work of Pt-
Cl.20 The spectrum had two characteristic peaks around 1.6 and
2.0 eV, and the absorption edge was 1.4 eV. The PA spectrum
with these two specific peaks was commonly observed in other
HMMCs, and the third peak was also observed in the energy
region higher than the former two peaks in some of the
HMMCs.26,48When the neutral solitons are generated photolyti-
cally, they should be formed as pair species, that is, the soliton
and anti-soliton because of the conservation of the charges and
spins within the MX chain before and after the photoexcitation.
Consequently, they should disappear through the geminate
recombination process. These observations support the assign-
ment that the component C is attributed to the neutral soliton
pair.

In the present experimental results, the time constantTC is
dependent on the temperature, and it is larger at 4 K than that
at 293 K; that is,TC ) 68 ( 8 ps at 293 K and 91( 10 ps at
4K. As can be seen in eq 3, the time constantTC is determined
by the two elements, that is, the parametersd for the diffusion
constant andI0 for the initial separation between soliton and
anti-soliton pair. Among them, the initial pair separationI0 is
expected to be independent of the temperature from the
following reason. As mentioned above, the formation time of
the corresponding PA is faster than the temporal resolution of
300 fs at both 293 and 4 K, which suggests that the photoge-
nerated CT exciton is decomposed into the soliton and anti-
soliton pair just after the formation and they propagate
coherently along the MX chain until they walk randomly
(Figures 4c and 6c). The coherent propagation is driven by the
sufficiently large excess vibrational energy, irrespective of the
temperature. Thus, the temperature dependence of the time
constantTC is related to only the diffusion constantd.

Two factors determine the diffusion constant between the
neighboring metal sites: one is the transfer energy, and the other
is the electron-phonon coupling.22 The charges are transferred
between the neighboring metal ions by way of the bridged-
halogen ion, and the quantity of the transfer energy is closely
related with the overlap between the dz2 orbital in the metal
ions and the pz orbital in the bridged-halogen ions.11 This
quantity is not dependent on the temperature of the system. On
the other hand, the charge can be trapped by the local
deformation of the lattice by the strong electron-phonon
coupling. When the charge jumps to the neighboring sites, it
surmounts the potential barrier induced by the lattice deforma-
tion. Therefore, the hopping probability of the charge between
the two sites is expected to be larger at higher temperature, and
the strong electron-phonon coupling can cause the temperature
dependence of the diffusion.

It should be notified that the lifetime of the neutral solitons
was reported to be of the order of hours in the previous work,
which was by several magnitudes longer than that in the present
case.20 The MX chain is considered to be partly disorder, and
it is divided into the segmental areas.24 When the soliton and

Figure 9. Time dependence of the integrated absorbanceS(t) (solid
curve) and average probe photon energyM(t) (dashed curve) of the
PA band due to the STE. The temperature is 293 K. The time
dependence ofS(t) is fitted to eq 6 and shown by dashed curve.

S(t) ) SA exp(- t
τA

) + SB[exp(- t
τB

) - exp(- t
τA

)] (6)
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antisoliton are distributed in the different segments, they have
to surmount the potential barrier as high as 70 meV to recombine
with each other.20 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 1.9-2.6 eV. This excited
state appears with a rise timeτC2 of about 1 ps, independent of
the temperature, and disappears with a decay time ofτC1 ) 3.4
ps at 293 K andτC1 ) 8.8 ps at 4 K, respectively. The rise time
τC2 is in good agreement with the thermalization time of the
STE of τA ) 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 soliton
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 Peierls-Hubbard model.31 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 ofl2 ) 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 distancel2 is large and the overlap of their wave

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[(t/TD)-1/2], which expresses the geminate recom-
bination process of the pair excited species along the ideal one-
dimensional line. This means that the initial separationl0 is
sufficiently large and the pair species transport on the flat
potential surface corresponding to largel2 value 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 largel0 separation. On the other
hand, the component C may be attributed to the soliton pair in
the vicinity of l2 ) 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 work.45 On 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
quasi-one-dimensional HMMC [Pt(en)2][Pt(en)2Cl2](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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