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In iodine-bridged binuclear Pt compounds, R4�Pt2�pop�4I�nH2O and R0
2�Pt2�pop�4I�nH2O (pop �

P2O5H
2�
2 ), electronic structures on the PtPtI chains have been controlled between a diamagnetic charge-

density-wave (CDW) state and a paramagnetic charge-polarization (CP) state by modification of the
counterions (R, R0) located between chains. In the R � �C2H5�2NH

�
2 compound, a pressure-induced CP

to CDW transition with a drastic color change is identified. This transition is accompanied by a large
hysteresis loop within which photoinduced transition between CDW and CP can be driven by selecting
the excitation photon energy.
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(X—M -M —X-M -M -X), charge-polarization
(CP) state (X—M2�-M3�-X—M2�-M3�-X), and alter-

by a modification of the method in [15]. X-ray struc-
tural analysis was performed using an imaging plate
The control of phase transitions and related macro-
scopic properties by photoirradiation has recently at-
tracted much attention [1–6]. This phenomenon is
called photoinduced phase transition (PIPT) and is im-
portant not only as a new phenomenon in the fields of
physics and chemistry, but also as a useful mechanism
applicable to future optical switching devices. A key
strategy toward realizing PIPT is the exploration of
one-dimensional (1D) materials. The 1D electronic
states essentially include strong instabilities inherent to
electron-lattice and/or electron-electron interactions and
sometimes produce characteristic phase transitions at low
temperature. PIPTs have been driven in a �-conjugated
polymer, polydiacetylene (PDA) [2], and an organic
charge transfer (CT) complex, tetrathiafulvalene-
p-chloranil (TTF-CA) [1,6] by the irradiation of light
near the phase transition temperature. PIPTs in 1D sys-
tems are, however, limited to these organic materials. No
PIPTs have been found in 1D transition metal complexes
and other 1D inorganic materials. Moreover, PDA and
TTF-CA are always diamagnetic, and magnetic proper-
ties do not change appreciably in their PIPTs. Here we
report a PIPT in a halogen-bridged binuclear-metal com-
pound with a drastic change in both optical and magnetic
properties. This compound has a purely 1D chain com-
posed of repeating metal-metal-halogen (M-M-X) units
with M � Pt and X � I, called a MMX chain.

In the MMX chain, a 1D electronic state is formed by
dz2 orbitals of M and pz orbitals of X. The average valence
of M is 2.5, and 3 electrons exist per two dz2 orbitals. Four
charge-ordering (CO) states are theoretically expected in
this system [7–9]; average valence state (X–M2:5�-M2:5�–
X–M2:5�-M2:5�–X), charge-density-wave (CDW) state
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nating charge-polarization (ACP) state (X—M2�-
M3�-X-M3�-M2�—X). CDW and CP are stabilized by
the displacements of X, while ACP is stabilized by the
displacements of M dimers. Two classes of MMX chains
with different ligand molecules, R4�Pt2�pop�4X�nH2O
(R � K�, NH4�, and X � Cl�, Br�) [10,11] and
Pt2�dta�4I (dta � CH3CS

�) [12,13] have been studied
thus far. The ground state of the former was revealed to
be CDW [14]. For the latter, it has been suggested that
ACP is stabilized at low temperature [13], but their
electronic states have not been fully clarified yet. As a
general trend, hybridization between the p orbital of X
and the d orbital of M in the I-bridged compounds is
larger than that in the Cl- or Br-bridged compounds. The
large pd hybridization will stabilize the various CO
states. In our study, therefore, we focus on the I-bridged
compounds with pop for the ligands.

We have synthesized about 20 compounds of
R4�Pt2�pop�4I�nH2O and R0

2�Pt2�pop�4I�nH2O, with coun-
terions of the alkyl-ammonium [R � CnH2n�1NH

�
3 ,

�CnH2n�1�2NH
�
2 , and R0 � H3N�CnH2n�NH

2�
3 ] and the

alkali metal (R � Na�, NH�
4 , Rb�, and Cs�). The sub-

stitution of the counterions greatly alters the distance
d�Pt-I-Pt� between the two Pt ions bridged by the I ion.
Such control of d�Pt-I-Pt� makes it possible to realize the
paramagnetic CP state as well as the diamagnetic CDW
state. Moreover, the transitions between these two CO
states can be induced by applying pressure. In
��C2H5�2NH2�4�Pt2�pop�4I�, the pressure-induced phase
transition (PRIPT) from CP to CDW is accompanied by
a large hysteresis loop.We have found a PIPT between the
two CO states within this loop.

Single crystals of the MMX chains were synthesized
2003 The American Physical Society 046401-1
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diffractometer. Reflectivity spectra were obtained using a
specially designed monochromator and a Fourier trans-
form infrared spectrometer, equipped with optical micro-
scopes. The obtained reflectivity spectra were converted
to optical conductivity using the Kramers-Kronig trans-
formation. Raman spectra were measured using a Raman
spectrometer equipped with an Ar ion laser, a He-Ne
laser, and an optical microscope. Measurements under
pressure were performed using a diamond anvil cell.
Liquid paraffin was used as a pressure medium. Spin
susceptibility �spin was measured using a SQUID magne-
tometer and an electron spin resonance spectrometer.

Figure 1(a) shows the structure of
��C2H5�2NH2�4�Pt2�pop�4I�. Two Pt ions are linked by
four pop molecules, forming a binuclear Pt2�pop�4 unit.
The two neighboring Pt2�pop�4 units are bridged by I, and
the PtPtI chain structure is formed along the c axis. The I
ion deviates from the midpoints between the two neigh-
boring Pt ions, indicating that this compound is in CDW
or CP, as illustrated in Fig. 1(b). Figure 1(a) shows the two
possible positions of I, as the displacements of I are not
three-dimensionally ordered. X-ray structural analysis
was unable to resolve whether the ground state is CDW
or CP. CP is composed of Pt2�-Pt3� units, and the Pt3�

ions have spin (S � 1=2), forming a 1D antiferromag-
netic spin chain. CDW, on the other hand, is composed of
Pt2�-Pt2� and Pt3�-Pt3� units and is diamagnetic because
the two neighboring Pt3� ions form a singlet state. The
ground states of the PtPtI chains can then be discussed,
keeping these characteristics of the two CO states in
mind.

Figure 2(a) shows the optical conductivity spectra of
��C2H5�2NH2�4�Pt2�pop�4I� (the material A) and
�H3N�C6H12�NH3�2�Pt2�pop�4I� (the material B) as typical
examples. The optical gap energies ECT (1.0 and 2.4 eV)
FIG. 1. (a) Crystal structure of ��C2H5�2NH2�4�Pt2�pop�4I�. H
atoms have been omitted for clarity. (b) Schematic electronic
structures of CDW and CP. tMM and tMXM denote the electron
transfer energies. VMM, VMXM, and V2 denote the Coulomb
interactions.
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of the two compounds differ considerably. The Raman
spectra are shown in the inset to provide information
concerning the valence of M [10,13]. Strong bands at
80–100 cm�1 are attributed to the Pt-Pt stretching
mode of the Pt-Pt unit. The splitting of this mode indi-
cates the formation of two kinds of Pt-Pt units, in this
case Pt2�-Pt2� and Pt3�-Pt3�. The ground state of B can
therefore be considered to be CDW. In A, this Pt-Pt
stretching mode is a single band, suggesting that the
ground state is CP. The weak bands around 110 cm�1

can be attributed to the Pt-I stretching mode, which is
activated by the displacements of I in both compounds.

The magnetic properties of the materials were then
investigated to confirm these assignments. The tempera-
ture dependence of �spin (1=�spin) is presented in Fig. 2(b).
In B, �spin follows the Curie law as shown by the broken
line in Fig. 2(b) (the upper figure). Curie impurities make
up 0.16% per Pt site. No paramagnetic components origi-
nate from the 1D spin chains. In A, on the other hand, the
temperature dependence of �spin cannot be explained by
the Curie component alone. There is a finite component
independent of temperature, attributed to a contribution
from the 1D spin chain. The Bonner-Fisher (BF) curve,
applicable to a 1D antiferromagnetic S � 1=2 chain,
shows that �spin is only slightly dependent on temperature
when the exchange interaction J is much larger than
300 K. The result in Fig. 2(b) (the lower figure) can
be largely reproduced by the sum of the BF curve with
J	 3000 K and Curie component with the concentration
of 0.34% per Pt site. From these comparative studies, we
FIG. 2. (a) Optical conductivity spectra with light polariza-
tion parallel to the chain axis in��C2H5�2NH2�4�Pt2�pop�4I� (the
material A) and �H3N�C6H12�NH3�2�Pt2�pop�4I� (the material
B), and Raman spectra (inset) for polarization of z�xx�!zz (x k
chain axis). (b) Temperature dependence of �spin and 1=�spin
(inset). Broken lines represent Curie components.
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can conclude that the ground states of A and B are CP and
CDW, respectively.

The phase diagram shown in Fig. 3 was compiled
based on systematic optical, magnetic, and x-ray studies
on PtPtI chains with different counterions. The upper
figure represents the magnitude of the splitting in the
Pt-Pt stretching Raman band "��Pt-Pt�, evidence of
CDW. The lower figure shows the optical gap energy
ECT. The ground state changes from CP to CDW with
decreasing d�Pt-I-Pt�, and there is a clear boundary at
around 6.1 Å.

Here let us briefly discuss the stability of CP and CDW
as a function of d�Pt-I-Pt�, taking account of the theoreti-
cal studies based on the one-band extended Peierls-
Hubbard model [8,16]. When d�Pt-I-Pt� is large, the
intradimer Coulomb interaction VMM and the intradimer
transfer energy tMM are important parameters dominat-
ing the ground state in addition to the on-site Coulomb
repulsion UM on M and the site-diagonal–type electron-
lattice interaction �. The interdimer interactions such as
the transfer energy tMXM, the Coulomb interaction VMXM,
and the second nearest neighbor Coulomb interaction V2
[see Fig. 1(b)] can be neglected. A simple picture is given
by considering the localized limit (tMM � 0). In this case,
the relative energy of CP and CDW is determined by VMM.
The sum of the Coulomb energy for two neighboring M
dimers in CDW (5VMM) is larger than that in CP (4VMM).
Therefore, VMM stabilizes CP. Under the presence of tMM,
the bonding orbital in the M dimer is formed in CP, but
not formed in CDW because of large UM. As a result, tMM
also stabilizes CP. As d�Pt-I-Pt� decreases, VMXM, V2,
tMXM, and � will increase. The increase of V2 makes CP
rather unstable, while VMXM does not affect the relative
FIG. 3. The magnitude of the splitting in the Pt-Pt stretching
Raman band "��Pt-Pt� and the optical gap energy ECT as a
function of d�Pt-I-Pt� in the MMX chains.
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energy of CP and CDW. The effects of tMXM and � are not
so straightforward. The theoretical calculations have re-
vealed that the increase of � and tMXM also stabilize CDW
relatively to CP [16]. Thus, the theoretical studies can
explain well the experimental result that the ground state
changes from CP to CDW with a decrease of d�Pt-I-Pt�.

From the phase diagram in Fig. 3, it is expected
that a phase transition can be driven by applying
pressure to the materials in CP. Such a PRIPT
from CP to CDW has indeed been observed for
the material A, ��C5H11�2NH2�4�Pt2�pop�4I� and
��C3H7�2NH2�4�Pt2�pop�4I�. Photographs of the PRIPT
in A are presented in Fig. 4(a). At ambient pressure,
this material is green [Fig. 4(a)-(i)]. When the pressure
is increased to 0.6 GPa, a brown region appears [Fig. 4(a)-
(ii)] and grows gradually [Fig. 4(a)-(iii), (iv)]. Figure 4(b)
shows the change in the Raman spectra accompanying
this PRIPT. The Pt-Pt stretching band clearly splits at
above 0.6 GPa, indicating that the high-pressure brown
phase is CDW. Figure 4(c) shows the pressure dependence
of ECT, obtained from an analysis of the polarized re-
flectivity spectra. The transition is a first-order reversible
one with a large hysteresis loop (ca. 0.4 GPa).

Images of the crystal reveal that the sample size along
the chain axis c is reduced by ca. 8% at 0.85 GPa com-
pared to ambient pressure. If the Pt-Pt distance d�Pt-Pt�
of the Pt-Pt unit is assumed to remain constant under
pressure, d�Pt-I-Pt� at 0.85 GPa is estimated 6.2 Å. This
assumption is reasonable because d�Pt-Pt� is almost con-
stant in various MMX chains. The obtained values,
d�Pt-I-Pt� � 6:2 $A and ECT � 1:6 eV at 0.85 GPa, are
very close to those in CDW (see Fig. 3). That is, PRIPT
from CP to CDW is driven by a decrease in d�Pt-I-Pt�.

At points a and b in Fig. 4(c), the material is in a
metastable state as shown in the energy potential curves
(inset). The PIPT from the metastable state to the ground
state at points a and b were investigated. Figure 4(d)-(i)
shows the images of the sample at a before and after
photoirradiation with 2.41-eV light for 8 ms. As can be
seen, the crystal exhibits a permanent color change from
brown to green in the irradiated region. The Raman signal
in the irradiated region is almost identical to that of the
low-pressure phase. To clarify whether this PIPT is in-
duced by an optical process or laser heating, the depen-
dence of the PIPT efficiency on the excitation photon
density N was investigated for two excitation energies
Eex of 1.96 and 2.41 eV. N was calculated considering the
absorption coefficient and the reflection loss of the ex-
citation light, and the converted fractions were estimated
from the photoinduced changes in the integrated intensity
of the Pt-Pt stretching Raman bands. The PIPT efficiency
exhibits a clear threshold Nth (photon density per 8 ms
pulse), the values of which are strongly dependent on Eex
(Nth 	 1:4� 1025 cm�3 at Eex � 1:96 eV and 	3�
1024 cm�3 at 2.41 eV). This characteristic excitation en-
ergy dependence of Nth demonstrates that the observed
PIPT is driven not by laser heating but by an optical
046401-3



FIG. 4 (color). (a) Microscope images of
��C2H5�2NH2�4�Pt2�pop�4I� in the pressure-applying run.
(b) Pressure dependence of Raman spectra. (c) Pressure de-
pendence of ECT. The insets show the schematic energy poten-
tial curves. (d) Microscope images at the points a (i) and b (ii)
before and after photoirradiation. Polarization of the excitation
light is parallel to the chain axis.
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process. At b, PIPT could not be driven by the irradiation
of 1.96-eV or 2.41-eV light, even if the intensity and
duration of the light was changed. However, irradiation
with 2.71-eV light for 30 s did result in a PIPT, as shown
in Fig. 4(d)-(ii). As this process appears to be strongly
dependent on the excitation energy, the PIPT from CP to
CDW is also attributed to an optical process, although the
efficiency of the PIPT from CP to CDW is much lower
than that from CDW to CP.

A previous theoretical study [16] suggested that the
lowest transition in CDW is an interdimer CT excitation
046401-4
from �-I—Pt2�-Pt2�—I-Pt3�-Pt3�-I-� to �-I—Pt2�-Pt3�-
I—Pt2�-Pt3�-I-�. Therefore, an optical excitation in
CDW will produce a local CP state. This is the reason
why the CDW to CP transition is readily induced by
photoirradiation. In CP, on the other hand, the intradimer
CT transition from �-I—Pt2�-Pt3�-I—Pt2�-Pt3�-I-� to
�-I-Pt3�-Pt2�—I—Pt2�-Pt3�-I-� is the dominant optical
excitation corresponding to the gap transition. In this
process, the CDW state is never produced, even as a local
excited state. As a result, the CP to CDW transition is
difficult to be achieved by the photoirradiation with the
energy of 2.41 eV nearly equal to ECT. As observed in the
experiments, the 2.71-eV excitation drives the PIPT from
CP to CDW, although the transition efficiency is very low.
Such higher-energy excitation will induce the interdimer
CT transition from �-I—Pt2�-Pt3�-I—Pt2�-Pt3�-I-� to
�-I—Pt2�-Pt2�—I-Pt3�-Pt3�-I-�, which may be relevant
to the PIPT to CDW.

In summary, we have synthesized I-bridged binuclear
Pt compounds with alkyl-ammonium and alkali metal
counterions. Modulation of the interdimer distance by
substitution of counterions permits the ground state to
be switched between CDW and CP. The PRIPT of
��C2H5�2NH2�4�Pt2�pop�4I� from CP to CDW was identi-
fied, exhibiting a large hysteresis loop, and the PIPT
between CDW and CP was found to be drivable within
this loop. This transition behavior is an exceptional ex-
ample of PIPT, demonstrating that it is possible to achieve
fundamental changes in optical and magnetic properties
through photoirradiation alone.
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