
Evidence for an excited state with a large lattice relaxation in quasi-one-dimensional halogen-
bridged Ni complexes

Y. Takahashi and T. Suemoto
Institute for Solid State Physics, University of Tokyo, Kashiwanoha 5-1-5, Kashiwa-shi, Chiba 277-8581, Japan

(Received 19 March 2004; published 13 August 2004)

We investigated the excited states of a one-dimensional charge-transfer Mott insulatorfNiBrschxnd2gBr2 by
femtosecond luminescence spectroscopy. In the picosecond region, we observed a luminescence component
which is different from that observed under steady-state excitation. This picosecond luminescence has a large
Stokes shift and a broad bandwidth, suggesting the existence of an excited state with large lattice relaxation in
addition to the excited state with a small relaxation. The dynamical behavior of the luminescence has been
qualitatively interpreted in terms of a model assuming two adiabatic potential-energy surfaces.
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The physics of one-dimensional electron lattice systems
has been attracting much attention. Halogen-bridged
transition-metal complexes are known to have a huge variety
of elementary excitations and metastable states. Up to now,
the systems having Pt as the transition metal have been sub-
jected to extensive spectroscopic research, and many excited
states, e.g., self-trapped excitons, polarons, and solitons have
been investigated in detail. In recent years, the systems hav-
ing Ni as a transition metal are receiving increased attention
as a prototype of low-dimensional strong electron correlation
systems. InfNiBrschxrd2gBr2 (chxn: cyclohexanediamine), a
strong electron correlation on the 3d orbitals of Ni opens a
gap, resulting in upper(UHB) and lower Hubbard bands
(LHB) and all the Ni ion have unpaired electrons in the
LHB. Since thep orbital of halogen is located in this gap,
this material becomes a charge-transfer-type Mott insulator.1

This situation is very different from that of a system contain-
ing Pt, which forms charge-density waves due to weak elec-
tron correlations and strong electron-lattice interactions in
the ground state.

Although the existence of a variety of metastable states
and elementary excitations is expected in the system having
Ni as the transition metal, they are not well understood.
Since dynamical measurements of luminescence clearly
identify excited states according to energy and lifetime, they
provide us with rich information about excited states. Inves-
tigation of this material will clarify how the competition be-
tween electron-lattice interactions and electron correlations
affects physical properties. This competition will also be re-
flected in the dynamical properties of the excited state.

The main structure of this material is a chain consisting of
alternate Ni and Br ions. The Ni ions are surrounded by
ligands, which connect with them tightly. Because of large
on-site Coulomb energy, Ni ions uniformly take trivalency as
Ni3+. Through photoexcitation at 1.35 eV, 4psBrd electrons
make the transition to UHB of 3dsNid.1 As for the relaxation
process of the excited states, the photo-induced phase transi-
tion has been studied by means of pump-and-probe reflection
measurements.2 The luminescence spectra have been studied
under steady-state excitation and a luminescence band with a
small Stokes shift and a narrow bandwidth was reported.3,4

From these results it has been suggested that the electron-

lattice interaction is weak in this system, in contrast to PtX.
In this paper, we show evidence for the coexistence of

excited states with a large lattice relaxation and a small lat-
tice relaxation in fNiBrschxrd2gBr2 based on the time-
resolved luminescence spectroscopy with 110 fs resolution.
Time-resolved luminescence measurement has been done by
using the up-conversion technique. Freshly cleaved surfaces
of single crystals offNiBrschxnd2gBr2 prepared by the elec-
trochemical method were used for these measurements.5 The
sample was excited at a photon energy of 1.55 eV by
Ti:sapphire laser pulses, which were amplified by a regen-
erative amplifier at a repetition rate of 200 kHz. The pulse
width was 70 fs and the averaged power was 0.5 mW. The
sample was mounted on a sample holder in a vacuum space
of a He gas flow cryostat and was maintained at 4 K. The
excitation light was polarized parallel to the chain axis of the
crystal. The luminescence from the sample was collected by
paraboloidal mirrors and was mixed with the amplified fun-
damental pulses in a nonlinear crystal. We used a LiIO3 crys-
tal with a thickness of 300mm, and controlled its position
and angle by a computer to realize a good reproducibility in
the conversion efficiency and the time origin. Owing to the
type I phase-matching condition, only the luminescence
component polarized parallel to the chain axis was converted
into a sum frequency. The sum frequency light was focused
into a double grating monochromator and was detected by a
photomultiplier tube combined with a photon counter. Spec-
tral resolution was about 5 nm, which was restricted by the
bandwidth of the gating pulses. The overall time resolution
of the system was about 110 fs and time intervals of mea-
surements were 66.7 fs. The spectral response of this system
was calibrated by using a tungsten standard lamp. The devia-
tion of the timing, which might depend on the wavelength,
was estimated to be less than the measurement intervals.

In measurements of the steady-state luminescence spectra,
the excitation photon energy was 1.55 eV(Ti:sapphire laser)
or 2.4 eV(Ar ion laser). The luminescence light was mono-
chromatized by a triple grating monochromator(SPEX Tri-
plemate) and was detected by a cooled charge-coupled de-
vice (CCD).

Figure 1 shows the time dependence of the luminescence
intensity measured at various photon energies between 0.8
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and 1.35 eV. The ordinate scale is proportional to the num-
ber of photons per unit energy interval per second. The back-
ground level was determined from the average of the signal
in an interval of 5 ps before the time origin and subtracted
from the data. The second harmonic of fundamental fre-
quency obstructed the luminescence measurements around
1.55 eV. However, below 1.35 eV, this effect was negligible.
The instrumental response function shown in Fig. 1 was
measured as a cross correlation between the scattering from
the sample surface and the gating pulse. Luminescence decay
profiles were not affected by this instrumental response func-
tion. But it is hard to estimate the buildup time of lumines-
cence, because the observed rise in the signal was close to
the instrumental function. As can be seen in Fig. 1, the decay
profiles depend on the photon energy. At high energy re-
gions, the decay curves can be fitted by single exponential
functions with a short lifetime. In contrast, the decay profiles
in the low-energy region under 1.2 eV contain long lifetime
components. In fact, the decay curve for 1.1 eV can be well
fitted by a double exponential function as shown in Fig. 2.
The decay constants obtained from the fitting were 150 and
1470 fs.

Figure 3 shows the time dependence of the luminescence
spectra constructed from the data in Fig. 1. In order to avoid
large fluctuations due to the low signal level after 1 ps, the
signals were averaged within an appropriate period to obtain
the data points. The data at 2 and 4 ps were the values aver-
aged over 200 and 300 fs, respectively. For ease of viewing,
the curves have been multiplied by the appropriate factors
indicated in the figure. From Fig. 3, we can see two charac-
teristic features in the time evolution of the spectra. The first

is the change in the spectral bandwidth with time. Just after
the buildup of the luminescence, the spectral bandwidth is
larger than 0.3 eV, and it reduces to about 0.2 eV at 4 ps. In
particular, the intensities at 1.3 eV and 1.35 eV decreased
more rapidly than those of other energy regions within
0.5 ps. The second feature is the movement of the peak po-
sition of the luminescence spectrum to lower energy. Just

FIG. 1. The curve denoted “instrumental function” shows the
time response of this measurement setup. The lower curves show
the time evolution of the luminescence intensity at energies denoted
the left side.

FIG. 2. The marks show the time evolution of the luminescence
intensity at 1.1 eV, and the solid curve is a fitting function:Istd
=4.5 exps−t /1.47d+19 exps−t /0.15d. The dashed curves are the ex-
ponential components of the fitting function.

FIG. 3. The uppermost dashed curve denoted as “integration”
shows a spectrum integrated from 0 to 10 ps. The solid curve de-
noted cw shows steady-state luminescence spectrum under 1.55 eV
cw laser excitation. The lower curves show the time evolution of
the luminescence spectra at indicated delay times. Their peak inten-
sities are normalized by multiplying factors indicated at the right
side.
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after the buildup of the luminescence, the spectral peak lies
around 1.3 eV and it moves gradually toward lower energy
to a final position around 1.1 eV. The integration of the lu-
minescence from 0 to 10 ps is also plotted in Fig. 3. The
peak of the picosecond luminescence spectra is located
around 1.2 eV, and bandwidth is as large as 0.3 eV. For
comparison, the steady state luminescence spectra under
1.55 eV cw laser excitation are plotted in Fig. 3.

The optical properties of this material have been investi-
gated by several groups. In the absorption spectra, an intense
peak was observed at 1.35 eV and assigned to a charge-
transfer excitation corresponding to an electron transfer from
a Br− to an Ni3+ ion.1 The luminescence spectra under
steady-state excitation have been reported recently by Takai-
shi et al.3 and Iwanoet al.4 In both investigations, the lumi-
nescence peak was located around 1.3 eV, giving a very
small Stokes shift of approximately 0.02 eV. The bandwidth
of the spectrum was below 0.05 eV.

We can compare these values with those in halogen-
bridged platinum complexes(abbreviated as Pt-X:X=Cl, Br
I), which are known to show luminescence bands due to
self-trapped excitons. This family of materials has a linear
chain similar to that of Ni-Br, but the ground state is the
charge density wave(CDW) state. In Pt-Br, for example, the
Stokes shift amounts 0.8 eV, and the bandwidth is about
0.3 eV, indicating the existence of a very strong electron
lattice interaction.

The reported small Stokes shift and small bandwidth in
Ni-Br suggest that the electron lattice interactions are
weak.3,4 In contrast to these reports, the peak of the inte-
grated picosecond component of the luminescence spectra in
our experiment lies around 1.2 eV and gives a Stokes shift
about 0.15 eV, which is considerably larger than the value
obtained from the steady-state measurements. The possible
lattice relaxation is shown in . 4. In the ground state, the Br
ions are located at the midpoints of neighboring Ni ions. The
Ni ions are tightly bound to the ligand molecules, and the

positions of the halogen ions are determined by the balance
of the Coulomb forces from the surrounding ions. Even after
the charge-transfer excitation, the neutral Br between Ni2+

and Ni3+ will keep the same position, because it does not
experience the Coulomb force. On the other hand, the neigh-
boring Br− ions will make displacement due to the change of
the Coulomb force as pointed by arrows. This lattice defor-
mation could be the cause of the Stokes shift, though quan-
titative estimation is difficult. Another important difference is
their bandwidths. The bandwidth larger than 0.3 eV for the
picosecond component is consistent with the existence of
large electron-lattice interactions.

In general, we expect that the time-integrated lumines-
cence spectrum is equal to the steady-state luminescence
spectrum. However, there was a considerable difference be-
tween the picosecond component and the steady-state lumi-
nescence. In the measurements of the steady-state lumines-
cence spectra, we examined the effect of the excitation
condition on the spectral shape. The luminescence spectra
under excitation at 2.4 and 1.55 eV did not show any appre-
ciable difference in the energy range covered by the CCD
detector. We measured the spectra with mode-locked pulses
with a pulse width of 1.5 ps and a repetition rate of 80 MHz
at a fluence of 8.3 nJ/cm2 on the sample surface. In this case
also, the spectrum was the same as that under cw excitation.
Moreover, in the time-resolved luminescence measurements,
the luminescence intensity maintained linearity in the excita-
tion density range from 10–40mJ/cm2. From these results,
we concluded that the difference of the spectral shape cannot
be ascribed to the difference of excitation conditions. The
only sensible way to understand this situation is to assume
the lifetime of the steady-state luminescence to be very long.
In this case, the long lifetime component cannot be detected
in up-conversion measurement. One possible interpretation is
to assign the band with a small Stokes shift to the free exci-
ton and the other to the self-trapped exciton. However, it is
hard to expect a long lifetime of the free exciton, because
there should be no energy barrier between the free and the
self-trapped exciton states in the one-dimensional system,
according to the general theory of self-trapping.6 Another
interpretation is to assume two different lattice configura-
tions in the relaxed state. Actually, the coexistence of two
types of lattice relaxation(on-center and off-center halogen
dimer configurations) associated with excitons has been re-
ported for alkali halides.7,8

Next, we proceed on to the dynamical behavior of the
luminescence. As we have already presented, the peak shifts
to lower energy and the bandwidth decreases during relax-
ation. First we consider the possibility of wave-packet mo-
tion. In systems with a strong electron-phonon interactions,
we can expect to observe a wave-packet motion on an adia-
batic potential energy surface(APES) in the configuration
coordinate space.9,10 This model can explain the shift of the
luminescence peak to lower energy. If the damping is very
large, returning motion is not necessarily observed. But in
this measurement, the peak shift requires 2 ps, which is far
larger than the oscillation period of 300 fs found in a similar
material, Pt-Br. Thus, this model seems unlikely.

The second possibility is the cooling of the excited spe-
cies on an APES. In this model, just after excitation, the

FIG. 4. The upper image is a schematic of the one-dimensional
structure of the sample. The configurations before excitation and
after lattice relaxation are illustrated. The lower image is the APES
assumed in the model.
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excited species is assumed to be distributed on an APES
following a Boltzmann distribution with a high temperature
corresponding to the excess energy in the photoexcitation.
They will be cooled down as time elapses, then the spectral
bandwidth decreases. This is similar to the situation found in
Pt-Cl, in which the narrowing of the luminescence spectra is
well understood in terms of a cooling model.11 If we assume
an anharmonic APES, it is possible to reproduce the move-
ment of the center of gravity of the luminescence spectrum.
However, even in this case, we can easily see that the spec-
tral peak does not move.

In the third model, we suppose two energy levels, as il-
lustrated in Fig. 4, in which the luminescence photon energy
of APES 2 is smaller than that of APES 1. We assume that
the lifetime of APES 2 is longer than that of APES 1. In this
model, just after excitation, the excited species will be dis-
tributed on the APES 1, and the cooling on this APES causes
decreasing of the luminescence bandwidth. The population
on APES 1 will be then transferred to APES 2 across the
crossing points and will decay slowly, reflecting the longer
lifetime of APES 2. In terms of this model, we can under-
stand the double exponential decay behavior in Fig. 2, the
decreasing of the spectral bandwidth, and the peak shift si-
multaneously.

The existence of two closely located energy levels has
been reported by Okamotoet al.12 based on nonlinear optical
susceptibility measurements. These levels are found for the
configuration without lattice deformation and we have no
information about the energy lineup after lattice relaxation.

In the near-infrared region, the lifetime of spontaneous
emission is estimated to be around several nanoseconds, if it
is a fully allowed transition. However, the observed lifetime
of the luminescence is only several picoseconds, suggesting
that the lifetime is dominated by a nonradiative relaxation
process. It is possible to expect a large nonradiative path to
open after large lattice relaxation, because the APES s of the
excited state and ground state come closer as shown in Fig.
4.

In conclusion, we observed the luminescence spectra of
fNiBrschxnd2gBr2 in the picosecond region and have found
that they are not identical with those observed in steady-state
luminescence. The large Stokes shifts0.15 eVd and the broad
spectral width s0.3 eVd of the picosecond component
showed the existence of an excited state with a large lattice
relaxation, in addition to that with a small relaxation. This
indicates that the electron-lattice interaction in this system is
not weak. The dynamical Stokes shift and the narrowing of
the spectra are well understood in terms of a model assuming
two energy levels in the excited state. Theoretical studies
will be required to understand the multiple lattice relaxation
and the decay dynamics in strongly correlated systems with a
strong electron-lattice interaction.

The authors would like to thank R. Ikeda and S. Takaishi
for supplying the samples and for fruitful discussions. This
work has been supported by the Grant-in-Aid for Scientific
Research(A) from the Ministry of Education, Culture,
Sports, Science and Technology of Japan.

1H. Okamoto, Y. Shimada, Y. Oka, A. Chainani, T. Takahashi, H.
Kitagawa, T. Mitani, K. Toriumi, K. Inoue, T. Manabe, and M.
Yamashita, Phys. Rev. B54, 8438(1996).

2S. Iwai, M. Ono, A. Maeda, H. Matsuzaki, H. Kishida, H. Oka-
moto, and Y. Tokura, Phys. Rev. Lett.91, 057401(2003).

3S. Takaishi, H. Kitagawa, and R. Ikeda, Mol. Cryst. Liq. Cryst.
Sci. Technol., Sect. A379, 279 (2002).

4K. Iwano, M. Ono, and H. Okamoto, Phys. Rev. B66, 235103
(2002).

5T. Manabe, M. Yamashita, T. Kawashima, H. Okamoto, H. Kita-
gawa, T. Mitani, K. Toriumi, H. Miwamae, K. Inoue, and K.
Yakushi, Proc. SPIE3145, 106 (1998).

6K. S. Song and R. T. Williams,Self-trapped Excitons, Solid-State
Science Vol. 105(Springer, Berlin, 1993).

7Ken-ich Kan’no, Tamao Matsumoto, and Yosuke Kayanuma,
Pure Appl. Chem.69, 1227(1997).

8K. Tanaka, K. Kan’no, and Y. Nakai, J. Phys. Soc. Jpn.59, 1474
(1990).

9S. Tomimoto, S. Saito, T. Suemoto, J. Takeda, and S. Kurita,
Phys. Rev. B66, 155112(2002).

10T. Matsuoka, J. Takeda, S. Kurita, and T. Suemoto, Phys. Rev.
Lett. 91, 247402(2003).

11S. Tomimoto, H. Nansei, S. Saito, T. Suemoto, J. Takeda, and S.
Kurita, Phys. Rev. Lett.81, 417 (1998).

12H. Okamoto, H. Kishida, M. Ono, H. Matsuzaki, Y. Taguchi, Y.
Tokura, and M. Yamashita, Mol. Cryst. Liq. Cryst. Sci. Technol.,
Sect. B: Nonlinear Opt.29, 687 (2002).

Y. TAKAHASHI AND T. SUEMOTO PHYSICAL REVIEW B 70, 081101(R) (2004)

RAPID COMMUNICATIONS

081101-4


