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We investigated the wave-packet �WP� dynamics corresponding to the lattice rearrangement in halogen-
bridged platinum complex with femtosecond luminescence spectroscopy. We revealed a motion of the splitting
process of WP at the top of a potential barrier on the adiabatic potential-energy surface connecting the
self-trapped exciton and the soliton-pair state. By changing the kinetic energy of the WP, we succeeded in
controlling the propagation efficiency of WP beyond the barrier by a factor of 250%. The anomalous dwelling
behavior and quantum interference of the WP were also observed. The obtained envelope of the WP clarified
the dynamical process of the splitting and interfering time-dependent wave functions, providing a picture of
lattice rearrangement in terms of quantum-mechanical waves.
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Observation and control of the nuclear wave packet �WP�
are major subjects in photochemistry and physics, and a
number of studies observing and controlling the WP have
been performed in molecular systems.1–3 In addition to the
conventional pump-probe technique, a more sophisticated
method has been developed to observe the quantum interfer-
ence of the nuclear WP in molecules.4 Observation of the
molecular dynamics with attosecond accuracy has become
possible using the electron recollision process5,6 or high-
order harmonic generation with phase controlled laser
pulses.7 Control of the WP dynamics aimed at enhancing the
specific resultant species has also been demonstrated by
shaping the laser pulses8,9 or changing the potential-energy
surface via a dynamical Stark shift.10

In the condensed-matter systems, the WP dynamics is par-
ticularly interesting because it can reflect the generation and
annihilation of the localized elementary excitations, defects,
metastable states, and photoinduced phases. In this context,
the WP motion contains the nonoscillatory �propagating�
components, which can be recognized by capturing the time-
resolved shape of the WP as performed in this work.

We have chosen a one-dimensional halogen-bridged Pt
complex for the target material, which has the charge-density
wave �CDW� in the ground state. The photogeneration of
various excited species, i.e., self-trapped excitons �STEs�,
polarons, spin solitons �SSs� and charged solitons �CSs� has
been observed.11–14 The situation is similar to the case of
conducting polymers.15 The existence of multiple metastable
states and mutual relaxation paths fulfills our requirements.
The significant feature of these metastable states is that a
strong electron-lattice interaction plays an important role in
their stabilization. Since these excited states are accompa-
nied by large lattice deformation, i.e., displacement of atoms,
we can describe their generation and annihilation processes
as the dynamics of a WP representing collective motions of
atoms around the localized electronic states.

The material, �Pt�en�2Br��ClO4�2 �en=ethylenediamine�,
has a free exciton absorption band at 1.96 eV and a lumines-
cence band of STE at 0.8 eV.11,16 The main structure of this
material is a one-dimensional chain consisting of alternate Br

and Pt ions. The free exciton �charge transfer exciton� is
yielded by electron transfer from Pt2+ to Pt4+. The STE,
which is an exciton strongly coupled with a lattice deforma-
tion, plays a key role to produce the other metastable states.
Within the framework of configuration coordinate system
representing the collective motion of atoms, we can treat the
WP motion on the multidimensional potential surface as that
in the lower dimensional subspace. The two-dimensional
�2D� potential-energy surfaces have been calculated, using
an extended Peierls-Hubbard model.17,18 According to this
calculation, the STE state is directly connected to the soliton-
pair state on the adiabatic potential-energy surface �Fig.
1�a��. As shown in Fig. 1�b�, there are two kinds of solitons,
i.e., the SS and CS, which are distinguished, respectively, by
the possession of a spin or a charge. According to this theory,
the STE state is connected to the CS state and the ground
state to the SS state. The soliton is, in other words, a domain
wall between the domains of antiphased CDW, as repre-
sented by the yellow curves in Fig. 1�b�. The photogenera-
tion of the CS pair has been observed in �Pt�en�2Br��ClO4�2
as a photoinduced absorption band.14,19

As shown in previous reports,16,20 the instantaneous shape
of the WP is precisely reflected in a luminescence spectrum
in the case of a pair of parabolic adiabatic potential surfaces,
for which the photon energy is linearly related to the dis-
placement of atoms. Thus we conducted the ultrafast fre-
quency upconversion measurements with wide energy range
down to 0.25 eV to trace the time-dependent shape of the
WP.

In this Rapid Communication, we show the WP dynamics
representing the conversion process of the elementary exci-
tations from the STE to CS pair. The observed time evolution
of the shape of the WP, which includes the split component
and the anomalous peak at the turning point accompanied by
the quantum interference fringes, is well reproduced in terms
of a simple model assuming a double-well potential. Produc-
tion of the soliton pair from STE is identified only in the first
vibration swing, and its probability is successfully controlled
by changing the damping condition, which in turn alters the
kinetic energy of the WP.
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The as-grown single crystal was excited at 1.55 eV using
60 fs pulses from an amplified Ti:sapphire laser �200 kHz
repetition rate�. The time-resolved luminescence measure-
ments were carried out using a femtosecond upconversion
technique. Paraboloidal mirrors were used to collect and to
refocus the luminescence onto a nonlinear-optical crystal
lithium iodate �LIO�. The luminescence was frequency
mixed in the LIO with variably delayed fundamental fre-
quency pulses from the amplified Ti:sapphire laser. The up-
converted signal was spectrally filtered by a double grating
monochromator and detected with a cooled photomultiplier
tube �Hamamatsu Photonics R943-02� coupled to a photon
counting system. The system had sensitivity between 0.25
and 1.3 eV and an overall time resolution of 90 fs, and the
time interval of the measurement was 20 fs. The energy de-
pendence of the sensitivity was corrected by the sum-
frequency signal between the light of a tungsten lamp with a
sapphire window and the fundamental Ti:sapphire laser light
under CW operation.

Figures 1�c� and 1�d� are the 2D plots of the time evolu-
tion of the luminescence intensity at 295 and 4 K, respec-
tively. In the energy region above 0.4 eV, vibration of the WP
on the adiabatic potential-energy surface, owing to the in-
stantaneous STE formation reflecting the one-dimensional
exciton character,21,22 is seen. In this “STE region,” several
cycles of damped oscillation with a period of about 300 fs
are clearly observed. The result above 0.6 eV at 295 K is
consistent with our previous work.16,20

The finding is seen in the lower-energy region. As shown
in Fig. 1�c�, we can recognize some component splitting off
from the WP of STE with a slight tilt angle to the right in the
first swing of the vibration below 0.4 eV beyond the turning
point of the WP. The details can be seen more clearly in the
time-resolved spectra shown in Fig. 2�a� for 295 K. At 160
fs, when the WP reaches the low-energy end, the lumines-

cence intensity around 0.3 eV starts to increase �red arrow�.
More interestingly, at 320 fs, when the WP in the STE region
returns to the high-energy end at 1.0 eV, the new low-energy
component does not show a returning motion but stays in
around the same position and increases in intensity. Although
this new component at 0.3 eV decays within several hundred
femtoseconds, while the time integrated intensity of the lu-
minescence within the STE region, representing the lifetime
of STE, has a much longer lifetime. These facts clearly show
that the new component has an origin totally different from
the STE luminescence.

Since the luminescence photon energy is expected to de-
crease for the CS state according to the calculation,18 the
split component is assigned to the emission from the WP
propagating toward the CS pair state, as indicated by a blue
arrow in Fig. 1�a�. Precisely speaking, the potential curve in
Fig. 1�a� is an altitude plot along the valley connecting the
STE state and the soliton pair state. Traveling of the WP
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FIG. 1. �Color� �a� Schematic representation of the potential
surface consisting of SS, CS, STE, and a ground state �Refs. 17 and
18�. �b� The electron and spin configuration of the dz2 orbit of the Pt
site on the one-dimensional chain in each state. The blue and red
arrows indicate paired and unpaired electrons in the dz2 orbit, re-
spectively. The yellow curves show the electronic density along the
one-dimensional chain. The dotted squares show the sites contain-
ing the respective excited states. ��c� and �d�� The 2D image of the
time evolution of the luminescence intensity at 295 and 4 K.
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FIG. 2. �Color� The time-resolved luminescence spectra reflect-
ing the shape of the WP at �a� 295 and �b� 4 K. Below 0.4 eV, the
four times expanded spectra are also displayed with red circles and
lines from 120 to 400 fs. The red vertical line shows the anomalous
dwell component, and the orange and green ones indicate the inter-
ference fringes. The red curves at 800 fs show the spectra at 3 ps
when the oscillation is damped.
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from the STE to the CS state corresponds to a conversion of
the elementary excitations.

To confirm this interpretation, we changed the damping
factor by changing the temperature. The low damping con-
dition at 4 K is confirmed by the fact that a pronounced peak
corresponding to the turning point of the first swing �160 fs�
moves from 0.6 eV �indicated by a red line� at 295 K �Fig.
2�a�� to 0.5 eV at 4 K �Fig. 2�b��. In Figs. 1�d� and 2�b�, the
enhancement of the split component at 4 K is clearly seen.
The enhancement factor estimated from the magnitude of the
split component at 320 fs is about 2.5. This result indicates
that the kinetic energy enhances the WP propagation beyond
the potential barrier.

Another intriguing feature is the dwelling of the WP at the
left turning point at low temperature. After the approach to
the turning point in the first swing, a substantial amount of
the WP goes back toward higher energy. However, a part of
the WP still seems to stay at 0.5 eV at 320 fs as indicated by
the green arrow in Fig. 2�b� when the WP in the STE region
reaches the right turning point. This anomalous behavior is
not observed at room temperature and will obviously be in-
volved with the higher kinetic energy under a low-damping
condition.

To understand these phenomena, we simulated the time
evolution of the WP on a potential surface with double
minima to model the STE and soliton-pair states separated
by a barrier as shown in Fig. 3. Here, we adopted a symmet-
ric double-well potential �Fig. 3� given by

U�x� = A� �x − x0�2

1 + e−sx +
�x + x0�2

1 + esx − x0
2�

to simplify the calculation. Here, x0 and s represent the sepa-
ration of the wells and the barrier thickness, respectively.

The initial WP is prepared at the right side of the potential
well by superposing the vibrational wave functions from
n=5 to n=11 weighted by a Gaussian function, and the time
development of the WP is calculated. The simulation will be
valid for one cycle at most because the damping is not in-
cluded. The potential height can be estimated by the numbers
of nodes of wave function, which corresponds to the number
of local minima of WP. The observed three local minima �at
0.6, 0.9, and 1.2 eV; see Fig. 2�b�� for the spectra of 80 and
120 fs corresponds to the forth lowest vibration level in har-
monic oscillator, which nearly equals to the n=7,8 state �see
Fig. 3� in double-well potential. Then the energy of WP is
estimated as 4�13.6 meV=40.5 meV. The enhancement of
separation and dwelling motion of WP suggest that the en-
ergy of WP is nearly close to the energy of the barrier. Our
employed barrier height of 44 meV is comparable to this
estimated energy of WP.

We can interpret the shape of the spectrum including the
split component as that of the WP by comparing with the
probability amplitude obtained from the calculation as shown
in Fig. 3. In our complicated system, the linearity between
configuration coordinate x and luminescence photon energy
is not guaranteed and some distortion in the energy scale
might occur. Nevertheless, the linear assumption could be
acceptable as a rough approximation for a semiquantitative
discussion. The WP becomes narrow and intense near the
barrier region at 1/2 cycle �160 fs� and some part of the WP
propagates toward the other potential minimum beyond the
barrier. At 3/4 cycle �240 fs�, where the mass point should be
at the bottom in a classical harmonic oscillator, the peak
lingers near the barrier region. At one cycle �320 fs�, where
the main WP returns to the high-energy side, the split com-
ponent is observed as an isolated peak structure beyond the
barrier. These features are in very good agreement with those
observed experimentally. The anomalous behavior at 3/4
cycle, where the WP seems to dwell around the local maxi-
mum point, may be readily interpreted in a classical sense as
the very low velocity of the mass point due to the loss of the
kinetic energy.

As indicated by the orange and green vertical bars in the
calculated probability amplitude, coherent superposition of
the wave functions yields fringe patterns. These interference
patterns are also clearly observed in the experiment at 4 K
within the first swing of WP, where one strong peak and two
weak peaks emerge in the spectra at 80 and 120 fs. While the
position of the strong peak is locked in both the experiment
and calculation, as indicated by the red bars, the positions of
the two fringes show a shift to the left with time as the
calculation predicts. These fringes correspond to the quan-
tum interference inside the envelope of the propagating WP.
This result directly shows that the coherence of the wave
functions is conserved under the low-damping condition.
However, even under the low-damping condition, the coher-
ence of the wave functions disappears in half cycle. This is
contrasted with the isolated molecules, in which the coher-
ence lasts up to nanoseconds.23

In conclusion, we have shown a femtosecond time-
resolved WP motion including the change in detailed shape
during conversion process of elementary excitations. The

2 4 0  f s

3 2 0  f s

1 6 0  f s

1 2 0  f s

4 0  f s

8 0  f s

C o n f i g u r a t i o n  c o o r d i n a t e C o n f i g u r a t i o n  c o o r d i n a t e

P
ro
b
a
b
il
it
y
 a
m
p
li
tu
d
e

M i nM a x

4 0  f s

8 0  f s

1 2 0  f s

1 6 0  f s

2 4 0  f s

3 2 0  f s

n = 1 , 2

3 , 4

5 , 6

7 , 8
9

1 0
1 1

2 4 0  f s

3 2 0  f s

1 6 0  f s

1 2 0  f s

4 0  f s

8 0  f s

C o n f i g u r a t i o n  c o o r d i n a t e C o n f i g u r a t i o n  c o o r d i n a t e

P
ro
b
a
b
il
it
y
 a
m
p
li
tu
d
e

M i nM a x

4 0  f s

8 0  f s

1 2 0  f s

1 6 0  f s

2 4 0  f s

3 2 0  f s

n = 1 , 2

3 , 4

5 , 6

7 , 8
9

1 0
1 1

FIG. 3. �Color� The calculated time evolution of the probability
amplitude on the double-well potential surface. The red vertical line
shows the anomalous dwell component, and the orange and green
ones indicate the interference fringes. The red arrows indicate the
split component. The potential curve used in the calculation is dis-
played at the bottom right on the same abscissa. The minimum and
maximum points shown by the dotted lines correspond approxi-
mately to 0.8 and 0.34 eV in Fig. 2�b�, respectively. The dotted
horizontal lines represent the vibrational levels in the symmetric
double-well potential. Each of the lowest two lines consists of sym-
metric and antisymmetric eigenstates, which are not resolved in the
figure. The level n=8 just touches the top of the potential barrier.
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time-resolved spectrum shows a splitting process of the WP
near the top of the potential barrier on the adiabatic
potential-energy surface connecting the self-trapped exciton
state and the soliton-pair state. Conversion efficiency of the
exciton to soliton-pair was controlled by a factor of 2.5 by
changing the kinetic energy of the WP. It was revealed that
the conversion occurs only within a half cycle �150 fs� of the
lattice vibration in the potential well of exciton because of
the ultrafast disappearance of the coherence. The anomalous
dwelling of the WP and quantum interference of the vibra-

tional wave functions were also observed and interpreted in
terms of a double-well potential model. Our results provide a
picture of lattice rearrangement in terms of quantum-
mechanical waves and will be beneficial for understanding
and controlling the order of solid and lattice rearrangements
initiated by photoexcitation.
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