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Abstract: We synthesized a novel iodo-bridged linear chain platinum compound, having the quasi-two-
dimensional charge-density-wave (CDW) ground state and the smallest band gap. In this compound, we
discovered an anomalous valence state in the boundary region at which the CDW phase alternates in the
crystal by means of ESR, X-ray diffuse scattering, STM, and electrical resistivity. This anomalous state
can be explained by the fast fluctuation between PtIV-I‚‚‚PtII and PtII‚‚‚I-PtIV in the double well potential.
This is the first observation of the dynamical fluctuation of the CDW phase among the quasi one-dimensional
halogen-bridged complexes.

Introduction

One-dimensional (1D) electronic systems have been attracting
much attention from the viewpoint of both pure and applied
sciences. These systems are very promising for the application
of nonlinear optical and nano-electronic devices, while from
the viewpoint of pure sciences, many characteristic physical
properties have so far been observed, for example, Mott-
Hubbard, charge-density-wave (CDW), and spin-density-
wave (SDW) states in organic (semi) conductors,1-3 and
nonlinear excitations such as solitons and polarons inπ-con-
jugated polymers.4,5 Among the 1D system, the halogen-bridged
metal complexes also have been of recent interest because of
the variety of their electronic states and many attractive physical
properties such as intense charge-transfer bands,6 overtone

progressions of the resonance Raman spectra,7 intense lumi-
nescence spectra with large Stokes shifts,8 photogeneration9 and
long-range migration10 of solitons and polarons, and large third-
order optical nonlinearity,11 as well as providing 1D model
compounds of highTc copper oxides superconductors, etc.

Theoretically, this system has been extensively studied by
the extended Peierls-Hubbard model,12,13where the electron-
phonon interaction (S), electron transfer (t), and on-site and
nearest neighbor-site Coulomb repulsion energies (U and V,
respectively) compete or cooperate with each other. It has been
established that the Ni compounds take the NiIII averaged-
valence or Mott-Hubbard states, due to the strong on-site
Coulomb repulsion, where the bridging halide ions are located
at the midpoints between the neighboring two metal ions. In
this case, the half-filled metallic band splits into the lower- and
upper-Hubbard bands composed of a NiIIIdz2 orbital with the
Hubbard gap of ca. 5 eV. Therefore, all Ni compounds belong
to the class III category for the mixed-valence compounds
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proposed by Robin and Day.14 On the other hand, the Pt and
Pd compounds take the MII-MIV mixed-valence or CDW states
because of the strong electron-phonon interaction, where the
bridging halide ions are displaced from the midpoints between
the neighboring two metal ions. Accordingly, the half-filled
metallic band splits into the occupied valence band composed
of MIIdz2 and the unoccupied conduction band composed of
MIVdz2 with a finite Peierls gap. Therefore, Pt and Pd compounds
belong to the Robin-Day’s class II category.14 These CDW
compounds are classified into two categories depending on the
strength of the interchain interaction, 1D-CDW and two-
dimensional (2D)-CDW (Figure 1a and b, respectively).15 In
the 1D-CDW compounds, because no chemical bond exists
between neighboring 1D chains, the CDW phase has no
correlation between the neighboring chains. In the 2D-CDW
compounds, on the other hand, because 1D chains are connected
by the hydrogen bonds through the halide ions, the CDW is
aligned with the same phase in a hydrogen-bonded 2D sheet.
Recently, Wakabayashi et al. have revealed the spatial correla-
tion of the CDW in [Pd(chxn)2Br]Br2 (chxn ) 1R,2R-diami-
nocyclohexane) by means of an X-ray diffuse scattering.16 They
showed that even in the compound categorized into 2D-CDW,
some compounds have no long-range but short-range charge
order within a hydrogen-bonded 2D sheet as a consequent of
the weak interchain interaction. Therefore, we represent such
an electronic structure as “quasi-2D-CDW” in this paper. In
the quasi-2D-CDW, a boundary region at which CDW phase
is inverted must exist (Figure 1c). In this paper, we report a
thermally generated anomalous electronic state in the boundary
region of CDW phase inversion in the halogen-bridged Pt
compound [Pt(chxn)2I]I 2 having a quasi-2D-CDW ground state,
evidenced by X-ray diffuse scattering, scanning tunneling
microscopy (STM), electron spin resonance (ESR), and electrical
resistivity.

Experimental Section

Crystals of [Pt(chxn)2I]I 2 were synthesized by the slow diffusion of
I2 vapor into a methanol solution of Pt(chxn)2I2. X-ray crystal structure
determination of [Pt(chxn)2I]I 2 was made at 93 K using a Rigaku CCD

diffractometer (Saturn 70) with graphite monochromated Mo KR
radiation (λ ) 0.7107 Å). ESR spectra were measured by using a Bruker
EMX spectrometer equipped with a gas-flow type cryostat Oxford ESR
900. An X-ray oscillation photograph and the intensity distribution of
diffuse scattering were measured with the MacScience Imaging Plate
diffractometer on the beam line 1B and Huber four-axes diffractometer
on the beam line 4C combined with the synchrotron generated X-ray
source installed in the photon factory of the High Energy Accelerator
Research Organization. STM measurements were performed at room
temperature and ambient pressure. Single crystals of [Pt(chxn)2I]I 2 were
cleaved and mounted onto a sample stage with carbon pastes so that
the surface of thebc plane could be observed. The STM image was
acquired with constant height mode using a JEOL JSPM-5200
microscope. A sample bias voltage (Vs) was chosen to be+1.1 V. The
temperature dependence of electrical conductivity was measured using
the four-probe dc method with a typical cooling rate of 1 K/min. The
temperature was monitored with a calibrated Cernox resistor. The
electrical leads were attached to a single crystal with carbon paste. The
voltage appearing between the voltage leads was measured with an
Agilent 34420A nanovoltmeter under a current of 0.1-0.01µA supplied
to the current leads from a YOKOGAWA 7651 programmable dc
source. The measuring current was alternated to eliminate thermoelectric
effects.

Results and Discussion

Figure 2 shows a perspective view of the crystal structure in
[Pt(chxn)2I]I 2 onto thebcplane determined at 93 K. The planar
[Pt(chxn)2] moieties are bridged by the iodide ions, forming a
linear chain structure. The linear chains are connected by the
hydrogen bond between the hydrogen atoms of amino-group
of chxn ligands and the counter iodide ions, forming 2D sheets.
The bridging iodide ions are disordered with half occupancies
at displaced position from the midpoints between the neighbor-
ing two Pt ions. This indicates that the present complex is in a
PtII-PtIV CDW state. The M-M distanceL, the PtIV-I distance
l1, and the PtII‚‚‚I distancel2 are 5.672, 2.716, and 2.956 Å,
respectively. The distortion parameter (d) defined as (l2 - l1)/L
is evaluated to be 0.042, which is the smallest among all
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Figure 1. Schematic valence arrangement in halogen-bridged CDW
compounds: (a) 1D-CDW, (b) 2D-CDW, and (c) CDW phase boundary in
quasi-2D-CDW (red line).

Figure 2. Perspective view of the crystal structure of [Pt(chxn)2I]I 2 onto
the bc plane. Gray, Pt; blue, N; black, C; and purple, I.
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halogen-bridged Pt compounds, indicating that the electronic
state of this compound is most approaching the PtIII Mott-
Hubbard state.

Figure 3a shows the optical conductivity spectrum of the
complex. The intense band was observed at 0.94 eV, which is
attributable to the charge transfer from PtII to PtIV species. The
charge-transfer energy (ECT) of the present compound together
with those of a series of halogen-bridged Pt complexes15 is
plotted as a function of those distortion parameters (d) in Figure
3b. The linear relationship between them is found.ECT of the
present complex is the smallest among all halogen-bridged Pt
complexes, which is in good agreement with the crystal structure
of the complex.

To clarify the charge arrangement in this compound, an X-ray
diffuse scattering measurement was made. Wakabayashi et al.
have revealed the spatial correlations of the charge arrangement
of metal ions by observing diffused scattering in the halogen-
bridged Pd complex [Pd(chxn)2Br]Br2.16 According to this study,
an X-ray diffuse scattering mainly originates in a displacement
of the bridging halogen ions, which reflects the charge arrange-
ment of the metal ions. Therefore, the information about the
charge arrangements can be obtained also in the present
complex. Figure 4a shows an oscillation photograph of [Pt-
(chxn)2I]I 2 on theb*c* plane taken by a synchrotron-generated
source at room temperature. Rod-shaped diffuse scatterings were
observed along thea* direction atk ) n + 1/2 andl ) n position
(n is an integer), which corresponds to the 2-fold periodicity
along the b* direction (chain direction). Therefore, it was

clarified that CDWs have a correlation along theb andc axes
and no correlation along thea axis. Figure 4b shows scattered
X-ray intensity of [Pt(chxn)2I]I 2 for the (0 4.5ú) line at room
temperature. The intensity distribution in thec* direction peaks
at an integer value ofú with the full width at half-maximum
(fwhm) of approximately 0.25 reciprocal lattice units (r.l.u.),
indicating that the CDW phase has a short-range order with
the same phase along thec-axis. Therefore, this compound is
in a quasi-2D-CDW state. Line width of this diffuse scattering
showed almost no temperature dependence along any direction.

Figure 4c shows the peak intensity of X-ray diffuse scattering
of [Pt(chxn)2I]I 2 at (0 4.5 0) as a function of temperature. Below
180 K, the intensity is almost temperature independent, showing
most of this compound is in the ground state, that is,‚‚‚PtII‚‚‚
I-PtIV-I‚‚‚PtII‚‚‚ CDW state, in this temperature range. On the
other hand, above 180 K, the intensity is gradually decreased

Figure 3. (a) Optical conductivity spectrum of [Pt(chxn)2I]I 2. (b) CT energy
of [Pt(chxn)2I]I 2 together with those of representative halogen-bridged
platinum complexes as a function of distortion parameter defined asd )
(l2 - l1)/L, whereL, l1, andl2 are the M-M distance, PtIV-I distance, and
PtII‚‚‚I distance, respectively. The broken line is merely to guide the eye.

Figure 4. (a) Oscillation photograph of [Pt(chxn)2I]I 2 on theb*c* plane.
(b) Scattered X-ray intensity of [Pt(chxn)2I]I 2 for (0 k ê) line (k ) 4.45,
4.5, 4.45) at room temperature. (c) Normalized intensity of X-ray diffuse
scattering of [Pt(chxn)2I]I 2 at (0 4.5 0) as a function of temperature.
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with increasing temperature, and that at 300 K is approximately
70% as intense as that at 180 K. Because the diffuse scattering
intensity originates from the displacement of bridging halogen
ions, this result indicates that approximately 30% of the chains
afford no diffuse scattering at 300 K.

The STM technique is the powerful tool used to investigate
the local valence structures. We have recently succeeded in
visualizing the local electronic structure of halogen-bridged Ni-
Pd mixed metal compounds by STM.17 An STM measurement
was then performed in the present compound to clarify the local
electronic state. Figure 5 shows an STM image of [Pt(chxn)2I]-
I2 on thebc plane at room temperature. In the blue square of
Figure 5, the bright spots were observed approximately every
11 Å along the chain, which reflects the 2-fold periodicity of
the complex due to the CDW state. Because this STM image
was acquired with positive sample bias, these bright spots
indicate the tunnel current from Fermi energy (EF) of the tip to
the conduction band of the sample, which is composed of the
dz2 orbital of PtIV species. The bright spots are arranged along
thec-axis approximately every 7 Å over 5 or 6 sites, indicating
the CDW phase has a short-range order along thec-axis with
the same phase, which is consistent with the X-ray diffuse
scattering result. It is noteworthy that in the boundary region at
which the CDW phase inverts, the bright spots are observed
approximately every 5.5 Å along the chain. This area reaches
30% of the whole area, which is in good agreement with the
decreased ratio of X-ray diffuse scattering intensity.

From this finding and the X-ray diffuse scattering result, we
can lead to the two possible electronic states at the CDW phase
boundary. One possible state is the formation of a static-PtIII-
I-PtIII-I-PtIII- averaged-valence state. In this state, no diffuse
scattering should be observed because bridging iodide ions are
located at the midpoint between neighboring Pt ions. The other
possibility is the dynamical fluctuation between PtII and PtIV

states. In this situation, the CDW correlation along the chain
should be broken, resulting in a broadening of the diffuse

scattering peaks. Furthermore, if the fluctuation rate is much
faster than the STM time scale, this state should afford an STM
image similar to that of the-PtIII -I-PtIII -I-PtIII - averaged-
valence state.

To obtain information about the thermally excited state,
X-band ESR measurements were made. Figure 6 shows the
temperature dependence of ESR spectra in the present compound
(polycrystalline sample). Below 180 K, almost no ESR signal
was observed (the signal around 3300 G (g ) 2.0) is of extrinsic
origin). This indicates that [Pt(chxn)2I]I 2 takes MII-MIV mixed-
valence or CDW states. The signal was slightly observed at
190 K around 3000 G (g ) 2.2) and became larger with
increasing temperature. This ESR signal is characteristic of the
anisotropic signal (g⊥) from an unpaired electron located on
the dz2 orbital. Such a result indicates the existence of thermally
generated PtIII (S ) 1/2) species in the crystal. Because such a
temperature dependence is very similar to that of X-ray diffuse
scattering, one may assume that PtIII species observed in ESR
spectra should be the origin of the decrease of X-ray diffuse
scattering intensity. However, a spin concentration is shown to
be on the order of 0.01% at 300 K, which is much less than the
30% expected from the X-ray diffuse scattering and STM. If(17) Takaishi, S.; et al.Angew. Chem., Int. Ed.2004, 43, 3171-3175.

Figure 5. STM image of [Pt(chxn)2I]I 2 at room temperature. Blue square
shows the region in which the CDW phase is aligned with the same phase.

Figure 6. Temperature dependence of ESR spectrum in [Pt(chxn)2I]I 2.

Figure 7. Arrhenius plot of electrical resistivity of [Pt(chxn)2I]I 2. The solid
lines are merely to guide the eye.
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we assume that the 1D order of the-PtIII -I-PtIII -I-PtIII -
chain is formed at the CDW phase boundary, the magnetic
moment may be suppressed by the strong antiferromagnetic
interaction. In this case, however, theJ/kB value (kB is the
Boltzmann constant) is evaluated to be 5× 104 K by fitting
the Eggert-Affleck-Takahashi (EAT) theoretical curve18 to the
experimental spin susceptibility, which seems to be too large
to assume. Therefore, the observed ESR spectra originate from
the small amount of the isolated PtIII state. Thermal excitation
of such a paramagnetic species has been discussed on the basis
of the spin soliton model in [Pd(chxn)2]Br2.13 If the fast
fluctuation between PtII and PtIV states occurs, a small amount
of soliton-like PtIII species may be created coincidentally as
detected by the present ESR measurement.

Figure 7 shows the Arrhenius plot of the electrical resistivity
of the present complex. At room temperature, the conductivity
was on the order of 10-4 S/cm. This complex showed a
semiconductor-like behavior. The activation energy changed at
approximately 190 K. It was evaluated to be 0.16 and 0.28 eV
below 180 K and above 200 K, respectively. Because the
activation energies are smaller than the optical gap, the
conduction is considered to occur via impurity sites. The
temperature at which the activation energy changes agrees with
that at which ESR signals begin to appear. Because the electrical
resistivity at room temperature is smaller than the resistivity
extrapolated from the low-temperature region, some kind of
conducting carrier is generated above 190 K.

Here, we consider the potential curve of the PtIV-I‚‚‚PtII

system. A similar example is the case of the O-H‚‚‚O
hydrogen-bonded system, which has been widely studied in
solid-state chemistry and physics.19 In this system, the feature
of potential curve is classified into the three types depending
on the O-O distance.20 In case of a short O-O distance (d(O-
O) < 2.5 Å), the hydrogen atom is located at the midpoint
between neighboring oxygen atoms, as a consequence of a single
well potential (Figure 8a). In case of a long O-O distance

(d(O-O) > 2.7 Å), double well potential is formed and the
hydrogen atom is located at the displaced position from the
midpoint. In this case, the activation energy (Ea) is too high to
be thermally activated (Ea . kBT) for the hydrogen atom motion
(Figure 8b). In case of a intermediate O-O distance (2.5 Å<
d(O-O) < 2.7 Å), double well potential is also formed.
However, the activation energy is comparable to the thermal
energy (Ea ≈ kBT), and hydrogen atoms can move between two
sites overcoming the activation energy (Figure 8c).

In the halogen-bridged complexes, the three potential curves
are also possible depending on metal-metal distances. However,
in all Pt and Pd compounds so far reported, bridging halide
ions are statically disordered, indicating that these compounds
belong to the second type (Ea . kBT). In the present compound,
the shape of the potential curve at the boundary region of the
CDW phase should be the double well, PtIV-I‚‚‚PtII, because
the decrease of the diffuse scattering intensity and the increase
of the ESR signal are thermally induced. Therefore, we
concluded that the fast exchange between PtIV-I‚‚‚PtII and
PtII‚‚‚I-PtIV occurs at the boundary region of the CDW phase
in the present compound as a consequence of the third type
(Ea ≈ kBT) of potential curve. The reason for such an anomalous
behavior can be recognized as follows. This compound origi-
nally has the smallest Pt-Pt distance and the lowest optical
gap. Furthermore, the CDW is destabilized because Pt ions at
the boundary are surrounded by PtII and PtIV states.

Here, we discuss the rate of the valence fluctuation between
PtIV-I‚‚‚PtII and PtII‚‚‚I-PtIV. Although it is quite difficult to
determine the fluctuation rate itself, we can estimate it by
assuming that the valence fluctuation and the hopping motion
of the paramagnetic Pt3+ species have the same time scale. An
ESR is a useful method to determine the dynamics of such a
paramagnetic species.

By assuming the hopping motion of paramagnetic Pt3+

species, the line width of the ESR spectrum is shown by the
concept of motional narrowing, and the following equation,21

where∆ω, ωp, andωe are the line width of the spectrum, the
static line width that is mainly determined by the hyperfine
coupling, and the hopping frequency of the paramagnetic

(18) Eggert, S.; Affleck, I.; Takahashi, M.Phys. ReV. Lett. 1994, 73, 332-335.
(19) (a) Moritomo, Y.; Tokura, Y.; Takahashi, H.; Moˆri, N. Phys. ReV. Lett.

1991, 67, 2041-2044. (b) Dalal, N.; Klymachyov, A.; Bussmann-Holder,
A. Phys. ReV. Lett. 1998, 81, 5924-5927. (c) Terao, H.; Sugawara, T.;
Kita, Y.; Sato, N.; Kaho, E.; Takeda, S.J. Am. Chem. Soc.2001, 123,
10468-10474.

(20) (a) Hamilton, W. C.; Ibers, J. A. Hydrogen Bonding in Solid; W. A.
Benjamin, Inc.: New York, 1968. (b) Scheiner, S. In Proton Transfer in
Hydrogen-Bonded Systems; Bountis, T., Ed.; Premium Press: New York,
1992; pp 29-47. (21) Anderson, P. W.; Weiss, P. R.ReV. Mod. Phys.1953, 25, 269-276.

Figure 8. Three possible configuration coordinations in the O-H‚‚‚O hydrogen-bonded system.

∆ω ≈ ωp
2/ωe
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species, respectively. We measured the ESR spectra using a
large amount of polycrystalline samples (Figure S1) and
succeeded in observing a broad spectrum (340( 50 G) at 5 K,
which is attributable to the signal of static Pt3+ species (ωp).
On the other hand, a sharp spectrum (160( 20 G) was observed
at 290 K. By analyzing these spectra, we evaluated the hopping
rate of 2× 109 Hz at 290 K, which is consistent with the finding
that the valence fluctuation is much faster than the STM time
scale.

In summary, we discovered an anomalous valence state at
the boundary region of CDW phase alternation in quasi 1D-
iodide-bridged platinum complex [Pt(chxn)2I]I 2, having the
smallest band gap, by means of ESR, X-ray diffuse scattering,
STM, and electrical resistivity. This state can be explained by
the fast fluctuation between PtIV-I‚‚‚PtII and PtII‚‚‚I-PtIV in
the double well potential. This is the first observation of the

dynamic disorder of the CDW phase among the quasi-one-
dimensional halogen-bridged complexes.
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