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Mixed-Valence Structures

Visualization of Local Valence Structures in
Quasi-One-Dimensional Halogen-Bridged
Complexes [Ni,_,Pd,(chxn),Br]Br, by STM**
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One-dimensional (1D) electron systems have been attracting
much attention because many characteristic physical proper-
ties have been observed, such as the spin-density wave (SDW)
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and charge-density wave (CDW) in organic conductors,!]
soliton, polaron, and bipolaron states in m-conjugated poly-
mers,”? and slow relaxation of magnetization in several ferro-
or ferrimagnetic compounds.”! Quasi-1D halogen-bridged
complexes are also attractive materials because of their
marked physical properties such as intense and dichroic
intervalence charge-transfer bands,¥! overtone progression of
resonance Raman spectra,”! luminescence spectra with large
Stokes shifts, large third-order nonlinear optical properties,
and midgap absorptions attributable to solitons and polar-
ons,” as well as providing 1D model compounds of high
critical temperature (7,) copper oxide superconductors.®!

Theoretically, these MX chains are considered as Peierls—
Hubbard systems where the electron—phonon interaction (),
the electron transfer (7)), and the intra- and intersite Coulomb
repulsion energies (U and V, respectively) compete or
cooperate with each other.”) The Pt and Pd compounds
form CDW or mixed-valence states represented as
=X M X—M* =X+ as a result of the electron—phonon
interaction, where the bridging halogen atoms are displaced
from the midpoints between the neighboring two metal
ions." Accordingly, the half-filled metallic band splits into
the occupied valence band and unoccupied conduction band
with finite Peierls energy gaps. Therefore, these compounds
belong to class II of the Robin-Day classification for mixed-
valence complexes.[“] On the other hand, the Ni complexes
form Mott—Hubbard states expressed as —X—Ni*+—X-Ni**—
X— as a result of the strong electron correlation (U), where
the bridging halogen atoms are located at the midpoints
between two neighboring Niions."” Therefore, these Ni
complexes belong to class III of the Robin-Day classifica-
tion." Very strong antiferromagnetic interactions among the
spins located on the Ni™d,. orbitals through the bridging
halogen ions are observed.® These Ni complexes have also
been of recent interest in applied science because the largest
third-order, nonlinear optical susceptibility of 10™* esu has
been observed in [Ni(chxn),Br]|Br, (chxn: (1R,2R)-diamino-
cyclohexane).['

Recently, the mixed-metal complexes
[Ni,_,Pd,(chxn),Br|Br, (0<x<1) were synthesized.”) The
valence structures of these complexes are interesting because
competition between the Ni**-Ni** Mott-Hubbard and Pd**-
Pd** CDW states can be expected in single crystals. The
electronic states of these complexes have been studied by
infrared spectroscopy,'® magnetic susceptibility,'”! and X-ray
diffuse scattering.!'®! According to these studies, the valence
structure of the complexes with x < 0.8 form Mott—-Hubbard
states, whereas the complexes with x > 0.8 show CDW states.
However, no information on local structures was obtained. In
addition, it is difficult to clarify the valence structures, so an
X-ray crystal structure analysis cannot be applied to such
mixed-metal compounds. A scanning tunneling microscope
(STM) is a powerful tool for studying local electronic
structures in such compounds. Day described the usefulness
of the method for halogen-bridged complexes in 1985."!
Herein, we report the first visualized local valence structures
in Ni-Pd mixed-metal complexes obtained by STM.

Figure 1a shows an STM image of [Ni(chxn),Br|Br, in the
range 200 x 200 A. Bright spots in the image are observed

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

Wi units

0 1 2 3 4 85 6 7
2.5 L L L L
5 -
E’ 20 et
5 -
] -
1.5 —
0 1 3 4

Distance { nm

Figure 1. a) STM image of [Ni(chxn),Br]Br, on the bc plane

(200x 200 A). The image was acquired with a sample bias of
V,=+1.3 V. The white arrow shows the 1D chain direction. b) Crystal
structure of [Ni(chxn),Br]Br,. c) Tunnel current profile of
[Ni(chxn),Br]Br, on the blue line in Figure 1a.

every 5x7 A. The crystal structure of [Ni(chxn),Br]Br, is
shown in Figure 1b. The Ni--Ni distances along the b (1D
chain) and ¢ axes are 5.16 and 7.12 A, respectively,'” and
hence these spots reflect the periodicity of {Ni(chxn),} 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 Figure 1c. The maximum of the current is observed every
Ni unit, which indicates that all the Ni centers are equivalent
and in the Mott—Hubbard Ni**-Ni** state in [Ni(chxn),Br]Br,.
This finding is consistent with the result obtained by single-
crystal X-ray analysis.

An STM image in the range 200 x 200 A and the crystal
structure of [Pd(chxn),Br|Br, are shown in Figure 2a and b,
respectively. Bright spots are observed every 10x7 A. The
Pd--Pd distances along the b (1D chain) and c axes are 5.29
and 7.07 A, respectively,'” and thus these spots in the image
reflect the twofold periodicity of the valence structure that
result from to the CDW structure of [Pd(chxn),Br|Br,. The
phase of the CDW is almost aligned in the bc plane, which is
consistent with the X-ray diffuse scattering study."® There-
fore, correctly speaking, [Pd(chxn),Br|Br, should be formu-
lated as [Pd"(chxn),][Pd"(chxn),Br,]Br,.

Schematic band structures of [Ni(chxn),Br|Br, and
[Pd(chxn),Br]Br, are shown in Figure 3. According to X-ray
photoelectron spectra (XPS) and Auger spectra, the d,. band
of Ni splits into occupied lower-Hubbard (LH) and unoccu-
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Figure 2. a) STM image of [Pd(chxn),Br]Br, on the bc plane

(200200 A). The sample bias was V,=41.0 V. The 1D chain direction
is shown by a white arrow. b) Crystal structure of [Pd(chxn),Br]Br,.

c) Current profile of [Pd(chxn),Br]|Br, on the blue line in Figure 2a.
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Figure 3. Schematic band structures of a) [Ni(chxn),Br]Br, and
b) [Pd(chxn),Br]Br,.

pied upper-Hubbard (UH) bands as a consequence of the
strong electron correlation and, as a result, the valence and
conduction bands of [Ni(chxn),Br|Br, are the p, band of
bridging Br atoms and the UH band composed of the d.
orbital of Ni, respectively.”” In [Pd(chxn),Br|Br,, on the
other hand, the valence and conduction bands are the d..
bands of Pd*" and Pd*', respectively. As the STM measure-
ments were performed with positive sample bias, the tunnel
current is observed from the Fermi energy (Ey) of a tip to a
conduction band of the sample. Therefore, in
[Ni(chxn),Br|Br,, the tunnel current from Ep to the UH d.
band of Ni** is observed, whereas that from Ej to the d.. band
of Pd*" is observed in [Pd(chxn),Br]|Br,, which affords the
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twofold periodicity along the 1D chain observed in the STM
image.

Next, we made STM measurements on the mixed-metal
complexes [Ni;_,Pd,(chxn),Br|Br, to determine their local
valence structure. Figure 4 shows the STM images of the
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Figure 4. STM images of [Ni,_,Pd,(chxn),Br]Br, with a) x=0.70,

b) x=0.80, c) x=0.86, and d) x=0.95 on the bc plane (200x200 A).
The sample bias was V,=+1.0 V. The 1D chain directions are shown
as white arrows; the blue arrow shows the 1D chain on which the spin
soliton is observed. e) CDW coherence as a function of x. The filled
circle and triangle represent CDW coherence along the chain and

¢ axis, respectively, determined by STM measurement. The empty circle
and triangle represent those determined by X-ray diffuse scattering
measurements reported by Wakabayashi et al. The solid lines are
guides to the eye.

complex with a) x=0.70, b) x=0.80, ¢) x=0.86, and d) x =
0.95 in an area of 200x200 A. In the x=0.70 complex
(Figure 4a), an image similar to that of [Ni(chxn),Br|Br, is
observed, with almost no twofold periodicity. This result
shows that the x =0.70 complex forms almost in the Mott—
Hubbard state, where the oxidation state of the Pd center is
3+. In the x =0.80 complex (Figure 4b), on the other hand,
twofold periodicity is observed in several areas, which is
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attributable to the CDW state. This CDW state has coherence
over approximately 10 metal sites along the b axis, but almost
no coherence along the ¢ axis. In the x=0.86 complex
(Figure 4c), the CDW coherence is clearly more propagated
than that of the x=0.80 complex. In the x =0.86 complex,
CDW coherence spreads over approximately 20 metal sites
along the b axis, and 2 or 3 metal sites along the c axis.
Figure 4d shows the STM image of the x =0.95 complex. A
large part of this image has a twofold periodicity, that is, a
CDW state. Along the b axis, a large part of the chains with a
CDW state conserve the twofold periodicity within the
measured length (ca. 40 metal sites), which shows that the
CDW coherence along the chain is longer than 20 nm. Along
the c axis, on the other hand, CDW coherence spreads over
approximately 6 or 7 sites. We plotted the CDW coherent
length as a function of x in Figure 4e together with the data
evaluated by X-ray diffuse scattering measurements reported
by Wakabayashi et al."®! The CDW coherence determined by
STM measurements is in good agreement with the X-ray
diffuse scattering results. It was revealed that CDW coherence
is generated slightly from about x=0.70 and increasingly
propagated with increasing value of x.

In addition, the phase of the CDW on the chain shown as a
blue arrow in Figure 4d is reversed within the chain. This
reverse can be recognized as the generation of a spin soliton.
A schematic chain structure with the spin soliton in a CDW
complex is shown together with frans-polyacetylene (trans-
PA) in Figure 5. It is well established that the spin soliton in

Domain wall

Figure 5. Schematic chain structure of the spin soliton in a) trans-poly-
acetylene and b) halogen-bridged CDW complexes.

trans-PA is made by a domain wall originating from the
mismatch of the phase of alternating bonds.”! On the other
hand, it has been revealed that spin solitons in the CDW
complexes are made by mismatch of the CDW phase, and
M?* sites act as domain walls.'*?"! This domain wall of the
spin soliton observed in Figure 4d spreads over approxi-
mately 10 metal sites, which is consistent with theoretical
prediction.”?! Although the mechanism of the spin soliton in
the complex is the same as that in trans-PA, the most marked
difference between them is the activation energy for soliton
motion. This energy has been evaluated as about 80 meV by
light-induced ESR studies, which is much larger than that
of trans-PA (2 me V). This finding shows that soliton motion
in [Pd(chxn),Br|Br, is much slower than that of trans-PA. As
aresult, the spin soliton has a lifetime of the order of a minute,
so it can be observed by STM, which operates on the
millisecond-order timescale. Although spin solitons are well
known in s-conjugated polymers,**! this is the first time the
spin soliton has been visualized in real space.
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In summary, we have visualized the Mott-Hubbard and
CDW states in quasi-1D halogen-bridged Ni and Pd com-
plexes, respectively. In addition, we succeeded in visualizing
the propagation of CDW coherence and the spin soliton in
real space in the mixed-metal complexes
[Ni,_,Pd,(chxn),Br|Br, for the first time.

Experimental Section

Single crystals of [Ni,_,Pd.(chxn),Br|Br, (x =0, 0.70, 0.80, 0.86, 0.95,
and 1.0) were synthesized according to previous studies."® The
elemental ratio of Ni and Pd was determined by ICP emission
measurements with a SEIKO SPS 7000 plasma spectrometer. STM
measurements were performed at room temperature and ambient
pressure. Single crystals of [Ni,_Pd(chxn),Br|Br, were cut and
mounted on a sample stage with carbon paste so that the surface of
the bc plane could be observed. All STM images were acquired in the
constant height mode using a JEOL JSPM-5200 microscope. A
positive sample bias voltage (V) was used.
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