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This article describes the tuning of the electronic structures in a series of quasi-one-dimensional halogen-bridged
Ni–Pd mixed-metal complexes, [Ni1�xPdx(chxn)2X]X2 (chxn = 1R,2R-diaminocyclohexane; X, Y ¼ Cl or Br). In these
compounds, planar [M(chxn)2] units are bridged by halogen ions (X), forming linear chain M–X–M structures. There-
fore, their electronic structures are 1D and are composed of hybridization between the dz2 orbitals of the metal ions and
pz orbitals of the bridging halogens. In this system, electron-correlation on the Ni sites and electron–phonon interaction
on the Pd sites should compete with each other. Their electronic structures have been investigated by means of the sin-
gle-crystal reflectance, ESR and IR spectroscopies, electrical conductivities, and X-ray diffuse scattering. Moreover,
their local electronic structures have been directly observed by scanning tunneling microscopy (STM) using single-crys-
tals at room temperature and under ambient pressure. As a result, while the oxidation state of the Ni sites is þ3 in all
mixing ratios in these compounds due to strong electron-correlation, the conversion from the PdIII Mott–Hubbard states
to the PdII–PdIV mixed-valence states is observed around x � 0:90 for Br and x � 0:85 for Cl. Interestingly, the spin-
soliton in Ni0:05Pd0:95(chxn)2Br3 was directly observed by STM for the first time.

1. Introduction

In one-dimensional (1D) electronic systems, very interesting
physical properties are observed because of spin-charge-pho-
non coupling. Therefore, the quasi-1D compounds have at-
tracted considerable attention due to their novel physical prop-
erties, such as the Peierls transition, spin-Peierls transition,
neutral-ionic transition, charge density wave (CDW) states,
spin density wave (SDW) states, Mott–Hubbard (MH) states,
superconductivities, etc.1 Amongst these compounds, quasi-
1D halogen-bridged mixed-valence compounds (hereafter ab-
breviated as MX-chains) have been extensively investigated
over the last 20 years, since they exhibit a wide range of inter-
esting physical properties. These include intense and dichroic
inter-valence charge-transfer (CT) bands, a progressive over-
tone in resonance Raman spectra, luminescence spectra with
large Stokes-shifts, mid-gap absorptions attributable to solitons
and polarons, large third-order nonlinear optical properties, 1D
model compounds of high Tc copper-oxide superconductors,
etc.2 The excited states and the relaxation process of these
compounds have been investigated as a prototype material
for 1D electronic systems by pico- and femto-second time-re-
solved optical methods.3 The creation of solitons and polarons
have been controlled by using the differences in their dimen-
sionalities of the CDW states or hydrogen-bond networks.4

The third-order nonlinear optical susceptibilities of these com-
pounds are observed to be larger than that of poly-diacetylene
or poly-silane.5 Indeed, recently a gigantic third-order optical
nonlinear susceptibility has been observed in [Ni(chxn)2Br]Br2
(10�4 esu).6

From a theoretical viewpoint, the MX-chain compounds are
regarded as Peierls–Hubbard system. In such a system, the
electron–phonon interaction (S), the electron-transfer energy
(T), the on-site and inter-site Coulomb interactions (U and
V, respectively) compete and/or cooperate with one another
(Fig. 1).7 Originally, these MX-chain compounds were regard-
ed to be in a 1D metallic state with half-filled dz2 orbitals of the
metals and filled pz orbitals of the bridging halogens. However,
it is well known that in these compounds the 1D metallic state
is unstable and that the system subsequently changes to an
insulating state via electron–phonon interaction (S) or electron
correlation (U). In most MX-chain compounds, due to the
strong electron–phonon interaction, the bridging halogens are
displaced from the midpoints between two neighboring metal
atoms, giving rise to CDW states or MII–MIV mixed-valence
states (���MII���X–MIV–X���MII���) (Fig. 2a). Accordingly, the
half-filled metallic band is split into an occupied valence band
and an unoccupied conduction band with a finite Peierls gap.
Therefore, these compounds belong to class II in the Robin–
Day classification for the mixed-valence complexes.8 The
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compounds are formulated as [MII(AA)2][M
IV(AA)2X2]Y4

(MII–MIV = PtII–PtIV, PdII–PdIV, NiII–PtIV, PdII–PtIV, and
CuII–PtIV; X ¼ Cl, Br, I, and mixed-halides; AA = ethylene-
diamine (en), 1R,2R-diaminocyclohexane (chxn), 2R,3R-bu-
tanediamine (bn), etc; Y ¼ ClO4, BF4, X, etc.). These MX-
chains have two characteristic features when compared with
inorganic semiconductors and organic conjugated polymers:
(1) the magnitudes of the band gaps or CDW strengths can
be tuned by varying the chemical composition such as M,
AA, X, and Y, in other words, the physical parameters (S, T,
U, and V) can be tuned by substitution of various chemical fac-
tors and (2) the inter-chain interaction can be controlled via the
intra- and inter-chain hydrogen-bond networks between the
amino-hydrogens and counter-anions by substituting the coun-
ter-anions such as ClO4 and X.9

Theoretically, it has been proposed that the MIII state or MH
state, where the bridging halogens are located at the midpoints
between two neighboring metal ions (–X–MIII–X–MIII–X–),
can be considered to be the more stable when there is a strong-
er U compared to S (Fig. 2b). Therefore, these compounds be-
long to class III in the Robin–Day classification for the mixed-
valence complexes.8 Our group has succeeded in synthesizing
such compounds, formulated as [NiIII(chxn)2X]Y2 (X ¼ Cl,
Br, or mixed-halides; Y ¼ Cl, Br, mixed-halides, ClO4, BF4,
or NO3) for the first time. The choice of Ni is because the
Ni ion has a stronger U than that of a Pd or Pt ion.10 These
NiIII compounds have a very strong antiferromagnetic interac-
tion among spins located on 3dz2 orbitals of each NiIII ion
throughout the bridging halogens (J � 2800K). The X-ray

photoelectron spectra (XPS), Auger spectra and single-crystal
reflectance spectra have showed that, strictly speaking, these
Ni compounds are not Mott insulators but CT insulators, where
the energy levels of the bridging halogens are located between
the upper- and lower-Hubbard bands composed of the NiIII dz2
orbitals. Therefore, the electronic structures of the Ni com-
pounds are similar to those of the starting materials of the
copper oxide superconductors, except for their dimensionality
(Fig. 3). These NiIII compounds undergo a spin-Peierls transi-
tion below 100K.11

Simply speaking, for MX complexes with a stronger S, the
oxidation states of the metal ions are the MII–MIV (CDW
states). On the other hand, in the case of a stronger U, the ox-
idation states are MIII states (MH state or CT insulator state).

The [Pd(chxn)2][Pd(chxn)2X2]X4 and [Ni(chxn)2X]X2 are
isomorphous to each other, although the bridging halogens
are displaced from the midpoints in the former and centered
between two neighboring Ni ions in the latter. More recently,
we have succeeded in synthesizing a series of single-crystals of
Ni–Pd mixed-metal compounds with the formula [NixPd1�x-
(chxn)2X]X2 (X ¼ Cl and Br), where S on PdII–PdIV sites
(CDW states) and U on NiIII sites compete with each other.
In this review, we will describe the tuning of the electronic
structures in Ni–Pd mixed-metal compounds, [Ni1�xPdx-
(chxn)2X]X2 (X ¼ Cl and Br). Their electronic structures have
been investigated by means of IR, ESR, reflectance spectra,
electrical conductivities, X-ray diffuse scattering, and STM.

2. Experiments

Starting materials, [Ni(chxn)2]X2 and [Pd(chxn)2]X2 were
synthesized by the methods previously reported.12 Single-crys-
tals of a series of Ni–Pd mixed-metal complexes were synthe-
sized by electro-chemical oxidation methods of the methanol
solutions of various ratios of the Ni and Pd starting materials
[M(chxn)2]X2, including the tetrabutylammonium halides as
an electrolyte. After a few weeks, the good quality single-crys-
tals were obtained. Elemental analyses of the metal ions were
carried out by using ICP methods. Physical measurements of
these compounds were carried out by the conventional meth-
ods described elsewhere.2,10

3. Structures of [Ni1�xPdx(chxn)2X]X2

The crystal structure of [NiIII(chxn)2Br]Br2 is shown in
Fig. 4a. In this structure, the NiIII ions and Br� ions are alter-
nately arranged with equivalent Ni–Br distances, and the four
N atoms of the two chxn ligands that are coordinated to a NiIII

Fig. 1. S–T–U–V phase diagram of Peierls–Hubbard system.
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Fig. 2. Schematic structures: (a) CDW states or mixed-
valence states for Pt and Pd, (b) Mott-insulator or charge-
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Fig. 3. Schematic electronic structures: (a) Mott-insulator,
(b) charge-transfer insulator.
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ion in equatorial positions produce a strong ligand field. Each
Ni–Br–Ni chain is hydrogen-bonded between amino-hydro-
gens of chxn and counter Br ions along the chains as well as
over the chains, forming two-dimensional hydrogen-bond net-
works. However, the electronic structure of this compound is
still one-dimensional. The resultant electronic configuration
of the NiIII ion is (t2g)

6(eg)
1 with one unpaired electron in

the dz2 orbital. The 1D electronic structure is composed of the
hybridization between the Br pz orbitals and the Ni dz2 orbitals.
The large U on the Ni sites (U � 5 eV) results in a large
MH gap between Ni 3d upper Hubbard band and the lower
Hubbard band. The Br pz band is located in this gap, such that
the charge-transfer (CT) transition from the Br pz valence band
to the Ni 3d upper-Hubbard band corresponds to the optical
gap. Thus, correctly speaking, the Ni compound is a CT insu-
lator as mentioned above. Unpaired electrons in the Ni dz2 or-
bitals form a 1D antiferromagnetic spin (S ¼ 1=2) chain. The
large p–d hybridization between the Br pz orbital and the Ni
dz2 orbital leads to a large antiferromagnetic exchange interac-
tion parameter J, which has been evaluated to be 2800K. The
crystal and electronic structures of [Ni(chxn)2Cl]Cl2 are essen-
tially the same as those of [Ni(chxn)2Br]Br2.

The PdII–PdIV mixed-valence compound, [Pd(chxn)2][Pd-
(chxn)2Br2]Br4 is isomorphous to the [Ni(chxn)2Br]Br2 except
for the positions of the bridging Br� ions (Fig. 4b). In the Pd
compound, the bridging Br� ions are displaced from the mid-
points between two neighboring Pd ions due to both the strong
S and the relatively small U between 4d electrons, stabilizing
the Peierls-distorted state or the commensurate CDW state
with alternating arrangements of PdII and PdIV units even at
room temperature. Therefore, the Pd compound is diamagnet-
ic. Intense inter-valence CT bands from PdII sites to PdIV sites
are observed at around 0.75 eV. The crystal and electronic
structures of [Pd(chxn)2][Pd(chxn)2Cl2]Cl4 are essentially the
same as that of [Pd(chxn)2][Pd(chxn)2Br2]Br4.

X-ray powder patterns of [Ni1�xPdx(chxn)2X]X2 were mea-
sured and are isomorphous to each other and to M(chxn)2X3

(M ¼ Pd and Ni). Therefore, [Ni1�xPdx(chxn)2X]X2 are sup-
posed to have halogen-bridged linear chain structures com-
posed of alternating stacks of [M(chxn)2] and bridging halo-
gens. Each chain is hydrogen-bonded along the chain as well
as over the chains, forming two-dimensional hydrogen-bond-
ing networks.

4. IR Spectra of [Ni1�xPdx(chxn)2X]X2

Information on the valences (�) of the metal ions can be
obtained from �(N–H) in the IR spectum, because the two-
dimensional N–H���Br hydrogen bonds are strongly influenced
by the oxidation states of the central metal ions. Okaniwa et al.
investigated the relation between the oxidation states and the
splitting of �(N–H) in [M(chxn)2Br]Br2 (M ¼ Pt, Pd, and
Ni) (Fig. 5).13 In the Pt and Pd complexes, splitting of �(N–
H) was observed because the metal ions are in a MII–MIV

mixed-valence state, that is, the different electron densities
of N atoms in [MII(chxn)2]

2þ and [MIV(chxn)2X2]
2þ units.

On the other hand, the �(N–H) in [Ni(chxn)2Br]Br2 is not split,
because the oxidation state of Ni ion is þ3 basically. Interest-
ingly, in the order of Pt, Pd, and Ni, the magnitudes of splitting
of �(N–H) have a linear correlation against the magnitudes of
the displacement of the bridging halogens and decrease in this
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Fig. 4. Crystal structures of (a) [NiIII(chxn)2Br]Br2 and
(b) [PdII(chxn)2][Pd

IV(chxn)2Br2]Br4.
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Fig. 5. IR spectra of [M(chxn)2Br]Br2 (M ¼ Pt, Pd, and Ni) measured at 15 and 300K.
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order (Fig. 6). Therefore, the frequency of the peaks is sensi-
tive to �. IR spectra of [Ni1�xPdx(chxn)2X]X2 were measured
using single-crystals.14 As shown in Fig. 7, in the pure Ni
compounds, a single �(N–H) band is observed at around
3000 cm�1, reflecting the averaged valence (NiIII) state. In
the pure Pd compound, the �(N–H) band splits into two bands
due to the formation of the mixed-valence (PdII and PdIV)
state. In the mixed-metal compounds, this splitting is observed
when x values exceed the critical value xc ¼ 0:90 for Br and
0.85 for Cl of the Pd concentration. This indicates that the ox-
idation state of the Pd ions with x < xc is the PdIII MH state,
while that with x > xc is the PdII–PdIV mixed-valence state
or CDW state. On the other hand, in all range of x values,
the oxidation states of Ni ions are NiIII state. Therefore, the
Pd ions undergo crossover from PdIII MH state to PdII–PdIV

mixed-valence states around xc. The xc of the Cl compounds
is smaller than that of the Br compounds, because the S of
the Cl compounds is stronger than that of the Br compounds,
and thus, the stability of the PdII–PdIV mixed-valence state
or CDW state of the Cl compounds is larger than that of the
Br compounds.

5. ESR Spectra of [Ni1�xPdx(chxn)2X]X2

Temperature dependence of the spin susceptibility � of the
[Ni1�xPdx(chxn)2X]X2 showed Curie-like behavior at very low
temperature, while weakly temperature dependent behaviors
for high temperatures for all x values are observed. The results
for x ¼ 0 and x ¼ 1, that is, pure Ni and pure Pd complexes,
were consistent with those reported by Okamoto et al.10 In
the pure Ni compound, the weakly temperature dependent �
for higher temperature is interpreted as a Bonner–Fisher type
susceptibility of Heisenberg antiferromagnetic chain with
J � �2800K. Figure 8 shows the dependence of � at room
temperature on the mixing ratio for all values of x. As seen
from the Fig. 8, � retains nearly the same magnitude as x

increases from x ¼ 0, which is the pure Ni case, to around
x � 0:5, then it gradually drops to the values of x ¼ 1, pure
Pd case.15 This shows that the � exhibits a clear enhancement
from the linear summation of the susceptibilities of antiferro-
magnetic Ni species and diamagnetic Pd species, which is
shown by a dotted line in Fig. 8. Since the � at the higher tem-
perature should reflect the intrinsic magnetic property of the
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Fig. 6. Correlation between the splitting of H� band the
normalized halogen displacement from the midpoint
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and l2 are the distances MII���X and MIV–X, respectively.
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chains, the observed enhancement indicates that the magnetic
states of the mixed-metal chains are significantly modified as
compared with those of the pure Ni and Pd species. Generally
speaking, the enhancement may occur due to two possibilities.
The first possibility is that the enhanced fraction is due to the
induced moments, PdIII in Pd regions, which may be agree
with the result of IR spectra mentioned above. The second pos-
sibility may be due to the introduction of non-magnetic PdII–
PdIV portions. This would cause a scission in the chains, which
may more or less result in the reduction in the magnitude of
exchange coupling. If this happens, the susceptibility should
increase due to the suppression of antiferromagnetic spin cor-
relation at a given temperature. The latter possibility, however,
may be excluded for the following reasons. Figure 9 shows the
dependence of the peak-to-peak ESR width at room tempera-
ture on the mixing ratio. In this case, the linewidth nearly lin-
early decreases as x increases from Ni side to Pd side. A sim-
ilar tendency was observed in temperature regions above
150K. The observed behavior is clearly different from what
is expected for a non-magnetic impurity effect on antiferro-
magnetic chains, at least for Ni-rich side. Since the linewidth
of the Ni chains is determined by the exchange-narrowed
width of antiferromagnetic chain, the introduction of a non-
magnetic impurity should result in the broadening of the line-
width due to the suppression of exchange narrowing. This is
contrary to the observation. Moreover, the introduction of a
nonmagnetic impurity is expected to increase the Curie spins
at low temperature, which is not the case, either. Thus, the
present results strongly suggest the first possibility of an in-
duced moment due to PdIII sites. Induced PdIII spins are not
isolated, and they may be interacting rather strongly to give
the weak temperature dependent spin susceptibility close to
those of antiferromagnetic Ni chains at higher temperatures,
as observed.

Figure 10 shows the concentration dependence of the first
derivative ESR spectra of [Ni1�xPdx(chxn)2Br]Br2 single crys-
tals against an external magnetic field H perpendicular to the
b-axis at room temperature. Here, the sharp ESR spectrum ob-
tained for [Pd(chxn)2Br]Br2 (x ¼ 1) is attributed to the ther-
mally excited solitons, which were reported by Okamoto et al.
From these spectra, g-values and peak-to-peak ESR linewidth
�Hpp are obtained as defined in Fig. 10. Both the g-values and
corresponding �Hpp are angular dependent at room tempera-
ture as shown in Fig. 11. Here, H is in the ac-plane for (a)

and (c) and in the plane containing b-axis (hereafter called
bk-plane) for (b) and (d). The angle � in the bk-plane corre-
sponds to the angle between H and b-axis, and ’ in the ac-
plane are adjusted to 90� for one of the principal axes of the
g-values. The �Hpp shows the large angular dependence in
both planes for x < 0:94. In contrast to �Hpp, nearly uniaxial
anisotropy of g-values (g? > gk � 2) are observed around the
b-axis with a slight deviation in the ac-plane, where the devi-
ation becomes larger as x increases as discussed below. Ob-
served principal g-values indicate that the unpaired electron
resides on the dz2 orbital of the metal ions, which are placed
in a nearly tetragonal crystal field consisting of four N atoms
of the two chxn ligands and the two bridging Br� ions.

As already mentioned, experimentally obtained g-values
have a small anisotropy in the ac-plane, which implies that
there is a small orthorhombic distortion of ligand molecules
in these materials. Thus in the following discussion, we use
the principal g-values gmax defined in Fig. 11a. By using this
definition, we discuss the x-dependence of the g-value. In
Fig. 12a, the gmax values obtained at room temperature and
10K are plotted as crosses and solid circles, respectively.
The gmax-values show almost temperature independent behav-
iors and monotonically decrease as x increases. This monoton-
ic decrease in the gmax indicates the conversion of PdII–PdIV

(CDW) state into PdIII states in the mixed-metal complexes.
As already mentioned, the strong exchange interaction be-
tween NiIII and PdIII ions causes averaging of the two ESR
lines into a single amalgamated line. In this case, the g-value
for the mixed crystal is described by the weighted average
equation as follows:

gNi{Pdmax ¼
�Ni�gNimax þ �Pd�gPdmax

�Ni þ �Pd

; ð1Þ

where �Ni and �Pd represent the contribution to the overall
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Fig. 9. The linewidth �Hpp min at room temperature in
[Ni1�xPdx(chxn)2Br]Br2.

1000 2000 3000 4000 5000

N
o

rm
al

iz
ed

 in
te

n
si

ty
 / 

ar
b

. u
n

it
s

Magnetic Field / G 

x = 0.00

x = 0.54

x = 0.78

x = 1.00

g

∆Hpp

Fig. 10. First derivative ESR spectra of single-crystal
[Ni1�xPdx(chxn)2Br]Br2 at room temperature. The exter-
nal magnetic field H is perpendicular to the chain direc-
tion (b-axis). The spectral intensities are normalized with
their peak-to-peak height. The g-values and peak-to-peak
ESR linewidth are obtained as defined in the figure.

1824 Bull. Chem. Soc. Jpn. Vol. 79, No. 12 (2006) AWARD ACCOUNTS



magnetization from each paramagnetic species (NiIII and
PdIII) in the chain. Thus, the observed monotonic decrease
of gmax in the mixed-metal complexes suggested that there is
finite contribution from �Pd, namely, PdIII ions which have
smaller gmax-value than that of Ni

III ions. Actually, the fraction
of �Pd greatly increases from 2:7� 10�7 emumol�1 for [Pd-
(chxn)2Br]Br2 to 1:4� 10�5 emumol�1 for x ¼ 0:78 at 280K
by using experimentally obtained spin susceptibility and g-val-
ues in Eq. 1 under the assumption that both gNimax and gPdmax

themselves are unchanged in the mixed-metal chain. This
result shows excellent agreement with the previously obtained
spin susceptibility enhancement. Figure 12a also shows that
only 6% mixing of NiIII ions drastically changes the oxidation
state of the Pd ions. This result suggests that the strong U
greatly affects the electronic states of these materials rather
than S, which agree well with the theoretical expectation by
Iwano.16

In addition to the monotonic decrease of gmax-value, the
ESR linewidth �Hpp also shows clear x-dependence. In con-
trast to the g-value, it shows large angular dependence both
in the ac- and bk-plane as shown in Figs. 11c and 11d. The
x-dependence of the values in the ac-plane, �Hpp min, defined

in Fig. 11c are plotted in Fig. 12b. The monotonic decrease in
�Hpp min is also observed as x increase. This decreasing
�Hpp min also provides evidence for the induced PdIII ions in
this systems. Before proceeding to further discussion, should
be mentioned the origin of the �Hpp in the case of pure Pd
compound. In Fig. 13, we show the temperature dependence
of �Hpp min. The line sharpening at temperatures higher than
100K for [Pd(chxn)2Br]Br2 is attributable to the motional nar-
rowing of the thermally excited solitons in this material. In
contrast to [Pd(chxn)2Br]Br2, a small fraction of Ni drastically
changes the temperature dependence of �Hpp min, i.e., gradual
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narrowing occurs as the temperature increases in the low-tem-
perature region (T < 50K) and then broadens but not for the
pure Pd compound as shown in Fig. 13. Since the ESR spectra
in the low-temperature region are dominated by the Curie
component, which is of no importance in the present discus-
sion of intrinsic magnetic properties, we use the room temper-
ature g-value and �Hpp shown in Figs. 11 and 12 in the fol-
lowing discussion.

To explain the origin of the high-temperature linewidth, the
exchange-narrowed dipolar width Hd

2=Hex is excluded be-
cause it is estimated to be on the order of 10�2 G, using the
dipolar width Hd of several hundred gauss, which was obtained
from the lattice parameters and the exchange field Hex of
1:9� 107 G with J ¼ 2800K for [Ni(chxn)2Br]Br2. This value
is much smaller than the observed value even when the
exchange narrowing of the antiferromagnetic chain may give
a width broader than Hd

2=Hex due to 1D spin diffusion.
The rather large temperature dependence of the linewidth of

the pure Ni compound is consistent with that previously report-
ed by Okamoto et al., who assigned the origin of the large tem-
perature dependence of the linewidth to the spin-lattice relax-
ation time due to spin–orbit coupling, that is, the modulation
of crystal field. Herein, we make a more detailed discussion
of this mechanism based on the observed behavior of �Hpp.
It is known that the relaxation rate of a direct process (one-
phonon process), 1=T1D, for a Kramers doublet is generally
formalized as

1

T1D
¼ ��2T� h 0

�j
X

Vlj 0
þi

���
���
2

; ð2Þ

where � is the microwave (or phonon) frequency, �Vl is the
crystalline field gradient associated with the lth normal mode
of vibration of the ligands, and j�0

þi, j�0
�i are the ground

state wave functions taking into account of Zeeman interac-
tion. � is a constant which contains the lattice information
such as crystal density and sound velocity. This equation gives
a linear temperature dependence for the linewidth, �Hpp /
1=T1D, which is consistent with the observation in Fig. 13.
However, the small �Hpp with motional narrowing effect
observed for [Pd(chxn)2Br]Br2 suggests that 1=T1D for PdIII

ion is much smaller than that of NiIII ion in this system. This
difference in 1=T1D by substituting the metal ions from NiIII to
PdIII is attributed to the modification of certain parameters,
such as local phonon spectrum (�), crystal field splitting ener-
gy, etc. in Eq. 2.

As shown in Figs. 11c and 11d, �Hpp is anisotropic both in
the ac- and bk-plane, which may be due to the contribution
from various phonon modes Vl in Eq. 2. However, roughly
speaking, the systematic decrease in �Hpp is observed in
any direction as x increases. Then, the comparison in the same
principal axis in the ac-plane may allow us to discuss the
x-dependence of �Hpp min in this system qualitatively. As
mentioned above, a rather small value of 1=T1D is expected
for PdIII ions, and it may be also true in the mixed-metal com-
plexes. Then, the almost linear decrease in �Hpp min in
Fig. 12b suggests that PdIII ions with a small linewidth are
induced and contribute to the overall �Hpp min in the form of
some weighted average spectra with NiIII ions, which have
large linewidth. Such a consideration is consistent with a spin

susceptibility enhancement and a decreasing g-value.
As a result, we have performed the single crystal ESR mea-

surements of mixed-metal complexes [Ni1�xPdx(chxn)2Br]Br2.
Rapid suppression of the PdII–PdIV (CDW) state is confirmed
from the monotonic decrease in the principal g-values as x

increases, since decreasing g-values indicate the participation
of magnetic PdIII ion with a smaller g-value than that of
NiIII ion in the mixed-metal compounds. This result agrees
with the observed susceptibility enhancement. From the ob-
tained g-value, it is suggested that only 6% of the Ni concen-
tration drastically affects the oxidation state of Pd ions. The
peak-to-peak ESR linewidth �Hpp also shows a monotonic
decrease as x increase, suggesting that there is a small contri-
bution from induced PdIII ions with smaller �Hpp due to the
longer spin-lattice relaxation time T1D. These results provide
further evidence for the induced PdIII spin moments in the
present mixed-metal complexes.

6. Optical Conductivity Spectra of [Ni1�xPdx(chxn)2X]X2

The optical conductivity spectra � of [Ni1�xPdx(chxn)2X]X2

are shown in Fig. 14.14 The pure Ni compound (x ¼ 0) exhib-
its a prominent sharp peak (A) at around 1.8 eV for X ¼ Cl and
1.3 eV for X ¼ Br. This peak is attributed to the CT transition
from X pz to the upper-Hubbard band composed of NiIII dz2 .
With an increase x, the peak (A) broadens and another peak
(B) appears on the lower energy side for both X ¼ Cl and
Br. For x > 0:35, peak (A) disappears, and peak (B) becomes
dominant. With a further increase in x, peak (B) shifts to the
lower energy, and when x exceeds 0.9, peak (B) disappears,
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and a higher energy peak (C) appears. The energy positions of
peaks (A), (B), and (C) are plotted against x in Figs. 15a and
15b. There is a discontinuous change in energy between peaks
(B) and (C). The energy of peak (C) for 0:9 < x < 1 is almost
equal to that of the peak in the pure Pd compound (x ¼ 1),
which has been determined to be due to the inter-valence CT
transition from the occupied PdII 4dz2 band to the unoccupied
PdIV 4dz2 band, as shown in Fig. 16c.

For x > xc, the system essentially represents a Peierls insu-
lator, and the lowest optical transition (peak C) is attributed to
the transition from PdII to PdIV. For x < xc, it is necessary to
consider whether the system exists as a CT or MH insulator.
The � spectra in the higher energy region (Figs. 14c and
14d) exhibit peak structures at around 4.5 eV for X ¼ Cl

(x ¼ 0:86 and 1) and 4 eV for X ¼ Br (x ¼ 0:84 and 1). The
structure in the pure Pd compounds can be assigned to the
X� ! PdIV transition, which has been observed in the same
energy region for the discrete [X�–PdIV–X�] compound. A
similar X� ! PdIV transition has been observed at around
5.1 and 4.8 eV for the Pd mixed-valence compounds with a
CDW ground state [Pd(en)2][PdX2(en)2](ClO4)4 with X ¼ Cl

and Br, respectively.17 As the energy difference between the
X� ! PdIV transition and X� ! PdIII transition is expected
not to be particularly large, the structure at around 4.5 eV in
the Cl (x ¼ 0:86) compound and 3.9 eV in the Br (x ¼ 0:84)
compound can be reasonably assigned to the X� ! PdIII tran-
sitions. Therefore, peaks (B) at around 0.8 eV for X ¼ Cl

(x ¼ 0:86) and 0.55 eV for X ¼ Br (x ¼ 0:84) are attributed
to the PdIII ! PdIII transitions shown in Fig. 16b. It is natural
to consider that peak (B) at smaller x represents a similar inter-
metallic transition, PdIII ! PdIII. As peak (A) is due to the
X� ! NiIII CT transition, the conversion from peak (A) to
peak (B) observed at around x � 0:3 indicates the crossover
from a CT insulator to a MH insulator. It should be noted that
the introduction of a small amount excess of Ni sites (�10–

15%) renders the Peierls insulator unstable, and the system
converts to a MH insulator, which is consistent with the obser-
vations from the IR and ESR spectra.

7. X-ray Diffuse Scattering of [Ni1�xPdx(chxn)2Br]Br2

X-ray scattering experiments have been performed on the
Ni–Pd mixed-metal complexes [Ni1�xPdx(chxn)2Br]Br2.

18

Strong diffuse scattering was observed for x > 0:7, and it
was interpreted as a special inhomogeneity in the valence of
metal ions. This inhomogeneity takes the form of CDW, in
which the metal ions within the chain alternate between þ2

and þ4. Correlations in the valence sequence were determined
to be parallel as well as perpendicular to the chain direction.
Pair correlation functions deduced from the measurements
show the existence of a strong correlation between the posi-
tions of the bridging Br� ions and those of Br� counteranions.
It is concluded that the valence of metal ions for x < 0:7 is
þ3. These results are almost consistent with the IR, ESR,
and optical conductivity results.

8. Electrical Resistances of [Ni1�xPdx(chxn)2Br]Br2

Figure 17a shows the hydrostatic pressure dependence of
the electrical resistances along the crystallographic ac-plane
of the mixed-metal complexes [Ni1�xPdx(chxn)2Br]Br2 at
room temperature.19 The electrical resistance value is scaled
with that at zero pressure for each x. The electrical resistance
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decrease under pressure is relatively small for x ¼ 0 and large
for x ¼ 1. For x < 0:84, the electrical resistance decrease is as
small as [Ni(chxn)2Br]Br2, as shown in Fig. 17a. At x ¼
0:84{0:95, intermediate behavior was found, suggesting that
the crossover between MH and CDW states is around x ¼
0:84{0:95, in consistent with the other data.

Temperature dependence of the electrical resistance is
semiconducting with activation energies of 0.08–0.16 eV,
which agree with a previous report.9 This value does not
change significantly even at pressures up to 0.5GPa. Using
the Montgomery method, we evaluate the anisotropy in the
electrical resistance. Figure 17b shows the anisotropy of the
resistance at ambient pressure. In spite of the 1D chain struc-
ture, the anisotropy in the resistance is less than 50. At x ¼
0:8{1, the anisotropy is almost the order of unity. The anisotro-
py remains nearly the same under pressure or at T > 120K.
This suggests that conduction is not limited along the chain.
Hopping among the chains occurs as frequently as those along
the chain.

In Fig. 18, the thermopower of [Ni1�xPdx(chxn)2Br]Br2 at
room temperature (a) and at T ¼ 200{300K (b) are shown.

For x ¼ 0 and x ¼ 1, the temperature dependence could not
be measured because the voltage readout was unstable due
to high electrical resistance. Except for x ¼ 0:94 and 0.95,
the thermopower indicates that the major carrier is negatively
charged. For the sample with x < 0:5 (closed symbol in
Fig. 18b), the thermopower is independent of temperature.
The absolute value of the Seebeck coefficient jSj differs from
sample to sample of the same x, however, an overall jSj in-
creases with an increase in x. For the sample with x > 0:6,
the thermopower shows semiconducting behavior (open sym-
bols in Fig. 18b). For x > 0:71, jSj is reproducible among
the samples with the same x and decreases with an increase
in x.

Figure 19 shows the activation energies determined from
the resistance measurements and thermopower measurements
for x > 0:6. The activation energies for the thermopower
are smaller than that for the resistance measurement for
x ¼ 0:8{0:9.

For x < 0:5, the thermopower is independent of tempera-
ture. This suggests that the carriers are not thermally activated,
but exist inherently in grown crystals. In the case of the hop-
ping conduction of the small polarons, the temperature-inde-
pendent thermopower is written as,
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S ¼ ðkB=eÞ ln½N=n�; ð3Þ

at enough high temperature, where n is the carrier number, and
N is the possible hopping sites in the crystals. A typical value
of jSj (500mVK�1) corresponds to n=N ¼ 0:003. This value is
on the same order as the Curie spin concentration of the pres-
ent compounds found by ESR measurements. When x < 0:5,
the nature of the charge carrier is similar to that in the
[Ni(chxn)2Br]Br2, resulting in the same pressure dependence
in the resistance as that at x ¼ 0. In the present case, the NiII

or PdII accompanied by halogen displacements forming small
polarons are most probable negative carriers. The semicon-
ducting behavior of the resistance is caused by the tempera-
ture-dependent hopping mobility.

For x > 0:6, the thermally activated carriers contribute to
the conduction exhibiting semiconducting thermopower. It
has been discussed that the thermal activation of the neutral
solitons along the 1D chain contributes to the spin susceptibil-
ity and NMR relaxation in [Pd(chxn)2Br]Br2 with the activa-
tion energy of the order of 0.1 eV. In the Pd-rich compounds,
the charge soliton-like excitations related to the PdII–PdIV seg-
ments may be activated thermally and contribute to the con-
duction with the activation energy shown in Fig. 19. Some
of them are negatively charged, but some of them may be pos-
itively charged in terms of the background charge neutrality.
This causes the sign change in the thermopower at x ¼ 0:95.
Such carriers originate from the chains; however, they also
hop among the chains resulting in the nearly isotropic trans-
port. Under pressure, where metal–halogen bond alternation
is suppressed, such segments may dissolve into independent
carriers as in the case of the Ni-rich compounds.

The threshold concentration causing a large or intermediate
pressure dependence in the electrical resistance and thermally
activated thermopower is different; the former is x ¼ 0:84
while the latter is x ¼ 0:6. It is possible that the collective
excitations are caused by the presence of the NiIII and do not
contribute to the real electrical conduction up to x ¼ 0:8.

From the pressure dependence of the resistance, the cross-
over between MH and CDW states is found to be between x ¼
0:84 and 0.95. Thermopower results imply that the charge car-
riers are small polarons localized at divalent metal ions for
x < 0:5. For x > 0:6, thermally activated carriers contribute
to the conduction.

9. Direct Observation of Local Structure of
[Ni1�xPdx(chxn)2Br]Br2 by STM

STM is a powerful tool for studying local electronic struc-
tures in such compounds. Herein, we reported the first visual-
ized local valence structures in Ni–Pd mixed-metal complexes
obtained by STM.20 STM measurements were performed at
room temperature and under ambient pressure. Single-crystals
of [Ni1�xPdx(chxn)2Br]Br2 were cleaved and mounted on a
sample stage with carbon paste so that the surface of the bc-
plane could be observed. A positive sample bias voltage
(Vs) was used.

Figure 20 shows an STM image of [Ni(chxn)2Br]Br2 in the
range 200� 200 Å. Bright spots in the image are observed
every 5� 7 Å. The crystal structure of [Ni(chxn)2Br]Br2 is
shown in Fig. 20b. The Ni���Ni distances along the b (1D
chain) and c axes are 5.16 and 7.12 Å, respectively, and hence,
these spots reflect the periodicity of [Ni(chxn)2] units in the bc
plane. To investigate the valence structure in detail, we plotted
a current profile along the 1D chain (on the blue line) in
Fig. 20c. A maximum current is observed in every Ni unit,
which indicates that all of the Ni centers are equivalent and
in the CT insulator NiIII–NiIII state in [Ni(chxn)2Br]Br2. This
finding is consistent with the result obtained by single-crystal
X-ray analysis.
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An STM image in the range 200� 200 Å and the crystal
structure of [Pd(chxn)2Br]Br2 are shown in Figs. 21a and
21b, respectively. Bright spots are observed every 10� 7 Å.
The Pd���Pd distances along the b (1D chains) and c axes are
5.29 and 7.07 Å, respectively, and thus, these spots in the im-
age reflect the twofold periodicity of the valence structure that
result from the CDW structure of [Pd(chxn)2Br]Br2. The phase
of the CDW is almost aligned in the bc plane, which is consis-
tent with the X-ray diffusion scattering study, Therefore, cor-
rectly speaking, [Pd(chxn)2Br]Br2 should be formulated as
[PdII(chxn)2][Pd

IV(chxn)2Br2]Br4.
Schematic band structures of [Ni(chxn)2Br]Br2 and

[Pd(chxn)2Br]Br2 are shown in Fig. 22. Based on XPS and
Auger spectroscopy, the dz2 band of Ni splits into the occupied
lower-Hubbard band (LH) and unoccupied upper-Hubbard
(UH) bands as a consequence of strong electron correlation
and, as a result, the valence and conduction bands of [Ni-
(chxn)2Br]Br2 are the pz band of the bridging Br atoms and
the UH band composed of the dz2 orbital of Ni ions, respective-
ly. In [Pd(chxn)2Br]Br2, on the other hand, the valence and
conduction bands are the dz2 bands of PdII and PdIV, respec-
tively. As the STM measurements were performed with a posi-
tive sample bias, the tunnel current is observed from a Fermi
energy (EF) of the tip to a conduction band of the sample.
Therefore, in [Ni(chxn)2Br]Br2, the tunnel current from EF

to the UH dz2 band of NiIII is observed, whereas that from

EF to dz2 band of PdIV is observed in [Pd(chxn)2Br]Br2, which
affords the two-fold periodicity along the 1D chain observed in
the STM image.

Next, we carried out STM measurements on the mixed-met-
al complexes [Ni1�xPdx(chxn)2Br]Br2 to determine their local
valence structures. Figure 23 shows the STM images of the
complexes with a) x ¼ 0:70, b) x ¼ 0:80, c) x ¼ 0:86, and d)
x ¼ 0:95. in an area of 200� 200 Å. In the x ¼ 0:70 complex
(Fig. 23a), an image similar to that of [Ni(chxn)2Br]Br2 is ob-
served with almost no two-fold periodicity. This result shows
that the x ¼ 0:70 complex forms almost in the MH state, where
the oxidation state of the Pd center is þ3. In the x ¼ 0:80 com-
plex (Fig. 23b), on the other hand, two-fold periodicity is ob-
served in several areas, which are attributed to the CDW states.
This CDW state has coherence over approximately 10 metal
sites along the b-axis, but almost no coherence along the c-
axis. In the x ¼ 0:86 complex (Fig. 23c), the CDW coherence
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Fig. 21. a) STM image of [Pd(chxn)2Br]Br2 on the bc plane
(200� 200 Å). The sample bias was Vs ¼ þ1:0V. The 1D
chain direction is shown by a white arrow. b) Crystal
structure of [Pd(chxn)2Br]Br2. c) Current profile of [Pd-
(chxn)2Br]Br2 on the blue line in Fig. 21a.
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spin soliton is observed.
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is clearly more propagated than that in the x ¼ 0:80 complex.
In the x ¼ 0:86 complex, the CDW coherence spreads over ap-
proximately 21 metal sites along the b axis and 2 or 3 metal
sites along the c axis. Figure 23d shows the STM image of
the x ¼ 0:95 complex. A large part of this image has two-fold
periodicity, that is, a CDW state. Along the b axis, a large part
of the chains with a CDW state conserve the two-fold perio-
dicity within the measured length (ca. 40 metal sites), which
shows that CDW coherence along the chain is longer than
20 nm. Along the c-axis, on the other hand, the CDW coher-
ence spreads over approximately 6 or 7 sites. We plotted the
CDW coherence length as a function of x in Fig. 24 together
with the data evaluated by X-ray diffuse scattering measure-
ments reported by Wakabayashi et al.18 The CDW coherence
determined by STM measurements is in good agreement with
the X-ray diffuse scattering results. It was revealed that the
CDW coherence is propagated with increasing value of x.

In addition, the phase of the CDW in the chain, shown as a
blue arrow in Fig. 23d, is reversed. This reversal is due to the
generation of a soliton. A schematic chain structure with the
spin soliton in a CDW complex is shown together with trans-
polyacetylene (trans-PA) in Fig. 25. It is well known that
the spin soliton in trans-PA is made by a domain wall originat-
ing from the mismatch of the phase of the alternating bonds.
On the other hand, it has been shown that the spin solitons
in CDW complexes are made by mismatch of the CDW phase,
and MIII site act as domain walls.2a This domain wall of the
spin soliton observed in Fig. 23d spreads over approximately
10 metal sites, which is consistent with the theoretical predic-
tion.16 Although the mechanism of the spin soliton in the com-
plex is the same as that in trans-PA, there is a marked differ-

ence in the activation energy for the soliton motion. This ener-
gy has been determined to be about 80meV by using light-in-
duced ESR studies,21 which is much larger than that of trans-
PA (2meV).22 Because the soliton motion in [Pd(chxn)2Br]Br2
is much slower than that of trans-PA, it can be observed by
STM, which operates on the millisecond-order timescale. Al-
though the spin solitons are well known in �-conjugated poly-
mers,23 this is the first time that the spin soliton has been
obsreved in real space.

In summary, we have succeeded in synthesizing a series of
single-crystals of [Ni1�xPdx(chxn)2X]X2, where electron-cor-
relation and electron–phonon interaction compete with each
other. By use of IR, ESR, optical conductivities, X-ray diffu-
sion scattering, and STM, we showed that while the oxidation
state of the Ni ions is þ3 for all x ranges, the Pd ions undergo
crossover from PdIII MH state to PdII–PdIV mixed-valence
states or CDW state around x � 0:9 for Br and x � 0:85 for Cl.
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