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MIXED-VALENCE STATES IN MMX-CHAINS COMPLEX, Pty(dta)4l

HIROSHI KITAGAWA, NORIAKI ONODERA, JEUNG-SUN AHN,
AND TADAOKI MITANI
Japan Advanced Institute of Science and Technology, Tatsunokuchi, Ishikawa 923-12, Japan

MISA KIM, YOSHIKI OZAWA, AND KOSHIRO TORIUMI
Himeji Institute of Technology, Harima Science Park City, Hyogo 678-12, Japan

KAZUTOMO YASUIL, TOSHIO MANABE, AND MASAHIRO YAMASHITA
Nagoya University, Chikusa-ku, Nagoya 464-01, Japan

Abstract Physical and structural properties of the MMX-type halogen-bridged mixed-
valence complex, Pta(dta)4] (dta = CH3CS;") were investigated. This complex exhibits
metallic conduction above room temperature, which is the first observation in halogen-
bridged 1-D transition-metal complexes. Below 300 K, the metal-semiconductor transition
was observed. The mixed-valence state of this compound is discussed.

INTRODUCTION

These twenty years halogen-bridged 1-D transition-metal complexes (MX chains) analogous to
Wolffram's Red Salt have been investigated intensively from viewpoints of physics and chem-
istry as a model of 1-D electrons system.!> MX chains can be regarded as a presumed 1-D
metal in which the conduction band of half filling is made up primarily of an antibonding com-
bination of the transition metal M d;? orbitals and bridging halogen X p; orbitals. In reality,
MX chains with M=Ni are Mott-type or charge-transfer-type insulators due to the strong elec-
tron correlation, while MX chains with M=Pd, Pt are mixed-valence-type insulators in which
lattice distortions of ---X-MI-X...MIV... occur and open a gap at the Fermi energy due to the
strong electron-lattice interaction. The metallization has been expected to be realized by the ap-
plication of pressure. Though the extensive work on MX chains under high pressure, the insu-
lator-to-metal transition has not been observed yet.

In this work, we have focused on MMX system of the title complex in which there exist
1-D ---I-Pt-Pt-I.-- neutral chains.8-12 The formal oxidation state of Pt in this system is +2.5,
which differs from that (+3) of MX system. Another different feature is that electronic structure
of the presumed 1-D half-filled conduction band is composed primarily of an antibonding com-
bination of antibonding M(dzz)-M(dzz) orbitals and X p; orbitals. Because of a direct overlap-
ping between the M-M orbitals, the band-width of conduction band in MMX chains is expected
to be wider than that in MX chains. In order to reveal the mixed-valence state and the electrical
conduction in this MMX system, we have measured XPS, electrical conductivity, other physical
properties of Pty(dta)4l.
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EXPERIMENTAL

The title complex was prepared by the method previously reported.’ The single crystals were
grown by slow recrystallization from toluene solutions. The quality of obtained single crystals
were confirmed by X-ray single-crystal analysis, elemental analysis, and IR spectroscopy.

The dc electrical-conductivity measurements were performed on several single crystals
with a conventional four-probe method using gold paint and gold wire (20 um¢).

The X-ray photoelectron spectra were obtained on a VG ESCA MKII electron spectrome-
ter, the source vacuum being < 1x10°8 mbar, with a Mg-Ko X-ray source (1253.6 eV) in the
temperature range of 150 - 300 K. The pass-energy of a hemisphere analyzer was constant (20
eV). Binding energies were measured relative to the C 1s peak due to hydrocarbon contamina-
tion from the diffusion pump, which built up slowly on the surface under these operating condi-
tions. The absolute binding energy (284.4 eV) of the contaminant C 1s peak was confirmed by
measuring its energy on the surface of silver foil (Ag 3dsp = 367.9 eV) after the Ar* ion sput-
tering to the foil. Absence of X-ray beam effects was checked by the X-ray power dependency
of XPS spectra.

For optical absorption spectra, powdered samples ground down from single crystals were
diluted with KBr and then the mixtures were processed into pellets under pressure (~ 6 Kbar)
and vacuous condition. The UV-VIS-NIR absorption spectra were measured in the temperature
range 1.4 - 450 K by a Jasco V-570 spectrometer with an OXFORD OptistatF cryostat. The in-
fra-red (IR) absorption spectra were measured in the temperature region of 10 - 450 K by a
Nicolet FTIR 800 spectrometer with a DAIKIN CryoKelvin 202CL cryostat that has KRS-5
optical windows. IR detectors of TGS and MCT were used.

Polarized reflection measurements of single crystals were made at room temperature (r.t.)
in the energy range 0.1 - 4.0 eV with a microscopic systemn of our own making.

Polarized Raman spectra of single crystals were recorded in the temperature range of 300
- 450 K with a Jasco NR-1800 zero-dispersive triple (filter single) monochromator using a mi-
croscope. A Laser Ionics 1400-10A laser provided the exciting line (514.5 nm). Detection of the
scattered radiation was by a cooled Photometrics CC200 CCD camera system. Laser power at
the crystals was held to < 10 mW.

The magnetic susceptibility measurement of a polycrystalline sample was performed in
the temperature range of 4 - 400 K on a Quantum Design MPMS-5 SQUID magnetometer.
Because of estimative error for the total diamagnetic contributions calculated using Pascal's ta-
bles and for the subtraction of a small amount of paramagnetic impurities, such corrections
were not made to the measured data.

X-ray single-crystal analysis was performed in the temperature range of 115 - 375 K on
an Enraf-Nonius CAD4 diffractometer equipped with graphite-crystal monochromatized Mo-
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Ka radiation (A = 0.71073 A, 50 kV-30 mA) and a liquid N5 gas-flow-type cryostat. The high-
temperature X-ray crystal structure analysis was made in the temperature range of 275 - 465 K
on a Rigaku AFC-5 diffractometer with Mo-Ka radiation and a high-temperature apparatus.

The cell dimensions have been determined and refined by the least-squares method.

RESULTS AND DISCUSSIONS

Figure 1 shows the temperature dependence of the electrical resistivity of single crystal
Pta(dta)4] parallel to the chain axis (b). The room-temperature conductivity is much higher (o,
~ 13Secm!) as compared with MX and other MMX chains compounds. This compound exhib-
its metallic conducting above 300 K, which is the first observation in halogen-bridged 1-D
transition-metal complexes. Bellitto, et al8 and Yamashita, et al.!! reported that this sait was
not a metal but a semiconductor, which are not consistent with our recent result. This disagree-
ment is considered to be due to the difference of experimental methods. They measured the
conductivity by using compressed polycrystalline samples with a four-probe method or single
crystals with a two-probe one. Below 300K, this compound shows a metal-semiconductor tran-
sition and then the resistivity increases slowly with temperature down to 150 K. However, as
can be seen in Figure 2, the behavior of the conduction below 300K is not simple activation
type. Above 300 K, anomalous behavior with negative large hysteresis was observed for the
resistivity. In figure 1, the lines of 1 and 2 show the heating process up to 350 K and the cooling
one down to 300 K from 350 K, respectively. In general, the resistivity curve of cooling process
exists above the curve of heating one. These conductivity behaviors are expected to be related
closely to valence fluctuation or valence transformation of Pt. It should be noted that Whangbo
and Canadell have performed band calculations using extended Hiickel methods for

Pty(dta)s].12 They have discussed the results on the bases of a possible Peierls instability of a
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metallic system and localized electronic states of an insulating system. The structural mode of
Pt25*.p25+ | pp2- 5+ p2 5+ —Pi2-5+-p2-3* - has been predicted to be less stable than
that of -Pt2*-Pt2* —I-P3* -Pt3+-1—Pt2*-Pt2*—1-, which is inconsistent with our results of X-ray
single-crystal analyses mentioned below.

In order to reveal the origin of these behaviors, we measured the temperature dependence
of XPS spectrum. Figure 3 shows the XPS spectra of Pt 4f region at r.t. for Pty(dta)sl and the
P(IT) control complex, Pt(H2DAG),Cl; (H,DAG = diaminoglyoxime). As can be seen in Figure
3b, the doublet is much broader having FWHMs of 1.92 eV and 2.75 eV for 4f;5; and 4fsp, re-
spectively, compared with the spectrum (Figure 3c) of Pt(II) control complex (1.50 eV and 1.56
eV, respectively). So the observed spectrum was reasonably resolved into signals for Pt and
Pt by using a peak-decomposition software. The binding energies of the doublet decomposed
in higher energy side are typical ones for Pt!ll compounds. The intensity of the Pt signal is
smaller than that of Pt!! one, probably due to the partial decomposition (Pt!!! is partially reduced
to Pt!h caused by the X-ray beam though careful to measure, as often observed for the halogen-
bridged mixed-valence metal complexes.!3 As previously reported by Bellitto, ef al., XPS spectra
of Pt in Pty(dta)4l at r.t. showed an av- -
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In order to make the electrical conduction clearer, the polarized reflectance spectra of the
single crystal Pty(dta)41 were measured at r.t., as shown in Figure 4. No prominent structure
was observed for the polarization perpendicular to the chain axis (ELb) in the energy region
from 0.1 to 4.0 eV. On the other hand, for the polarization parallel to the chain axis (E//b),
Drude-like reflectance associated with inter-binuclear charge transfer was observed, which is
consistent with the metallic transport of electrons along the 1-D axis mentioned above. This
anisotropic metal-like reflection shows that Pt;(dta)4I has a 1-D electronic structure. Tempera-

ture dependence of the reflectance, far-IR reflectance, and Drude analysis are in progress.
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Fig. 4. Polarized reflectance spectra of the single crystal Pty(dta)4] at r.t. for the
polarization parallel and perpendicular to the chain axis (b).

Raman spectroscopy has been used widely to study the vibrational and structural proper-
ties of MX or MMX chains compounds.? The Pt-I stretching mode was observed at 160 cm!
for the polarization of parallel to the chain axis (E;//b). Its wavenumber is less than each of
[Ptz(pop)412]4‘ (189 cm’!) and [Ptz(pop)4l]4' (185 em1).14 No overtones of the Pt-I stretching
mode were detected, implying a symmetric iodine bridge in this complex. The Pt-S stretching
mode was also observed at 445 cm’! (EjLb). The Raman spectra of Pty(dta)4] do not change
significantly on going from 300 to 450 K.
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In order to clarify the origin of the metal-semiconductor transition observed at 300 K, the
temperature dependence of magnetic susceptibility was measured. The magnetic susceptibility
of Pt(dta)4] increases slightly upon cooling down to 50 K (¥ = -3.0 x 103 (emu/mol) and
increases rapidly to 4.2 K that is due to a small amount of paramagnetic impurities. If the tran-
sition relates to Peierls (CDW) or Spin-Peierls instability, the (spin) susceptibility should be ac-
tivated below the transition. No anomaly in the susceptibility was observed at 300 K. ESR mea-
surement may provide a better characterization of the electronic properties of this system;
bandwidth, role of electron-electron interaction, and nature of the ground state, which is indis-
pensable and in progress.

The lattice parameters were found to exhibit an anomalous temperature dependence with
a negative hysteresis for the cell volume in the temperature range of 255 - 375 K. From single-
crystal X-ray structure analyses at the temperatures below the transition (184 K) and above it
(403 K), it was revealed that the first-order phase transition occurs from the low-temperature
phase with space group C2/c to high-temperature phase of A2/m of which the cell volume is half
the low-temperature one. In fact, this complex shows an endothermic peak in the differential-
scanning-analysis (DSC) curve near 370 K on heating. The Pty(dta)4I complex has a helical
arrangement of the four dta-ligand planes around the central Pt-Pt axis. This helical structure of
Pt dimer was found to be ordered in the low-temperature phase, while disordered in the high-
temperature phase. It has been unknown whether the metal-insulator transition at 300 K is cor-
related with this order-disorder transition or not. At the present study, the bridging I atom in
each phase was determined to be ordered at the midpoint of two Pt dimers. Final X-ray struc-

tural analyses are in progress.
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