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Wave Packet Dynamics in a Quasi-One-Dimensional Metal-Halogen Complex
Studied by Ultrafast Time-Resolved Spectroscopy
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An ultrafast optical response is studied in a quasi-one-dimensional halogen-bridged mixed-valence
metal complex [Pt(en),][Pt(en),1,](ClO,)4 with ultrafast time resolution. Wave packet motions both in
the ground and self-trapped exciton (STE) states are observed as oscillatory modulations in the time-
resolved reflectivity. The wave packet motion on the STE potential surface begins after about 50 fs with
respect to the photoexcitation. This delay is attributed to the lattice relaxation from the free exciton state

to the STE state.
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The spectroscopic properties of excitons in many-
electron systems of insulators, alkali halides, or organic
molecular crystals have been attracting a lot of interest
[1,2]. Among them, one-dimensional (1D) exciton systems
show the specific features which are not found in two- or
three-dimensional (2 or 3D) exciton systems [3-5].
Because of the transfer of electrons and holes between
different atomic sites, the exciton is highly delocalized,
as opposed to the case of localized excitations in isolated
molecular systems. An electron-phonon (e-ph) interac-
tion, which also plays an important role in the excitonic
properties, is closely related to the radius of the exciton in
the materials [6]. When the transfer energy is large and
the e-ph interaction energy is small, the exciton extends
over many atomic sites and the radius is large. This
exciton state is called a free exciton (FE) state. On the
other hand, when the electron-phonon interaction energy
is comparable to or larger than the transfer energy, the
FE is not the only stable exciton state. In this case, the
exciton deforms the surrounding lattice configurations and
is trapped by this deformed potential. In this self-trapped
exciton (STE) state, the exciton wave function is limited
in a volume of a small Bohr radius. Even in the latter
system characterized by the large e-ph interaction energy,
however, the primary photoexcited state is the FE state,
and the lattice deformation later traps the exciton in its
potential. Especially 1D exciton systems were shown
theoretically to have a peculiarity with no potential barrier
between the FE and the STE states. This feature is
expected to show quite different dynamics from those of
the 2 or 3D exciton systems [7].

Quasi-one-dimensional halogen-bridged mixed-valence
metal complexes (HMMCs) are grouped in a charge-
transfer exciton system with a strong e-ph interaction
[6]. The main structure of HMMCs is described as
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M2 XM —X .- M? ... X7, where M and
X are a transition metal ion and bridged-halogen ion,
respectively. The unbalance of the charge distribution
between M** and M?* is the consequence of a Peierls
instability. The X~ is shifted from the center of the
neighboring metal sites and is located closer to M**. The
peak energy of the luminescence spectrum is almost half
of the peak energy of the exciton band [8]. This large
Stokes shift indicates the large e-ph interaction. Higher
order overtones up to the 21st are observed in a resonant
Raman scattering experiment [8], which suggests that
the potential surface can be approximated by a harmonic
potential. Therefore, the HMMC systems satisfy an ideal
1D exciton model with a large e-ph interaction energy.

In this Letter, we studied the ultrafast optical response of
the HMMC and observed the oscillatory signal attributed to
the wave packets coherently driven by a short optical pulse.
The dynamics of the wave packets both in the electronic
ground and excited states is discussed. The wave packet
dynamics of the STE state was reported in the previous
papers [9,10]. However, the time resolution was not short
enough to determine unambiguously the phase of the wave
packet, which gives the important information about the
primary dynamics of the photoexcited state. In the present
work, the time resolution better than 5 fs enables us to de-
termine the vibrational phase very precisely and to discuss
the ultrafast lattice relaxation process from FE to STE.

Time-resolved reflectivity is measured by pump and
probe spectroscopy. An ultrashort light pulse is generated
by a pulse-front matched noncollinearly phase-matched
optical parametric amplifer [11]. The broad amplified
spectrum extends from 550 to 750 nm. The pulse energy
is about 7 uJ. The cross correlation width of the pump
and probe pulse is 7 fs. The sample is a single crystal
of [Pt(en),][Pt(en),I,](Cl0O4)4 (en = ethylenediamine),
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abbreviated as Pt-I in the following. The polarizations of
the pump and probe are both parallel to the orientation of
the MX chain. All the experiments were done at 293 K.
The peak energy of the exciton band of Pt-I is 1.38 eV
which means that the spectrum of the excitation light
covers higher levels in the exciton band.

Figures 1(a) and 2(a) show the time-resolved reflectivity
[(AR/R)expl at 2.00 and 1.77 eV, respectively. A negative
reflectivity change is observed, and an oscillatory contri-
bution is superimposed on it. The slowly varying signal
[(AR/R)siow] is reproduced with an equation,

(A}TR> = aexp(—%) +b—(a+ b)exp(—TL).
slow 1 2
(D

The parameters are determined as 7; = 1.4 * 0.1 ps
and 7, = 130 = 20 fs at 2.00 eV and 7; = 1.4 = 0.1 ps
and 7, = 150 £ 20 fs at 1.77 eV, respectively. In our pre-
vious work on [Pt(en), | [Pt(en),Cl, ] (C1Oy)4, the dynamics
of the STE was studied by pump and probe spectroscopy
[12]. The nonequilibrated STE is thermalized within about
1 ps. Then, the thermalized STE recovers to the ground
state within about 90 ps. This mechanism was supported
by time-resolved emission spectroscopy [13]. In accor-
dance with these results, the 7; decay and constant com-
ponents in Eq. (1) are attributed to the nonequilibrated and
equilibrated STEs, respectively. Recently, the transient ab-
sorption was studied in [Pt(en), ] [Pt(en),Br, ] (PFg)4 [10].
The rise time of about 200 fs, which reflects the formation

0 Laa I T
T sl@ )
S oL N ]
g 15
5 OF ———
» o|l® N A AA A~ oa
= VAR A Bt
E SEe ]
5 -10L i
~ | |

0 1000 2000 3000
Delay Time (fs)
0.15 :

g (©)
201k 4
3
£0.05 4
n
- 0 ]

0 100 200 300

Wave number (cm'])

FIG. 1. (a) Time-resolved reflectivity change (AR/R)exp of
Pt-I at the probe energy 2.00 eV (solid curve). The dashed curve
is the contribution of the slowly varying component (AR /R )jow
described by Eq. (1). (b) The oscillatory component extracted
from the time dependent data (a), which corresponds to the
difference (AR/R)osc = (AR/R)exp — (AR/R)giow. (c) The
Fourier spectrum of the oscillatory component (AR /R).

of the nonthermal STE, is correspondent with the time con-
stant 75 ~ 150 fs in the present study.

Figures 1(b) and 2(b) show the contribution of the
oscillatory component which is equal to the difference
between two components, (AR/R)osc = (AR/R)exp —
(AR/R)siow. The (AR/R)qs. is converted to a frequency
spectrum by fast Fourier transformation (FFT), and the
spectrum is shown in Figs. 1(c) and 2(c). The resolution
of the FFT spectrum is =3 cm™!. At 2.00 eV, the FFT
spectrum has two peaks at 107 and 124 cm™~!. The peak
at 124 cm™! is almost equal to the frequency of the sym-
metric stretching (I"!'—M*"—I~1) mode at 122.6 cm™!
observed in resonant Raman spectrum [14]. The temporal
profile of (AR/R)os. is expressed by the summation of
two differently damped oscillations as

T Aee( = Jeoam - 00)
— = Aexp| —— Jcos{ 277 — — 60
<R osc P TA Ty 4

t t

+ Bexp(——)cos(ZTr — — 03>. )
B Tg

The oscillation periods of 74 = 310 fs and Tp = 270 fs,

which correspond to the frequencies at 107 and 124 cm ™!

respectively, are used in the least squares fitting.

The parameters are evaluated as 74 = 290 = 10 fs,
04 =240° = 6°, 75 = 1.1 = 0.1 ps, 0 = —85° = 6°.
On the other hand, at the probe energy of 1.77 eV, there

is only one peak observed at 110 cm™', and the higher
1

frequency peak around 123 cm™" is not found. The
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FIG. 2. Time-resolved reflectivity change (AR /R)exp of Pt-I
at the probe energy 1.77 eV (solid curve). The dashed curve is
the contribution of the slowly varying component (AR /R)gow
described by Eq. (1). (b) The oscillatory component extracted
from the time dependent data (a), which corresponds to the
difference (AR/R)osc = (AR/R)exp — (AR/R)giow. (c) The
Fourier spectrum of the oscillatory component (AR /R).

2159



VOLUME 86, NUMBER 10

PHYSICAL REVIEW LETTERS

5 MARCH 2001

oscillatory signal is reproduced with a single damped
oscillation as

AR t t
<7>OSC = Aexp(—a>cos<2w T—A - 0A>- (3)

The parameters are evaluated as 74 = 590 * 10 fs and
04 = 225° = 5° with the oscillation period T4 = 300 fs
estimated from the peak frequency of the FFT spectrum.

The parameters 74 and 7p consist of two contributions,
that is, the dephasing rates of the wave packet k4 and kg
and the population relaxation of the nonthermal STE, 7, =
1.4 ps. These parameters are related by 74 ' = k4 + 71"
andrg' = kg + 71 . Figure 3 shows the dephasing rates
ks and kp and the phases 64 and 0y against probe energy.
The rapidly damped oscillation A is found in the entire
probe energy region studied in the present study, and the
k, is closely dependent on the probe energy. On the other
hand, the slowly damped oscillation B is observed at the
probe energy larger than 1.88 eV, and the kp is nearly
constant within the probe energy where it is observed. The
formation of the wave packet can be realized both in the
electronic ground and excited states. Judging from the de-
phasing rates of k4 and kg, the rapidly damped com-
ponent with the oscillation frequency of 122 cm™! is
attributed to the wave packet motion in the electronic
excited state, while the slowly damped one with the
frequency of 110 cm™! is attributed to the motion in the
electronic ground (G) state.

The wave packet dynamics in the STE potential is dis-
cussed. As has been seen in Fig. 3(a), the k4 is dependent
on the probe energy, and it decreases monotonously with
the probe energy from 1.77 to 2.00 eV. This probe energy
dependence reflects the thermalization process in the STE
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FIG. 3. (a) Probe energy dependence of the dephasing rates
ks (open circles) and kp (filled squares) in Egs. (2) and (3).
(b) Probe energy dependence of the phases 64 (open circles)
and 6p (filled squares) in Egs. (2) and (3).
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potential. Because of the strong e-ph interaction, the STE
have a large amount of excess vibrational energy just after
the lattice relaxation from the FE state. Assuming that the
potentials of the ground and STE states are harmonic, the
excess energy is estimated to be 1.0 eV, which is deter-
mined from the excitation energy E.x = 2.0 eV, the peak
energy of the stationary absorption E; = 1.4 eV, and the
stationary emission E, = 0.6 eV [15]. The nonthermal
STE should dissipate this excess energy to the surround-
ing heat bath, relaxing from higher to lower vibrational
excited levels. Accordingly, the amplitude of the vibration
decreases with the delay time, and the transient absorption
is probable only from the lower levels of the vibrational
excited states close to the bottom of the STE potential.
Hence, the larger (smaller) value of k4 observed at higher
(lower) probe energy is attributed to the transient absorp-
tion from higher (lower) vibrational excited levels in the
STE potential surface.

The wave packet motion in the electronic excited state
starts in the Franck-Condon region, and it propagates to
the outer turning point by way of the bottom of the STE
potential. As can be seen in Fig. 2(b), the onset of the
observed oscillatory signal begins at the minimum inten-
sity, and it gradually increases to the maximum inten-
sity. Hence, in the present probe energy, the wave packet
motion becomes closer to the electronic resonance, as it
approaches the outer turning point. Thus, the observed
photoinduced absorption signal should be transition from
the vibrational coordinate close to the outer turning point.
In the isolated molecular system, the phase of the oscilla-
tion is expected to be 180° for the absorption from the
vibrational coordinate close to the outer turning point.
However, the observed phase 64 ~ 240° is deviated from
180° at the whole probe energy region. The deviation is
much larger than the accuracy of the phase *=6°, which
corresponds to 5 fs time resolution of the present spec-
trometer. Therefore, the wave packet motion of the STE is
delayed substantially at the onset of the oscillation with re-
spect to the photoexcitation. The interval time is estimated
to be about 50 fs (= T, X %) between the photoexcita-
tion and the onset of the wave packet motion.

The formation and transport properties of the STE are
determined by the transfer energy as well as the e-ph in-
teraction energy. This is different from the case of the
wave packet generated in the isolated molecular system
where only the e-ph interaction energy determines the
wave packet dynamics. The initial photoexcited state is
the FE state, and the exciton is considered to be delocal-
ized over many different sites. The FE and STE potential
surfaces are expected to be continuous and, furthermore,
as a characteristic of the 1D exciton system, there is no po-
tential barrier between FE and STE potential surfaces [7].
Consequently, the lattice relaxation process from the FE to
STE states begins to take place spontaneously just after its
formation (Fig. 4).

The potential is considered to be anharmonic in the
boundary region between the FE and STE potentials, while
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FIG. 4. Model of the relaxation dynamics and potential of the
exciton in Pt-I. Arrows 1 and 2 denote the thermalization pro-
cess in the FE band and the lattice relaxation from FE to STE
states, respectively.

the STE potential is well approximated to be harmonic in
the lower vibrational excited levels. The STE potential is
connected to the bottom of the FE band without a barrier,
and hence the curvature of the potential is expected to be
flat in this region. Therefore, the atom is not accelerated
by the potential force at the onset of the wave packet mo-
tion, which results in the delay of the phase 4. In other
words, the delay time is related to the time required for the
shrinkage of the exciton radius from the FE to STE state,
resulting in the exciton coupling more tightly with specific
sites after the lattice relaxation process. Once the exciton
is trapped by the harmonic potential of the STE, the wave
packet starts the vibration and the motion of the I” can
be approximated to the damped oscillation. The excitation
energy used in the present study is higher than the peak of
the FE band by about 0.6 eV, and the thermalization within
the band is also expected to take place. Therefore, the de-
lay time of the onset of the wave packet motion gives an
upper limit of the lattice relaxation process between the FE
and STE states.

A noticeable point is the conservation of the vibrational
coherence of the wave packet motion between the FE and
STE states during the lattice relaxation. Since the exci-
tation light pulse has a broadband spectrum, the excitons
are distributed over many different levels in the FE band
just after the photoexcitation. These excitons have differ-
ent relaxation paths, which can be the cause of dephasing
the coherence of the wave packet. The time required for
the lattice relaxation is found to be about 50 fs, which is
much shorter than the oscillation period of 300 fs. Hence
it is reasonable that the coherence still remains after the
lattice relaxation.

Next, the wave packet motion in the G state is to be dis-
cussed. The shape of the Raman spectrum is closely related
to the depasing process of the wave packet in the G state.

. . . r
When the spectrum is Lorentzian, that is, Irs * = y7412
with frequency v, the coherence of the wave packet is

expected to dephase exponentially with a decay constant
of 2I', which is expressed by the summation of the pure
dephasing and population decay rates of the vibrational
excited levels in the electronic ground state [16]. Here,
the parameters v and 2I" are the center frequency of the
Raman mode and its linewidth. In Pt-I, the linewidth
of the I"—Pt**—I~ stretching mode is reported to be
2T = 10 cm™ ! [14]. Meanwhile, the dephasing rate of the
wave packet motion in the G state is determined experi-
mentally to be kg = (2.0 = 0.5) X 107! ps™!, and it is
correspondent to the frequency width of 2ley, = kp/c =
7 = 2 cm~!. These values are in fairly good agreement
within the experimental error. The phase 65 is close to
—90° in the entire probe energy region, which means that
the oscillation of the wave packet is sinelike. This sinelike
oscillation is well consistent with the expectation of an
impulsive stimulated Raman scattering (ISRS) mechanism
which is proposed for the formation of the wave packet on
the G state [17].

In conclusion, the wave packet motions in the STE and
the electronic ground states are studied in Pt-1 with an ul-
trafast time-resolved spectroscopy. The formation mecha-
nism of the wave packet on the G state is explained by the
ISRS mechanism. On the other hand, the beginning of the
wave packet motion in the STE state is delayed by about
50 fs with respect to the photoexcitation. The delay time
is attributed to the lattice relaxation process between the
FE and STE states and the thermalization process in the
FE band.
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