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Abstract

In this review, we describe the structure, physical properties, and
electronic structure of halogen-bridged one-dimensional (1D)
NiIII compound [Ni(chxn)2Br]Br2, which is one of the mostly
studied 1D strongly correlated electron compounds. We also
introduce recent progress of our study of NiIII compounds.

� Introduction

One-dimensional (1D) halogen-bridged MX chains, in other
words, Wolffram’s red salt analogues have been extensively
studied for more than 100 years as 1D mixed-valence systems,
since Wolffram reported the first Cl-bridged platinum com-
pound, [PtII(NH2C2H5)4][Pt

IV(NH2C2H5)4Cl2]Cl4.4H2O in
1900.1 These compounds form highly isolated 1D electron sys-
tems, such as –M–X–M–X– 1D linear chain structures, com-
posed of the dz2 orbitals of metal ions (M = Pd and Pt) and
the pz orbitals of bridging halide ions (X = Cl, Br, and I). Their
mixed-valence structures –X���MII���X–MIV–X��� (M = Pd and
Pt; X = Cl, Br, and I) have been widely studied as 1D materials
with strong electron–lattice-coupled systems. Since the 1970s,
these compounds have been interested from the viewpoint of sol-
id-state physics as 1D Peierls–Hubbard systems, where the elec-
tron–phonon interaction (S), the electron transfer (T), and the on-
site and neighboring-site Coulomb repulsion energies (U and V ,
respectively) compete or cooperate with one another.2 Their
Peierls distorted 1D structure was noted as a charge-density-
wave (CDW) state, and unique optical and dynamical properties
such as intense and dichloic charge-transfer bands,3 overtone
progressions in resonant Raman spectra,4 and luminescence with
a large Stokes shift5 as well as long-range migration of spin-sol-
itons and polarons along 1-D chains6 have been reported.

On the other hand, studies on the Ni compounds began in
early 1980s.7 In those days, there had been much controversy
over their electronic structures.7,8 Some groups insisted that
these compounds are in a mixed-valence state (–X���NiII���X–
NiIV–X���), and other groups insisted that these compounds
are in an averaged-valence state (–X–NiIII–X–NiIII–X–).
The averaged-valence state of the compounds has been con-
firmed by crystal structure analysis,9 X-ray photoelectron spec-
troscopy (XPS), and Auger electron spectroscopy (AES) of
[Ni(chxn)2Br]Br2.

10 This is due to the larger U value (�5 eV)
of the Ni compounds compared with those of Pd (�1:5 eV)11

and Pt (�1:0 eV)12 compounds. Therefore, the electronic state
of these NiIII compounds are noted as the Mott–Hubbard (MH)
state, or Mott insulator. Physical properties of the Ni compounds
have been extensively studied, and a lot of interesting properties,
such as gigantic third-order nonlinear optical susceptibility
(�ð3Þ),13 quite strong antiferromagnetic interaction,14 and spin-
Peierls transition15 have been reported. These compounds
have been also interesting as a 1D model of high Tc copper oxide
superconductors because the band structures of these compounds
are quite analogous to La2CuO4, which is the mother compound
of high Tc copper oxide superconductor La2�xSrxCuO4, except
for their dimensionality.

In this review, we focus on the NiIII system and introduce
structure, physical properties, and recent progresses of the NiIII

compounds.

� Experimental

Halogen-bridged NiIII compounds were synthesized by
chemical (halogen vapor) or electrochemical oxidation of corre-
sponding NiII species. Electrochemical oxidation usually affords
better quality single crystals. A typical method is as follows:
Nickel bromide anhydrate (2.2mmol) is added to 4.0mmol of
Ni(chxn)3Br2 (chxn = 1R,2R-diaminocyclohexane) in 100mL
of anhydrous methanol. The mixture is refluxed for 6 h to obtain
a blue-colored 60mM methanol solution of [Ni(chxn)2]Br2.
Tetra-n-butylammonium bromide (10mmol) is added to the so-
lution and the mixture was electrolyzed under constant current
of 10mA for two weeks. Black prismatic single crystals are
obtained at the anode.

� Crystal Structure

Figure 1 shows crystal structures of the representative NiIII

compound [Ni(chxn)2Br]Br2.
9 Ni(chxn)2 moieties are bridged

by Br ions, forming a Ni–Br–Ni–Br linear chain along b axis.
The crystal structure of this compound is isomorphous to the cor-
responding Pd and Pt compounds [M(chxn)2X]X2 (M = Pd and
Pt; X = Cl, Br, and I). There is a marked difference between the
Ni compound and the Pd or Pt compounds in the position of the
bridging halide ions. In the present compound, bridging Br
ions are located at the midpoint between neighboring Ni ions,
whereas those are located at a displaced position from the
midpoint in Pd or Pt compounds with disorder. This indicates
that all Ni ions are crystallographically equivalent in the crystal,
and the complex is in the NiIII Mott–Hubbard state. Hydrogen
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bonds exist between amino protons and counter anions, forming
a 2D network. Ni–Ni distances along the 1D chain are 5.161(2)
and 5.157(1) Å at room temperature and �152 �C, respectively.

� Magnetic Properties

Figure 2 shows temperature dependence of magnetic sus-
ceptibility of [Ni(chxn)2Br]Br2 measured in a single crystal with
a magnetic field of 1 T.15 Temperature dependence of magnetic
susceptibility showed Curie-like behavior at low temperature,
and almost no temperature dependence at higher temperature.
A small amount of spin concentration showing Curie-like behav-
ior (�0:4%) is attributed to some paramagnetic impurities or
spins at the chain end. The weakly temperature-dependent sus-
ceptibility at high temperature is interpreted as that of an
S ¼ 1=2 Heisenberg chain with strong antiferromagnetic (AF)
interaction. Such temperature dependence of susceptibilities
can be understood by the Bonner–Fisher theory.16 Recently, Eg-
gert, Affleck, and Takahashi (EAT) have proposed theoretical
susceptibility more accurately, which slightly differs from the
Bonner–Fisher results in the behavior at low temperatures.17

The result of EAT theory for T < 0:2J=kB is given by the fol-

lowing equation:

�ðTÞ ¼
Ng2�B

2

2J�2
1þ

1

2 lnð15:4 J=kBTÞ

� �
ð1Þ

where the N is Abogadro’s number, g is Lande’s g factor, and kB
is the Boltzmann constant. In this equation, J is defined as
H ¼ 2J�Si � Siþ1. The exchange interaction was evaluated to
be J=kB ¼ 2000� 500K by fitting the present data above
130K to the EAT theoretical curve. The magnetic susceptibility
slightly decreased below 100K. This finding indicates some
phase transition occurs to the nonmagnetic state, that is
possibly CDW (–Br���NiII���Br–NiIV–Br���) or spin-Peierls states
(���Br���NiIII–Br–NiIII���Br���).

To clarify possible transitions, we have measured the tem-
perature dependence of the nuclear quadrupole resonance
(NQR) signals of bridging Br ions because the NQR is a quite
sensitive probe for detecting subtle changes in the electron
distribution around NQR nuclei.

We observed a single resonance line for 81Br at 300K
(137:079� 0:005MHz) and a pair of lines 130:874 � 0:01 and
147:786 � 0:01MHz at 3.8K. We assigned these resonance
signals to 81Br nuclei by observing corresponding 79Br lines
at 164:091� 0:005MHz (300K), and 156:656 � 0:01 and
176:904 � 0:01MHz (3.8K) in good agreement with the
reported isotope frequency ratio (79Br/81Br: 1.1969).18 These
resonance frequencies can be assigned to bridging Br atoms
and not to counter Br ions, because 79Br NQR frequencies
in compounds with Ni–Br covalent bonds were observed in
nearly the same frequency range, i.e., 126.26MHz in NiBr2-
[P(C3H7)3]2

19 and 126.53MHz in NiBr2[P(C4H9)3]2
19 at room

temperature, whereas ionic Br ions mostly exhibit resonance
lines20 at frequencies of one order of magnitude lower than those
in the present complex.

Figure 3 shows a temperature dependence of 81Br NQR
frequencies of the bridging Br in [Ni(chxn)2Br]Br2. A single
81Br NQR line was observed at room temperature, being consis-
tent with the X-ray diffraction work9 that all bridging Br sites
are equivalent at room temperature, i.e., [Ni(chxn)2Br]Br2 is in
a Mott–Hubbard state. The fact that the resonance frequency
gradually decreased with increasing temperature above 130K
is explained by the averaging of the electric field gradient
(EFG) at Br nuclei by lattice vibrations. This temperature

Figure 1. Crystal packing of [Ni(chxn)2Br]Br2. Dashed lines
show hydrogen bonds. Hydrogen atoms bonding to carbon atoms
are omitted for clarity. Gray: Ni, Brown: Br, Blue: N, Black: C,
Pink: H.

Figure 2. Magnetic susceptibilities observed in a single crystal of
[Ni(chxn)2Br]Br2 with a magnetic field (1 T) parallel and perpen-
dicular to the 1D chain. Red and blue lines show theoretical sus-
ceptibilities proposed by Eggert, Affleck, and Takahashi (EAT)
with J ¼ 2000K.

Figure 3. Temperature dependences of 81Br NQR frequencies
observed in [Ni(chxn)2Br]Br2. Dotted line is an extrapolation to
0K according to the Bayer theory.
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dependence of the NQR frequency (�ðTÞ) can be described
by the harmonic oscillator model for lattice vibrations21 and
can be expressed as

�ðTÞ ¼ �0 1� A coth
h�!

2kBT

� �� �
ð2Þ

where �0, A, and ! are the resonance frequency for the static
lattice, a coefficient depending on modes of lattice vibrations,
and the averaged vibration frequency, respectively. The
observed data were well fitted by eq 2, and the extrapolated
frequency to 0K was determined to be �ð0Þ ¼ 139:1� 0:2MHz.

Upon cooling, the NQR signal disappeared around 130K,
and two lines at 130.87 and 147.78MHz appeared below ca.
40K. The loss of resonance signals between 40 and 130K is con-
sidered to be spectrum broadening attributable to the fluctuation
of EFG by a phase transition. Since the averaged frequency of
these two lines is almost the same as the frequency extrapolated
from the high-temperature side, the NQR signals below 40K are
explained by the splitting of the high-temperature signal. Two
resonance lines with a large frequency separation of 16.9MHz
at low temperatures indicate the presence of two nonequivalent
Br sites, suggesting that some change of the electronic state
in [Ni(chxn)2Br]Br2 takes place between 40 and 130K.

Here, we discuss the possible electronic structures of the
present compound. In the averaged valence (Mott–Hubbard)
state, the environments of all Ni or bridging Br sites should be
equivalent, resulting in a single Br NQR line. In the CDW state
realized by displacement of bridging Br sites, environments of
all Br sites are equivalent although two nonequivalent Ni sites
exist, and, hence, this state affords a single Br NQR line. In
the spin-Peierls state characterized by the displacement of Ni
sites, however, two nonequivalent bridging Br sites are formed
in good agreement with the two Br NQR lines. The splitting
of NQR signals indicates that a spin-Peierls transition occurs
in [Ni(chxn)2Br]Br2 in the range 40–130K. This explanation
is consistent with the decrease in the magnetic susceptibility
observed below 100K. As shown in Figure 2, � observed
in the low-temperature range below 100K clearly deviated
isotropically from the EAT curve. This decrease in � is explain-
able by the spin cancellation caused by the transition into a
spin-Peierls state.

The charge distribution in the Ni–Br bond can be evaluated
by applying the Townes–Dailey approximation22 given by

je2Qqj ¼ ð1� iÞð1� sÞje2Qqatomj ð3Þ

where e2Qq, e2Qqatom, i, and s denote the observed coupling
constant given the twice the observed resonance frequency
(2h�) by assuming axial symmetric EFG, the coupling constant
in atomic 81Br given by 643.032MHz,23 the extent of ionicity in
the Ni–Br bond, and the s-character in the bonding orbital in Br,
respectively. The s character, which is the contribution of the
s orbital in the sp hybrid orbital in Br, was assumed to be 0.15
by Dailey and Townes22 in cases when the halide ion is bonded
to atoms more electropositive than the halide by as much as 0.25.
Applying this approximation, partial electron-transfer values (i)
from Ni to Br comparing with the value (0.0) in a neutral Br
atom were evaluated to be 0.491 (high-temperature phase) and
0.521 and 0.459 (low-temperature phase). The extrapolated
frequency of the high-temperature phase to 0K (�ð0Þ) was used
to get the e2Qq (�2�ð0Þ) in the high-temperature phase. The

differences between i values in the high- and the low-tempera-
ture phases amounting to 0.03 are comparable to those among
i ¼ 0:37,24 0.38,25 and 0.3926 determined in octahedral complex
ions [MBr6]

2� containing M–Br bonds where M = Pd4þ(4d6),
Pt4þ(5d6), and Re4þ(5d3), respectively, suggesting that a marked
change in the electronic population in Br atoms takes place
through the spin-Peierls transition in the present complex.

� Optical Properties

Figure 4 shows the polarized optical conductivity spectrum
(Ekb) of [Ni(chxn)2Br]Br2 obtained by the Kramers–Kronig
transformation of the reflectivity spectrum, which corresponds
to the absorption spectrum.10 A sharp and intense absorption
band was observed at 1.3 eV. The intense absorption spectra
is also observed in Pd or Pt compounds, which are assignable
to charge-transfer (CT) excitation from the fully occupied dz2
orbital of the MII site to the unoccupied dz2 orbital of the
nearest-neighbor MIV site. In the present (Ni) case, on the other
hand, the origin of the absorption band ought to be different
from the Pd or Pt cases, because the ground state of Ni
compounds are NiIII Mott–Hubbard state.

Here, we consider the band structure of this compound. The
half-filled dz2 band of Ni splits because of the strong on-site
Coulomb repulsion U (�5 eV), affording fully occupied lower-
Hubbard (LH) band and unoccupied upper-Hubbard (UH) band.
On the other hand, optical gap energy (�1:3 eV) is much smaller
than U. Therefore, we can exclude the possibility that this
intense band is attributed to the metal-to-metal charge-transfer
(MMCT) band (NiIII,NiIII ! NiII,NiIV). Although there had
been controversy in attribution of the intense absorption band,
it is now established that this band is attributed to bridging ligand
(pz band of Br�) to metal (UH dz2 band of Ni) charge-transfer
(LMCT) band. Therefore, the band structure of this compound
can be shown as inset of Figure 4.

The realization of all-optical switching, modulating,
and computing devices is an important goal in modern optical
technology. Nonlinear optical materials with large third-order
nonlinear susceptibilities (�ð3Þ) are indispensable for such
devices, because the magnitude of this quantity dominates
device performance. A key strategy in the development of new
materials with large nonlinear susceptibilities is the exploration
of quasi-one-dimensional systems or quantum wires, because
the quantum confinement of electron–hole motion in one-dimen-

Figure 4. Optical conductivity spectrum of [Ni(chxn)2Br]Br2.
Inset shows the band structure of [Ni(chxn)2Br]Br2.
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sional space can enhance �ð3Þ. Two types of chemically synthe-
sized quantum wires have been extensively studied: band insula-
tors of silicon polymers,27 and Peierls insulators of �-conjugated
polymers and platinum halides.28 However, there had been no
spectroscopic studies of 1DMott insulators to evaluate nonlinear
optical response.

We have measured the �ð3Þ spectrum of this compound
using electromodulation spectroscopy, which measures elec-
tric-field-induced change of optical reflectivity (�R). We have
obtained the imaginary part of the �ð3Þ spectrum (Im�ð3Þ) by
the Kramers–Kronig transformation of �R=R to obtain the
�"2 spectrum and using the relation �"2 ¼ 3 Im�ð3ÞE2.

Figure 5 shows "2 and Im�ð3Þ (�"2) spectra at 77K of
[Ni(chxn)2Br]Br2. In the Im�ð3Þ spectrum, positive and negative
components appear alternately as the photon energy increases.
Such an oscillating structure can be explained by assuming three
distinct states, that is, the ground state, one-photon allowed state,
and one-photon forbidden state. By the applied electric field, the
one-photon allowed state shows a red shift by the Stark effect,
which leads to the increase of absorption at the lower energy side
of the CT transition and decrease at the higher energy side.
Therefore, this effect affords the first derivative shape of the
�"2 spectrum. Meanwhile, one-photon forbidden state is
partially allowed, which affords an increase of absorption at
the higher-energy side.

In this case, �ð3Þ is given by perturbation theory. The
main term dominating the spectral shape of �ð3Þ is expressed
as follows29

�ð3Þ ¼
Ne4

3"0h� 3
h0jxj1ih1jxj2ih2jxj1ih1jxj0i

ð!1 �!� i�1Þð!2 �!� i�2Þð!1 �!� i�1Þ
ð4Þ

where j0>, j1>, and j2> show the ground state, one-photon al-
lowed state and the one-photon forbidden state, respectively.
!1;2 and �1;2 are the energies and the damping factors for the
excited states j1> and j2>, respectively. More exact �ð3Þ is

composed of 12 independent terms including this equation.
We carried out a parameter fitting (dashed line) and obtained a
gigantic max j Im�ð3Þj value (¼9� 10�4 esu at 1.31 eV).

Figure 6 shows a comparison of the maximum values
of j Im�ð3Þj as a function of optical gap energies obtained by
electromodulation method. The maximum j Im�ð3Þj values of
band insulators such as polydihexylsilane (PDHS), polydiacety-
lene (PDA),27 and Peierls insulators such as �-conjugated
polymers and platinum halides28 are ca. 10�10 to 10�7. On the
other hand, Mott-insulators showed much larger �ð3Þ values than
those of the other two types of 1D compounds.

By analyzing the spectrum in detail, it has been clarified
that there are two factors in the strong enhancement of �ð3Þ in
the present compound; 1. large transition dipole moments
(<0jxj1> and <1jxj2>). 2. small energy splitting between !1

and !2 (�0:01 eV).
Photoluminescence is a powerful probe to investigate

the electronic structure of excited states and their dynamics.
Although photoluminescence, as relaxation processes, in
Peierls-distorted (mixed-valence) MX-chain compounds have
been extensively studied,5 the processes in [Ni(chxn)2Br]Br2.
are not clarified. We have studied luminescence properties
of the non-Peierls MX-chain system [Ni(chxn)2Br]Br2.

30

Figure 7 shows the temperature dependence of lumines-
cence spectra with excitation energy Eex ¼ 1:96 eV. Large and
small broad peaks were observed at 1.3 and 1.4 eV, respectively.
It was reported that an intense band was observed at 1.3 eV in the
optical conductivity spectrum,10 being accounted for to be a
LMCT transition (Br�, Ni3þ ! Br0, Ni2þ). The luminescence
peak observed at 1.3 eV is, therefore, considered to be a relaxa-
tion of a LMCT exciton state (Br0, Ni2þ ! Br�, Ni3þ). This
luminescence exhibits no or little Stokes shift, showing that
the LMCT exciton is not easily relaxed into a self-trapped state.
This is a good contrast to a relaxation process of the CT exciton
state (M3þ, M3þ ! M4þ, M2þ) in Peierls-distorted MX-chain

Figure 5. "2 and Im�ð3Þ spectra at 77K of [Ni(chxn)2Br]Br2.
Filled and open triangle indicate the energies of the first (h�!1)
and second (h�!2) excited states.

Figure 6. Maximum value of Im�ð3Þ of a series of 1D compounds
as a function of the optical gap energy. PDHS: polydihexylsilane,
PA: polyacetylene, PDA: polydiacetylene, PTV: polythienylvinyl-
ene, PPV: poly(p-phenylenevinylene). Pt–I: [Pt(en)2][Pt(en)2I2]-
(ClO4)4, Pt–Br: [Pt(en)2][Pt(en)2Br2] (ClO4)4, Pt–Cl: [Pt(en)2]-
[Pt(en)2Cl2](ClO4)4. Open circles show the maximum values of
Im�ð3Þ of band insulators and Peierls insulators. Filled circles
show those of Mott insulators.
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system of M = Pd and Pt. These Pt and Pd compounds show
large Stokes shifts due to the strong electron–lattice interaction
because bridging halide ions X� are quite sensitive to the charge
of metal ions. On the other hand in [Ni(chxn)2Br]Br2, because
the bridging bromine, which is neutral (Br0) when the LMCT
occurs, is insensitive to the charge at Ni ions, this compound
showed almost no Stokes shift, indicating that the electron–
lattice interaction (S) of this system is small or suppressed by
some reason. More detailed studies have been recently made
on the time dependence of the photoluminescence31 as well as
theoretical research.32

The peaks at 1.3 and 1.4 eV gradually disappear with tem-
perature. This shows that the deactivation process continuously
changes from luminescence to thermal relaxation. The peak at
1.3 eV slightly shifts to low energy with temperature. This slight
shift might be accounted for as follows: The Ni–Br distance
is expected to become longer with temperature, resulting in a
decrease of the separation of Br� 3pz and Ni3þ 3dz2 orbitals.

� Recent Progress in Ni Compounds

Fabrication of Optical Thin Films by Introducing
Long Alkyl Chains

In the last section, we have shown the gigantic �ð3Þ value
measured by electromodulation method. For the application
of optical device using �ð3Þ, however, it is necessary to obtain
optical thin films. We have recently synthesized a new bromo-
bridged Ni compound with a long alkyl chain in the in-plane
ligand [Ni(C14-en)2Br]Br2 (C14-en = 1,2-diaminohexadecane)
in order to increase affinity to organic media.

Figure 8a shows a 1D chain structure of [Ni(C14-en)2Br]Br2.
Although single crystals of this compound have not been
obtained, we have confirmed that the 1D chain structure is
sustained by Rietveld analysis of the powder X-ray diffraction
pattern. The n-tetradecyl groups are bonded to the carbon atoms
of ethylenediamine (en) ligand.

We fabricated the optical thin film by blending this com-
pound to poly(methyl methacrylate) (PMMA) in chloroform
and spin-coating on a CaF2 substrate. Figure 8b shows a photo-
graph of the optical thin film and absorption spectrum of the
optical thin film. The spectral shape of this film is almost the
same as that of [Ni(chxn)2Br]Br2, which is obtained by the
Kramers–Kronig transformation of the single-crystal reflectivity
spectrum (Absiso ¼ ð2Abs? þ Abs==Þ=3).

In order to investigate the potential of the [Ni(C14-en)2-
Br]Br2 film as a nonlinear optical medium, we measured the real
and imaginary parts of �ð3Þ by the Z-scan method, which is
a representative method to estimate optical nonlinearity.
By the Z-scan measurement, quite large values of �ð3Þ were
obtained (Re�ð3Þ ¼ �1:5� 10�9 and Im�ð3Þ ¼ 0:56� 10�9

esu at 1550 nm). In addition, it has been shown that this
compound has a quite short lifetime of the photoexcited state
(less than 1 ps) by measuring time dependence of absorption
spectrum (pump-probe method), indicating that an optical

Figure 7. Temperature dependence of luminescence spectra in
[Ni(chxn)2Br]Br2 with an excitation energy Eex ¼ 1:96 eV.

Figure 8. a) Crystal structure of [Ni(C14-en)2Br]Br2. Half of the
disordered alkyl chain is omitted for clarity. Gray: Ni, Brown:
Br, Blue: N, Black: C. b) Optical absorption spectrum of
[Ni(C14-en)2Br]Br2 (lower) together with optical conductivity
spectrum of [Ni(chxn)2Br]Br2 (upper). Insets shows a photograph
of a single crystal of [Ni(chxn)2Br]Br2 (upper) and optical thin film
of [Ni(C14-en)2Br]Br2 (lower).

Figure 9. Output characteristics (a) and transport characteristics
(b) in [Ni(S,S-bn)2Br]Br2.
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switching or modulation of more than 1 T bit s�1 is possible.
Therefore, this optical thin film has very good potential as an
optical switching medium.

Electrostatic Carrier Doping by Introducing to a FET
Device

As we mentioned in the introduction, halogen-bridged Ni
compounds have been interested as a 1D model of high Tc
copper oxide superconductors because the band structures of
these compounds are quite analogous to La2CuO4, which is
the mother compound of high Tc copper oxide superconductor
La2�xSrxCuO4, except for their dimensionality. Although many
attempts have been made at carrier doping chemically, that has
not been so far achieved because of the difficulty of chemical
modification. Recently, we have synthesized the novel bromo-
bridged NiIII compound [Ni(S,S-bn)2Br]Br2 (S,S-bn = 2S,3S-
diaminobutane) and succeeded in electrostatic carrier doping
by using a field-effect-transistor (FET) device for the first time.33

Figure 9a displays a plot of drain current (ID) as a function of
drain–source voltages (VDS) (output characteristic) for various
applied gate voltages (VG) in this device at 77K. ID increased
with increasing VG in the positive voltage region, namely, n-type
semiconductor behavior. On–off ratio was quite small because
this compound is naturally electron doped. On–off ratio gradual-
ly decreased with increasing temperature because off-current is
increased with temperature. No anomaly of FET properties
due to spin-Peierls transition was observed. Figure 9b shows
a plot of ID as a function of VG (transport characteristic) for
various VDS at 77K. Output characteristics show neither linear
nor saturated properties within the measured voltage range,
and, therefore, carrier mobility cannot be evaluated.

� Summary and Outlook

We have described the structure, physical properties, and
electronic structure of halogen-bridged 1D NiIII compound
[Ni(chxn)2Br]Br2, which is representative of 1D strongly corre-
lated electron systems. In addition, we have introduced recent
progress in our study of NiIII compounds such as fabrication of
optical thin films and electrostatic carrier doping.

In the past two decades, the chemistry and physics of strong-
ly correlated electron systems has been extensively developed,
e.g., superconductivity in copper oxides and gigantic third-order
optical nonlinearity in the present NiIII compounds. 1D
compounds with strong electron correlation have good potential
in physical properties such as conductive, optical, dielectric,
and magnetic properties, and further progress will be made
in the near future.

The present studies were made by collaboration with Mr. S.
Tao, Dr. H. Matsuzaki, and Profs. H. Kishida and H. Okamoto
in the University of Tokyo (Optical), Profs. H. Kitagawa and
R. Ikeda at Kyushu University (NQR and photoluminescence),
Drs. H. Ohtsu and M. Hasegawa at Aoyama-gakuin University
(Ni compound with long alkyl chains), Profs. T. Takenobu and
Y. Iwasa at Tohoku University (FET). We greatly acknowledge
the collaborators.
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