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Abstract: The charge-ordering states with lattice distortions of a halogen-bridged binuclear-metal mixed-
valence complex (called MMX chain), #dta),l (dta = CH3;CS,”), have been investigated by transport,
magnetic, and optical measurements. This complex is a binuclear unit-assembled conductor contairing metal
metal bonds. It exhibits metallic conduction above room temperature, representing the first example of a metallic
halogen-bridged one-dimensional transition-metal complex. Below 300 K it shows semiconducting behavior,
which is considered to be of the MetHubbard type due to electron correlation. The mesamiconductor
transition at 300 K<€ Ty-g) is derived from a valence transition of Pt from an averaged-valence statetof 2.5

to a trapped-valence state of-2and 3+. The charge-ordering modes are considered te-bePtr—Pt+—
|—PEF—P&t—|—PE+—PtT—|—P&"—P£+—I— for the semiconducting phase beldi-s and —|—P&5"—

P&5t—| PS5t —PE5t —| —PR5St—PR5t —| —PE5t—P£5 —| — for the metallic phase abovig—s. 121 MGssbauer
spectroscopic study is reported for a low-temperature insulating phase below 80 K. The low-temperature
electronic structure is considered to be an alternate charge-ordering state with lattice distortibn®8f—
PET—I-PEr—PE+—|—P2—P£+—|-PB*—P&"—I—. The present binuclear platinum complex inherently
possesses valence instability of the intermediate valenge X5ay photoelectron spectroscopy and polarized
reflection measurements are also reported.

Introduction large Stokes shiftmidgap absorptions originating from solitons
Halogen-bridged one-dimensional (1-D) mononuclear-metal O Polarons; large third-order nonlinear optical propertfes,
complexes, the so-called MX chain, provide a unique op- charge-density wave (CDW) statdott—Hubbard state with
portunity to investigate 1-D electronic systehidntil now, more alarge and antiferromagnetic couplif§ince the photoexcited
than 200 MX-chain materials have been synthesized. Thereby,Staté of the MX chain shows unique optical properties,
many kinds of physical properties, derived from their one- investigations have_been focused, over the past 20 years, on
dimensionality, have been observed, examples including intensetheir optical properties. . .
and dichroic intervalence charge-transfer (IVCT) absorption,  One of the most important features of the MX-chain materials
progressive resonance Raman scattetihgninescence with is that their electronic states can be controlled by varying their
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Figure 1. Schematic electronic structures for a 1-D metal with a half-filled d-band in the MX chain, a-Matibard insulator (SDW), and a
mixed-valence insulator (CDW). UHB, LHB, and DOS abbreviate upper Hubbard band, lower Hubbard band, and density of states, respectively.

constituents of the transition metal ions, the bridging halogen insulator-to-metal transition has yet been observed, except for
ions, the terminal ligands, the counterions, and possibilities for 3-D MX-chain systems!
intrachain or interchain hydrogen bonds, and also by external Recently, attention has been directed to a MMX-chain system,
fields of light or pressure. In fact, the optical energy gap can A4Pt(popsX]-nH2O (A = Li, K, Cs, NHs; pop= HP,0s%",
be changed widely from 0.8 to 3.3 eV in MX-chain materfals.  diphosphonate; X= Cl, Br, 1), in which the linear—X—Pt-
However, the control of energy gap in the lower-energy region (pops—X—Pt(pops—X— chain forms with a formal valence
near zero or equal to zero has not been attained. In such astate for the metal ions of 245 These binuclear Pt diphosphite
system, a dynamical valence fluctuation of the metal ions is complexes display interesting physical propertfeall of them
expected in the ground state. are semiconductors or insulators wittre1072—1074 S-em !

As illustrated in Figure 1, if we imagine a hypothetical for X =1,1073-10"* S.cm*for X = Br, and 107S-cm™* for
metallic chain with no Peierls distortion, the half-filled conduc- X = Cl.
tion band is made up primarily of an antibonding combination  In the present work, we focus on another MMX-chain system
of transition metal M ¢ orbitals and bridging halogen X,p  of the title complex in which there exist 1-Bl—Pt(dta)s—
orbitals. In practice, MX chains with M Ni are Mott—Hubbard |—Pt(dta)s—1— (dta = CHCS™, dithioacetate) chains, as
or charge-transfer-type insulators (which is called the spin- shown in.Figure 2. This material he}s a neutral-chain structure
density wave (SDW) by some physicists) due to strong on-site and & helical arrangement of fodta-ligand planes around the
Coulomb repulsionl§). On the other hand, MX chains with central PPt axis!® This was first synthesized and its basic
M = Pd, Pt are mixed-valence-type insulators (which is called Properties studied by Bellitto et & in 1982. Subsequently

the CDW) in which the charge disproportionation of the M into  the Ni analogue was characterized by the same authors in
M2+ and M+ cations of-+-M2++--X —M4+—X-++ occurs with 1985142 and by NMR measurementé¢ According to our

lattice distortions and_ opens a gap at the Fermi_energy due t0" (10) (a) Interrante, L. V.; Browall, K. W.; Bundy, F. faorg. Chem
the strong electronlattice interaction, that is, negativé-effect? 1974 13, 1158. (b) Interrante, L. V.; Bundy, F. B. Inorg. Nucl. Chem
Under high pressure, a pressure-induced metallization has beerigqa?\’l?éiﬁi- S). Syrgg?tqr”é’y'ﬁtﬁa&ft”i‘ér& 24? \;g?a(sd*;'t%t e'\fr'éth%nuLml'
e).(pected in MX ch{:uns. _In ge.neral, the bandwidt¥) becomes . V Low-Dimen'sio'r;aI Co’operativé Phenomena’.Hreétron Transport’ inl
wider, and the lattice distortion should be suppressed at high Some One-Dimensional Metal Complex Semicondudkater, H. J., Ed.;
pressure. So the MettHubbard-type or the mixed-valence-type Ple(rilir)n(P)reSS_:_ NewNYO}r<I§, 1974;p ﬁ99l.3(6) OTkarEotp, H.FuanuEIiihed wNolrk.
; ; ; i ; a) Kojima, N.; Kitagawa, H.; Ban, T.; Amita, F.; Nakahara, M.
insulator is oftgn transformed to be a metallic or a semi metalllc Solid State CommurL990 73, 743. (b) Kitagawa, H.. Sato, H.: Kojima,
state under h|gh pressure. Extensive work on MX chains has  : kikegawa, T.; Shimomura, GSolid State Commur1991, 78, 989. (c)
been doné? in which the conductivity could be increased by Kitagawa, H.; Sato, H.; Kojima, N.; Kikegawa, T.; Shimomusgnth. Met.
as much as several orders of magnitude at high pressures!991 41-43 1953. (d) Kojima, N.; Kitagawa, H.; Ban, T.; Amita, F.;

. : . . Nakahara, MSynth. Met1991, 41—-43, 2347. (e) Kitagawa, HSystematic
presumably because of the decreases in the Peierls distortio tudies on the Mixed-Valence States of Pekde-Type Transition-Metal

and band gap or an increase in the transfer engrgy{/4) as Complexes GAwXs (X = Cl, Br, I); Ph.D. Thesis, Kyoto University, 1992.
pressure increased. However, up to now, no pressure-inducedf) Kitagawa, H.; Kojima. N.; Takahashi, H.; Mio N. Synth. Met1993
55-57,1726. (g) Kojima, N.; Hasegawa, M.; Kitagawa, H.; Kikegawa, T.;
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Figure 2. Crystal structure of Bfdta)sl in the projection of thebc
plane!® Dotted lines represent-SS van der Waals contacts along the
C axis.

recent work!® the Pt salt was found to exhibit metallic

conduction around room temperature (rt), which is the first
observation of a metallic halogen-bridged 1-D transition-metal
complex. Such a 1-D mixed-valence polynuclear unit-assembled
conductor is expected to produce fluctuations in spin-charge-

lattice coupling systems.

Before our results and discussions, we refer to the important

features (a)(d) of the MMX chain, compared with the MX
chain.
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(& The formal oxidation state of the metal ions is 2.5
(mixed valency of MT(d®) — M3*(d")) in MMX chains, while
it is 3+ (mixed valency of M™(d®) — M4 (df)) in MX
chains. So the difference between the oxidation states of
metal ions becomes smaller in MMX chains. The trapped-
valence state of RF—M?3" in the MMX chain could possess
an unpaired electron (a spin) per one dimer unit, although that
of M2F—M4* in the MX chain could not.

(b) Compared with the MX-chain system, the on-site Cou-
lomb repulsionU is expected to be reduced due to thg d
character of the M(g—M(d2) direct overlapping. This may
contribute to high electrical conduction.

(c) As shown in Figure 2, owing to the ligands dta
containing S atoms and to the neutral-chain structure, weak
S-S van der Waals contacts form between the ch&hshich
may contribute to an increase of the dimensionality and
suppression of the Peierls instability in this system.

(d) In a pure 1-D system, fluctuations such as spin, charge,
and lattice originally play an essential role. In practice, those
are often frozen due to weak interchain interactions. By making
use of a polynuclear mixed-valence metal complex as building
blocks, the internal degrees of freedom of 1-D electronic
structure can be increased. In this sense, it is noteworthy that,
very recently, a novel MMMMX-chain system, HH-[Pt(2-3-
(NH3)g(u-CaHsNO)4(CI)](ClO4)sCl, was reported by Sakai et
al.; there exists 1-D-Pt—Pt—Pt—Pt—Cl— infinite chainl6

In the present MMX chain, if the intrachain and the interchain
interactions are controlled, it may be possible to revive the
frozen fluctuations. Owing to its neutral chain structure,
moreover, we might vary the band filling of this system by
carrier doping.

From the interests mentioned so far, the physical properties
in Pi(dta)sl were investigated by the X-ray photoelectron
spectroscopy (XPS), electrical conductivity, thermoelectric
power, polarized reflectance, polarized Raman spectroscopy,
SQUID magnetometry, IR spectroscopy, a#l Mdassbauer
spectroscopy measurements.

Results and Discussion

1. Description of Possible Charge-Ordering ModesThe
MMX chain is a binuclear unit-assembled system containing
metal-metal bonds, so that there exists an internal degree of
freedom of charge polarization in dimer units. Therefore, a wide
variety of possible electronic structures is considered for the
MMX system. Some of the possible 1-D charge-ordering states
for the MMX chain are shown in Figure 3, with the electronic
states of the MX chain. The valence numbers show formal
oxidation states. Due to the orbital mixing between the metals
through bridging X, the numbers should be expressed in the
net charge. For example,{?)+ and (4-0)+ instead of 2+
and 4+ for the MX chain and (2-6')+ and (3-6')+ instead of
2+ and 3t for the MMX chain, respectively (& 6 < 1,0=<
0 < 0.5). Schematic electronic structures for the MMX chain
in the limit U — 0 are also illustrated in Figure 4.

The modes (1) and (2) of the MMX chains have uniform
charge distribution within the binuclear units, while modes (3)
and (4) have charge polarization. The electrtattice interaction
in this system, which is originally derived from the nearest
neighbor Coulombic attractive energy between the metal cation
and the X anion, is expected to become stronger in the order of
the mode (1)< (4) ~ (3) < (2). In case of (2) and (3), the
bridging halogens are expected to be deviated from the

(16) Sakai, K.; Tanaka, Y.; Tsuchiya, Y.; Hirata, K.; Tsubomura, T.;
lijima, S.; Bhattacharjee, AJ. Am. Chem. S0d 998 120, 8366.
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Figure 3. Some of the possible 1-D charge-ordering states for MX and MMX chains.
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Figure 4. Schematic electronic structures for the MMX chain in the libhit> O; (1) Averaged-valence state, (2) CDW state, (3) Charge-polarization
state, (4) Alternate charge-polarization state.
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midpoints of two [Pi(dta),] dimers due to the electrerattice (CDW) state where cell doubling occurs. In mode (3) where
interaction, analogous to that observed in the MX chain with there exists an unpaired electron (a spin) at the Bite per

M = Pt and X= |,° while those of (1) and (4) situated at the one dimer unit, no cell doubling occurs, and therefore a Mott
midpoints. The charge-ordering mode (1) with no lattice Hubbard-type insulator or a 1-D Metal is expected. The
distortions is an averaged-valence state. In this case, eaclpossibility of mode (4) is of much interest because of its analogy
binuclear-metal unit possess an unpaired electron (a spin). Anto a spin-Peierls state which has not been observed for the MX
effectively half-filled conduction band, which is composed chain. In this case the binuclear units, having one spin per unit,
primarily of an antibonding combination of antibonding*d  are dimerized, and this results in a 1-D alternate charge
orbitals of M(d2)—M(d2) and X(p) orbitals, is considered for  polarization. This state originates from spin-phonon interactions

the case of large overlapping of M{-M(d2) in the dimer. and nearest-neighbor interdimer Coulomb repulsigyi{
Two possible electronic states for thg* @onduction band are
expected; a MottHubbard insulatory > W ~ 4t in 1-D (17) (@) Bray, J. W.; Interrante, L. V.; Jacobs, I. S.; Bonner, J. C.

i ; ; ; ; Extended Linear Chain Compoundis The Spin-Peierls TransitioiMiller,
electronic systemW is bandwidth and is transfer integral 3., Ed. Plenum Press: New York, 1982: Vol. 3, p 353, (by édeal.

between dimers through the bridging Xprbitals) and 2 1-D  organic Conductors. IMagnetic, ESR. NMR Propertiggarges, J.-P., Ed.;
metal W > U). The mode (2) is a mixed-valence insulating Marcel Dekker: New York, 1994; p 269.
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Figure 5. XPS spectra of Ptf4egion at rt; (a) a fit with two doublets
for the observed spectrum of Rita).l, (b) a fit with one doublet for
the same spectrum of (a), (c) PHPAG)Cl..

Table 1. Binding Energies (e\)for the 4 Region of Platinum

4f5/2 4f7/2
complex Pt Pt pe* P+
P(dta)al 76.0(1.77) 77.5(1.73) 72.7(1.81) 74.2(1.75)
Pt(H.DAG)Cl, 76.2(1.56) 72.9(1.50)

@Values in parentheses correspond to the fwhm height for each
peak.

2. Oxidation State.In general, the electron’s transport of a

Kitagawa et al.

binding energies of the doublet decomposed on the higher
energy side are coincident with the average vaRiefsbinding
energies for Pt and Pt". The intensity of the Pt signal is
smaller than that of Pt, probably due to some decomposition
(PE* is partially reduced to Pt by the X-ray beam despite of
careful measurements). As previously reported by Bellitto et
al.}3aXPS spectra of Pt in Ridta)4l at rt showed an averaged-
valence state of 2:5, which is in disagreement with our recent
result. One of the reasons for this discordance may be attribut-
able to the resolution of the XPS spectrometer. Most of the
fwhm’s observed for Pt single-valence complexes in our XPS
system are~1.5 eV, compared with-2.0 eV observed in their
system. No change of the XPS spectrum was observed at 150
K for the semiconducting state. It is noted that the mixed-valence
complex KPt(CN)Brg 33.2H0, which is a metallic molecule-
based conductor and is therefore expected to have an averaged-
valence state of P#", shows XPS spectra composed of two
signals of Pt" and Pt",2° because of a rapid time scate{0~17

s) of the XPS experiment. It can be concluded thafd®d)l
exhibits mixed valency of Pt and Pt" in the temperature range
150-300 K in the XPS time scale.

3. Transport Properties. Transport properties of this system
can be related closely to the charge-ordering state of Pt.
Electrical conductivity and thermoelectric power measurements
were carried out. Figure 6a shows the temperature dependence
of the electrical conductivity parallel to the chain axi® {or
the single crystal of B{dta),l. The rt conductivity is 13 &m?,
which is about 9 orders of magnitude higher than the typical
value of a MX-chain complex. This complex shows a metal
semiconductor transition at 300 K=(Ty—s). Below 300 K, the
compound is semiconducting but the behavior of the conduction
is not simple activated type. A slight knee is observable around
230 K, which is related to be the anomalous negative temper-
ature-dependen&¥-dof the lattice constard, mentioned below.
Above Ty-s, it shows metallic conduction. The JRita)l
complex is the second example, following KCP(Br)of a
transition-metal complex exhibiting metallic transport under
ambient pressure withowmtelectronic system of ligands. Figure
6b shows the temperature dependence of the electrical resistivity
parallel to the chain axishj in the temperature range of 50
380 K. Above 365 K, the resistivity decreases rapidly, which
is considered to be derived from an ordelisorder phase
transitiod=¢ described below.

From single-crystal X-ray structure analyses fo(é8)4l by
Toriumi et al.13¢it was revealed that an ordedisorder phase

molecule-based conductor is very sensitive to the oxidation statetransition occurs at 365 K from the low-temperature phase with

of molecule!® Therefore, the metalsemiconductor transition

space groui2/c to a high-temperature phaseA/min which

observed at 300 K may be expected to be related closely tothe cell volume is half the low-temperature one. An endothermic

dynamical valence fluctuation or static valence transition of Pt.

peak was observed around 360 K on heating and a hysteresis

To examine the valence state of Pt, XPS measurements werdn the differential-scanning-analysis (DSC) cuiieéThe Ps-

made on R{dta)4l in the temperature range 15800 K. Figure

5 shows the XPS spectra of Fitrégion for Pi(dta)4l and the
P£* control complex, Pt(kDAG),Cl, (H,DAG = diaminogly-
oxime). As shown in Figure 5b, the doublet is considerably
broad, having fwhm'’s of 1.92 eV and 2.75 eV fdr4and 4s),,
respectively, compared with the spectrum (Figure 5c) of the
P#* control complex (1.50 eV and 1.56 eV, respectively). The
observed spectrum at rt was resolved into signals fér &nd
P&+ by using peak-decomposition software, as shown in Figure
5a; Binding energies of Ptf4egion given in Table 1 were all

determined by a conventional deconvolution procedure. The

(18) Cox, P. A.; Egdell, R. G.; Orchard, A. F. Mixed-Valence Com-
pounds. InPhotoelectron Spectroscopy of Mixed-Valence Compqunds
Brown, D. E., Ed.; Reidel: Dordrecht, 1982; p 475.

(dta)sl complex has a helical arrangement of faite-ligand
planes around the central-F®t axis. This helical structure of

Pt dimers was found to be ordered in the low-temperature phase,
while it was disordered in the high-temperature phase. The
lattice parametea, which is perpendicular to the chain axis,
was found to exhibit an anomalous negative temperature
dependence above 230 K. The observed slight knee of the
conductivity is considered to relate to this negative temperature
dependence .

(19) Handbook of X-ray Photoelectron Spectroscopy, Perkin-Elmer.

(20) Sawatzky, G. A.; Antovides, B. Phys. (Paris) C1976 4 117.

(21) (a) Krogmann, K.; Hausen, H. 2. Anorg. Allg. Chem1968 358
67. (b) Zeller, H. RJ. Phys. Chem. Solids974 35, 77. (c) Heger, G.;
Deiseroth, H. J.; Schultz, HActa Crystallogr. B1978 34, 725.
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Figure 6. (a) Temperature dependence of the electrical conductivity of a single-crygidiat parallel to the chain axib in the temperature
range of 156-335 K. (b) Temperature dependence of the electrical resistivity of a single-crysfdiapt parallel to the chain axi® in the

temperature range of 580 K, measured for different crystal and with different transport equipment, from (a). The inset is the magnification of
high-temperature parts.

As shown in Figure 6b, this phase transition begins at 365 K 20 c ' ' ' ' '
and is completed at 375 K. The resistance drop at 365 K implies o
that the resistivity in high-temperature phase is smaller than [+

that in low-temperature phase. The temperature dependence 15 -

above 375 K shows that the high-temperature disordered phase'?'

; ; ¥4
is also metallic. o

was not a metal but a semiconductor, which is not consistent ~
with our result. This disagreement is considered to be due to g
the difference of experimental methods. Prior conductivity g r
measurements were performed on compressed polycrystalline g 5T
samples with a four-probe method or single crystals with a two- o
probe one. On the other hand, Shirotani etateported that -H
the electrical conduction of the evaporated thin film o{&g)l f»
was semiconducting with an activation energy of 0.04 eV below §
360 K. They also observed similar resistance drop above 365 ';,'

0

:

K

. . . R
Bellitto et al’*@and Yamashita et &f° reported that this salt 2 40 °
1)

.
.
.
.
.
.
.
- .
0 )
.
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.

K for the evaporated thin filMi%¢ which is supposed to be due
to the order-disorder phase transition.

Thermoelectric power measurement has been frequently used
for molecular conductors as a conventional method of the —10l . y
estimation of transport properties because of its low sensitivity L Yo _,f"’"m ]
to microcracks within crystals. The result of the thermoelectric [ e ]
powerSas the function of the temperature in(@ta)sl is shown L ]
in Figure 7. The metatsemiconductor and the metahetal -15 e e
transitions were also confirmed by the temperature dependence 150 200 250 300 350
of S.WhenT < 300.K, the sign of thg thermoelgctric power Temperature / K
changes from negative values to positive ones with cooling. As Figure 7. Temperature dependence of the thermoelectric power of a
the temperature is increased above 300 K, the neg8tiatues sir?gle-cr-ystal FE(dta)A paraﬁel 1o the chain axib P
decrease slowly with a slight kink around 360 K, and then are '

almost temperature-independent above 385 K. The divergentenergy: The loss of the free carriers is accompanied by a sharp
increase below 300 K is indicative of opening gap at the Fermi increase ofS, according to Bolzmann theory for the semicon-

5_

400 450
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ducting stat&® 0.8 T

S= —(kg/leD[{ (b — 1)/(b + 1)} (E/2ksT) +
(1) In(my/my)] + constant (1) 0.7 :

wherekg denotes the Boltzmann’s constaetthe electronic
charge of carriersh the ratio of electron to hole mobilitygg
the band-gap energy, amd, and me the effective mass of the i E // chain
holes and electrons, respectively. The thermoelectric power I
result confirms the conclusion of the conductivity measurements .
that the Pi(dta)sl complex undergoes a metasemiconductor
transition at 300 K. The sign & in the semiconducting state
depends on the ratio dfand the impurity content in the energy
gap. The slight kink at 360 K is related to the beginning of the
order—disorder phase transition to higher-temperature phase,
and the temperature of 385 K, to the ending of the transition.
Slight differences in transition temperatures betweesnd S [
measurements are due to the different transport equipment. 0.2 .
Since the thermoelectric power of 1-D metals usually shows ]
linear temperature dependence, it has been often applied for I
the estimation of the bandwidth. If we neglect electronic effects 0.1[ E | chain ﬁ
for the diffusion thermoelectric power and assume a single i v 1
particle approach for a 1-D free electron gas, i.e., a tight-binding A , ' . (/I . .
approach?? o """
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Figure 8. Polarized reflectivity spectra of a single crystal parallel and

where W denotes the bandwidth~@t) and p the degree of perpendicular to the chain axis at rt

bandfilling (o = 1 means a half filling). If the 1-D system were
composed of a half-filled conduction band, howe&wyould
exhibit zero or a small value and would be temperature-
independent because of cop(2) ~ 0, and therW could not

be estimated from the slope &T).

The temperature-independeibehavior was observed above
385 K for Pp(dta)4l. In the present system, the 1-x dand is
originally three-quarters-filled: (592(5d2)%, if the intradimer
transfertinga &~ 0. When theting, is not so small, the three-
quarters-filled band is partially split into bands of and d*.

In this case, theZlband becomes effectively half-filled: !

at the Fermi energy. The overlapping ¢f arbitals in the dimer . h . .
is expected to begI);\rge becausgpofgt]he quite short intermetallicsem_'ComlumIng behavior Of_ a MetHubbz_ar_d insulatof?:2%
Pt—Pt distance (2.68 A} The observed temperature-indepen- Figure 9 shows the optical conductivity of JReita)sl as

dentSbehavior can be understood by the effectively half-filled obtained from KramersKronig analysis**2° of polarized
band composed primarily of an antibonding combination of reflectivity data. This seems to exhibit non-Drude features at

(5d,*)* of the binuclear unit and (5B of bridging iodide ion. low frequencies. The rt conductivity of fdta)sl is not so high

Between 300 and 360 KSis almost temperature-independent (13 Sem™), and it seems that the far-infrared conductivity
with a small value, which is also indicative of a metaloof-1 extrapolated to 0 eV matches this value well, although it needs
4. Reflectivity ’Properties. Highly conductive moleculér to measure the far-infrared region. For the chain axis component,

solids show anisotropic metal-like reflectance associated with E)hg domingnt absor[:()jtion fgaztures azje Zagstrong Eanbd cznte;ezdzat
intermolecular charge transfer in the IR regidmlthough an -3 €V and two bands at 2.2 eV and 2.9 eV. The bands of 2.

electron gas giving the plasma edge does not occur in moleculartY and 2.9 eV are considered to be attributable to the ligand-

metals, a quasi-free transport of electrons exhibits metallic _to-metal charge-transfer (LMCT; g — Pt(d,")) and the

properties in the near-IR region. To investigate metallic proper- |ntrac|iimerb(d,* - dd;*) "?3?‘“0”5’ relspefcti\églz; ;]rhe fwobt.:)alnds
ties of this system, polarized reflectivity spectra of a single- are aiso observed for oxi izedb@ta)s| of which the d* orbital .
crystal Pi(dta)sl were measured at rt As shown in Figure 8, 'S unoccupied, and both are not observed for the reduced species

* i indl3a.27 i
though this system possesses-S contacts between the 1-D P &(dt@)s when ¢* is fully occupied:**="The former band is
chains, no prominent structure was observed in the energy region (24) williams, J. M.; Ferraro, J. R.; Thorn, R. J.; Carlson, K. D.; Geiser,
from 0.5 eV to 3.5 eV for the polarization perpendicular to the U.; Wang, H. H.; Kini, A. M.; Whangbo, M.-H. Organic Superconductors.
In Polarized Reflectance in the InfrareBrentice Hall: New Jersey, 1992;

(22) Chaikin, P. M. The Physics and Chemistry of Low Dimensional p 229 and references therein.
Solids. InTransport in Quasi-One-Dimensional Solidslcacer, L., Ed.; (25) Wada, Y.; Yamashita, MProceedings of the First International
Reidel: Dordrecht, 1980; p 53. Conference on Intelligent Materigl&anagawa, 1992; p 147.

(23) (a) Jacobsen, C. S. Highly Conducting Quasi-One-Dimensional  (26) Kuzmany, HSolid State Spectroscop$pringer: Berlin, 1998; pp
Organic Crystals. IfDptical Properties; Conwell, E. Ed.; Semiconductors ~ 101-120.
and Semimetals, Academic Press: San Diego, 1988; Vol. 27, p 293. (b)  (27) (a) Bellitto, C.; Flamini, A.; Piovesana, O.; Zanazzi, PIrforg.
Graja, A. Organic Conductors. |®ptical Properties Farges, J.-P., Ed; Chem 198Q 19, 3632. (b) Onodera, N.; Kitagawa, H.; Mitani, T.,
Marcel Dekker: New York, 1994; p 229. unpublished work.

chain axis E 0O b). On the other hand, for the polarization
parallel to the chain axiE(ll b), high reflectivity was observed,
which is consistent with the conductive transport of electrons
along the 1-D axis mentioned above. Anisotropy of the reflection
shows that B{dta)sl has a 1-D electronic structure. This implies
that atomic orbitals of sulfur do not contribute to the conduction
bands, which is different from BEDT-TTF-based 2-D conduc-
tors24 It should be noted that, in contrast to,(@ta)sl, the
polarized reflectance spectrum offdta)sl has a sharp peak
at 0.6 eV parallel to the chain axis, which is consistent with its
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Figure 9. Optical conductivity E//chain) obtained by the Kramets
Kronig analysis of the measured reflectivity at rt

shifted to higher-energy side in the order of(Bta)4l, (2.2 eV)
< Pt(dta)4Br, (2.5 eV) < Pi(dta)4Cl, (2.7 eV), while the
energy of the latter band is almost unchang@dlhese facts

are consistent with the above assignments. The strong band at

0.3 eV should be associated with interdimer charge transfer from
the electronic configuration of,&d,*1, d,?d,** to that of d?,
d,2d,*2.

As is well known in molecular conductors, the lower the dc
conductivity, the higher is the frequency around which the
oscillator strength is center@d.Most of the organic Mott-
insulators having half-filled bands display a pronounced broad
maximum around 1 eV, which is roughly understoodJas V
in the limit t — 0. For more conducting molecular solids, on
the other hand, the optical conductivity typically peaks around
0.3 eV, which is considered to be attributed to a continuous
transition to a Rr or 4k fluctuating Peierls systert. The
observed strong band at 0.3 eV fop(@ta)4l could be basically
explained as well. For the RCH,CS;)4l, similar optical
conductivity band was observed at 0.3 eV. It is noted that the

J. Am. Chem. Soc., Vol. 121, No. 43, 199975

Table 2. Wavenumbers (cmt) and Assignments of Bands
Observed for B{dta)sl and the Control Complexes

»(MX) 8(SMS) 8(MSC) »(MS) 8(SCS) »(CS)

complex v(MM)

P(dta)al 64s 115vw 164s 247m 267vs 441m 603 m
Pt(dta)s 74w 147vw 246m 270m 441vw 605m
Po(dta)sl, 64m 115vs 210m 250w 268m 443m 611m
Pu(dta)sBr, 76w 147vs 220w 252w 271w 441w 610 vw
Po(dta)sCl, 77w 184 s 252m 271m 444 vw 610 vw
Niy(dta)l 94w 210vw 240m 420vw 610w
T T
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Figure 10. Raman spectra of a single-crystab(8ta)4l at rt for the
polarizations of Z(YY)Zand Z(XX)Z

if the iodine ions were centrally placed between the(fR#f)4]
dimer units, the symmetric Pt stretching modey(Pt—I),
would be Raman-inactive. In the case of (3) where theFRt
distances are also uniform, théPt—Pt) mode would be a singlet
but thev(Pt—I) mode would be Raman-active. In the case of
(2) where the PtPt distances are different from one another,
the v(Pt—Pt) mode would be a doublet and th@t—I) mode
would be allowed. Accordingly, it seemed important to inves-
tigate the Raman spectra of this mixed-valence complex.
Wavenumbers and assignments of bands observed in the

sharpness of the band strongly depends on temperature, but it)Raman spectra of fftlta),l and the control complexes are listed

position is relatively temperature independ&htt could be
imagined from these results, that fluctuations play an important
role in the present system.

5. Polarized Raman SpectraRaman spectroscopy has been
used widely to study the vibrational and structural properties
of MX-chain or MMX-chain compounds, since Raman modes
are very sensitive to the symmetry of the metal-complex unit
and its translational geomet#y.Some of the possible 1-D
charge-lattice ordering modes for thePt—Pt—1— chain are
shown in Figure 3. In the case of mode(1) or (4), where the
Pt—Pt distances of the [KUta),] dimer units are uniform, the
Pt—Pt stretching mode;(Pt—Pt), would be a singlet. In addition,

(28) Kitagawa, H.; Fukawa, T.; Mitsumi, M.; Toriumi, K. Am. Chem.
Soc, manuscript to be submitted.

(29) (a) Clark, R. J. Hinfrared Raman Spectrosd984 11, 95. (b)
Clark, R. J. H.; Walton, J. Rnorg. Chem. Actdl 987, 129, 163.

in Table 2. Figure 10 shows the Raman spectra ofd),l

just aboveTy—s for the incident-laser polarizations parallel to
theb* and c* axes. Very weak/(Pt—I) mode at 115 cm! and

no overtones were observed for the polarization of Z(Y¥)Z
Pt(dta)yl. From these results, an important conclusion is drawn,
i.e., that iodine ions can be centrally bridging between the Pt
(dta)s units, otherwise the’(Pt—1) mode would be strongly
Raman-active. This is in good agreement with the results of
X-ray single-crystal analysé3On the contrary, the strongPt-

X) mode (X= ClI, Br, I) and the overtones were observed for
another MMX-chain system, fPtx(pop)4X]-nH20, in which

the bridging halogen ions deviate from the midpoints of
[Ptx(pop)4]3~ units12b-dfai The wavenumber of the(Pt—I)
mode of Pi(dta)sl (115 cnt?l) is much lower than each of
[Pt(pop)al2]*~ (189 cnrl) and [Pi(pop4l] 4~ (185 cnrl),12cand
equal to the discrete species(@ta)sl, (115 cntl). The other
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2.8 T T T mentioned afterward, the Coulomb interactions play an impor-
Lo : tant role in the MMX-chain system, that is, the Metiubbard
o system withU ~ 4t.
Below the metatsemiconductor transition, on the other hand,
2.6 y the magnetic susceptibility increases slightly with a slight convex
g ! in theys T curve upon cooling to 90 K. If a transition relates to

Peierls (CDW) instability, the (spin) susceptibility should be
activated below the transition because of the freezing of both
charge and spin degrees of freedom. The opposite behavior was
observed below 300 K in the susceptibility data. The MMX-
chain system is strongly suggested by thermoelectric power
measurements to be an electronic system having a effectively
half-filled conduction band. The most important effect especially
for the 1-D half-filled system is electrerelectron Coulomb
interactions otJ andV. Since only the charge degree of freedom
is lost while the spin degree of freedom is maintained below
Tu-s, the semiconducting state can be considered to big-a 4
CDW, that is a Mott-Hubbard insulator in a half-filled band
with magnetic disorder and often lead to a SDW or spin-Peierls
ground state at low temperatures. Such the Mbitibbard
transition usually shows no obvious anomalyyisince it is a
crossover-type transition from the itinerant-electron (Pauli)

¥/ 10 temuemol’

o 50 100 150 '2;00' 250 300 350 ';00 paramagnetism to localized paramagnefidin.case of a Mot
Hubbard transition the translational symmetry of the binuclear
Temperature / K unit is maintained. So either of charge-ordering mode (1) or

Figure 11. Temperature dependence of the magnetic susceptibility of ®3) can be the semiconducting s.tate just bef@w-s. The
Pi(dta)sl; the data are corrected for the ligand and metal core Susceptibility increases rather rapidly below 90 K, decreases
diamagnetic contributions. between 60 and 50 K, increases again down to 20 K, and then
increases rapidly to 4.2 K due to a small amount of paramagnetic
important mode, which is assigned to-ft stretching mode  impurities. There seem to be several transitions below 90 K.
(64 cnT), is a singlet. So the chain structure of the metallic Very recently, several anomalies were found outHyNMR
state can be interpreted in terms of either model of the mode measurement¥.
(1) or (4) from the Raman study. Thé€Pt—Pt) andv(Pt-I) 7. Valence Transition.Detailed information on the electronic
modes are strongly y-polarized, which reflects a 1-D eleectron  structure can be also obtained from IR study. For example in a
lattice coupled system. The temperature dependence of Ramameport by Okaniwa et af4 the splitting of the N-H stretching
spectra is expected to provide useful information on low- mode inchxnligands for M= Pt or Pd of [Mghxn).Br]Br;
temperature structural mode, and its measurements is beingchxn= 1R, 2R-diaminocyclohexane) shows a good correlation
planned. with the amplitude §) of the CDW state in the--Br—M©@-9)+—

6. Magnetic Properties.To clarify the origin of the metat Br—MGH)+—Br—ME-9+—Br— M@+ —Br--- chain, i.e, with
semiconductor transition observed at 300 K, the temperaturethe deviation of the bridging halogen ion from the midpoint of
dependence of magnetic susceptibility was measured, as showmM ions; however for the M= Ni, no splitting of the mode was
in Figure 11. The data were corrected for the ligand and metal observed, which is consistent with the Mekiubbard state (the
core diamagnetic contributions=[— 4.07 x 10~4(emu/mol)] single-valence state;--Br—Ni®*—Br—Ni®"*—Br—Ni®*—Br—
which represents the sum of the value measured for nonmagnetidNi3t—Br--+). Thus the IR stretching mode of the ligand is a
Pt(dta), and half the reference value of In the metallic region very sensitive and useful probe to the oxidation state of the
of 300 < T < 400 K, the susceptibility decreases with metal. Therefore, we have focused on thre&stretching mode
temperature on the order of 20%, which has been often observedn dtaligands of Pi(dta).l in the temperature range from 11 to
in 1-D molecular conductors. In most of 1-D molecule-based 475 K.

conductors, the temperature dependence of the susceptibility As shown in Figure 12, the €S stretching mode at 1180
deviates considerably from the Pauli temperature-independentcm-1 was split into two bands beloWy-s. The IR mode of
paramagnetism. Many explanations have been given to accounthe C$ stretching vibration is considered to be quite sensitive
for the deviations from the expected enhanced-Padul the and reflects the charge distribution of the intermetallie-Pt
metallic regime® Since the Hubbard model is solved both for hond in the [P#(dta)s] dimer unit. The single peak observed
the weak-coupling limitt(> U, V) and the strong-coupling limit  aboveTy_s strongly suggests that the electronic state is in the
(U, V> 1) but not for the intermediate value 0¥4t, quantitative  uniform charge distribution, that is mode (1). On the other hand,
agreement was neither expected nor obtained. However, wethe two peaks observed beldly—s show a trapped-valence
believe that one of the most important effect to deviations to state of P¥* and P#". This is evidence of a valence transition

the Pauli-like susceptibility in B{dta),l is the following. If the from an averaged-valence state to a trapped-valence state at
Coulomb interactions are importangs will deviate toward

Bonner-Fisher behaviét due to exchange interactions. As (32) (a) Iwasa, Y.; Mizuhashi, K.; Koda, T.; Tokura, Y.; Saito,@ys.
Rev. B 1994 49, 3580. (b) Mori, T.; Kawamoto, T.; Yamaura, J.; Enoki,
(30) Scott, J. C. Highly Conducting Quasi-One-Dimensional Organic T.; Misaki, Y.; Yamabe, T.; Mori, H.; Tanaka, $hys. Re. Lett 1997,

Crystals. InMagnetic PropertiesConwell, E. Ed.; Semiconductors and 79, 1702.

Semimetals, Academic Press: San Diego, 1988; Vol. 27, p 386 and (33) Takefuji, S.; Kanoda, K., manuscript to be submitted.

references therein. (34) Okaniwa, K.; Okamoto, H.; Mitani, T.; Toriumi, K.; Yamashita,
(31) Bonner, J. C.; Fisher, M. Phys. Re. A 1964 135, 640. M. J. Phys. Soc. Jpr1991 60, 997.
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Table 3. 1?9 Mdssbauer Data for Htta)sl at 16 and 80 K
IS¥mmrs™t qQMHz T/mmest lzs h h  Up area

16K
1.03
121

80K
0.84
1.13

l2i8

Ia 3.77
Is 4.05

—1180
—1380

0.71 0.71 0 0.55 0.51 1.27
0.66 0.78 0 0.73 0.60 1.00

Ia 3.71 —1184
Is 3.99 —1390

a Referenced to Mg eGs.

0.78 0.79 0 0.51 0.52 1.07
0.75 0.71 0 0.69 0.61 1.00

long (16.8 ns), which gives well-resolved spectra with small
natural line widths. The nuclear spin states of excited and ground
states aré/, and’/,, respectively, so that the quadrupole-split
spectra consist of a minimum of eight lines.

The observed?d Mdssbauer spectra at 16 and 80 K are
shown in Figure 13. A best fit is obtained with two octuplets
for each spectra, which signifies the existence of two different
iodine sites (A and k) in the MMX chain and favors mode
(4): +-PET—PBt—Ipo—PE =P —|g—PE —PE —Io—P£"—
PEr—lg—PRF—Pgt..

Assuming the charge-ordering mode (4), the intensity ratio
of the two components should be primarily 1.0, thgld
compositional ratio in stoichiometric #dta),l. However, the
experimental ratios deviate from the expected ones. It is well-
known that unequal intensities arise from differences in the
recoil-free fractions$, andfg for the |y and k sites in the chaif®

Wavenumber / cm™ The recoil-free fraction reflects the Deby®/aller factor of the
Figure 12. Temperature dependence of the IR absorption spectra of iodine site: A larger DebyeWaller factor results in a larger
the G=S stretching mode in théta ligands of Pi(dta)l. recoil-free fraction. Sinceal anion coordinates to the higher-

oxidized P#" and k anion does to the lower-oxidized?Pt the

Tm-s, Which is the first example of a valence transition in MX environment of the 4 is more rigid than that of thegl
or MMX chains. So one of modes (2J4) can be responsible  Accordingly, the inner octuplet with higher intensity is assigned
for the semiconducting trapped-valence state. As discussedto the bridging iodine () situated between Pt and P#*, and
above, the semiconducting state is a Mdtubbard insulator. outer to that @) between Pt~ and P#". The spectrum at 16 K
Accordingly, mode (3) is more favorable for the semiconducting shows a larger difference in a recoil-free fraction between the
state. two components than that at 80 K, which may be attributed to

8. Alternate Charge Ordering. Judging only from IR study,  a gradual progress of lattice distortion, in lower temperature
there are three possible charge-ordering modes of (@) for region, such a dimerization of two dimer units. Low-temperature
the semiconducting phase beldw-s, which was confirmed  X-ray single-crystal analysis will clarify the chain structure
to be a trapped-valence state of‘Pand P¥". Comparatively, below 80 K, and is being planned.
modes (2) and (3) have only one chemically distinct bridging  Recently, supports for the charge-ordering mode (4) have been
iodine, while mode (4) has two including both?Pt|—P&* presented by experimentaland theoreticaf works. Mitsumi
and P¥'—I—P®* bridges. To investigate the low-temperature gt al.372has successfully synthesized several derivatives,f Pt
charge-ordering modé?9 Mdssbauer spectroscopic study was (RCS)4l (R = CoHs—, n-C3gH7—, n-CyHe—, n-CsH11—). All of
Cal’l‘led out. Unfortunately, eXperImenta| COﬂdItIOI’]S Of the 27.7 them are meta"ic or h|gh|y Conductive and Showing Sim“ar
keV 29 y-ray resonance are limited to the research reactor dueransitions to P(dta)4l.3° From low-temperature X-ray analy-

to an inconveniently short half-life, and to the low temperatures ses, it was revealed thatBt+CsHsCSy)4l undergoes a phase
below 100 K, due to a not so good recoil-free fraction. However, transition around 200 K, below which well-formed satellite

there are lots of advantageslé?l Massbauer resonance which reflections at+ 0.5b* from the |ayer of Bragg ones appears

is very sensitive to the oxidation state and the chemical jngicating a 3-D ordering of the structural modulation. This
environment, and the iodine compounds show a wide variation modulation was determined by the X-ray analysis including

in quadrupole splitting and isomer shift. these satellite reflections to be like the alternate charge-ordering
The observed?d Mdssbauer data, isomer shift (IS), nuclear
quadrupole coupling constant (QCC), half-width),( the
intensity ratios of line2/line8 and line7/line 8,4 l7s), the
asymmetry parametery), the number ofp-hole (), the Mitsumi, M.; Murase, T.; Matsumoto, M.; Ozawa, Y.; Toriumi, K.;
p-electron imbalancel), and the relative intensity for Rt Kobayashi, M.; Sonoyama, T.; Kitagawa, H.; Mitani, T. In Book of
(dta)4l both at 16 and 80 K are given in Table 3. All IS values Abstracts.XXXIll International Conference on Coordination Chemistry
here are referenced to MEeOs. To refer these isomer shifts to ﬁgﬁgﬂgg)wga p 385. (C) Mitsumi, M.; Ozawa, Y. Toriumi, K., to be
iodine in ZnTe, 3.49 (mm/s) have to be subtracted from the * (38) (a) Borshch, S. A.; Prassides, K.; Robert, V.; Solonenko, Al.O.

tabulated values. The half-life time of the excited state is rather Chem. Phys1998 109 4562. (b) Robert, V.; Petit, S.; Borshch, S. A.
submitted tolnorg. Chem (c) Yamamoto, SPhys. Lett. Ain press. (d)

Intensity (arb.units)

50K

11K

1100 1150 1200

1050

(36) Viegers, T. P. A.; Trooster, J. M.; Brouten, P.; Rit, TJPChem.
Soc., Dalton Trans1977, 2074.
(37) (&) Mitsumi, M.; Toriumi, K., manuscript to be submitted. (b)

(35) Parish, R. V. Mesbhauer Spectroscopy Applied to Inorganic
Chemistry. InMossbauer Spectroscopy with the lodine Isotopesg, G.

J., Ed.; Plenum: New York, 1984; Vol. 2, p 391 and references therein.

Kuwabara, M.; Yonemitsu, K.Physica B manuscript submitted for
publication. (e) Kuwabara, M.; Yonemitsu, Klol. Cryst. Lig. Cryst, in
press.
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mode (4)37°1t should be also noted that Borshch et&lPhave x 10 fm? for 129, and Ap(0) is the difference between the
performed several kinds of quantum-chemical calculations for contact densities of the source and the absorber. Fyr
an infinite —M —M—X— chain and a four-nuclear clusterX therefore, a positive shift of IS indicates an increase in the
Mi1—M,—X>—M3—M4—X3; the ground-state charge-ordering electron density at the nucleug(0). The iodine atom has a
mode was predicted to be alternatéVl?t—M3"—X—-M3"— larger IS value of the order of 1 < I° < I*! because of a
M?2t— and it becomes more stable as thga (t12 andtzy) is decrease in the occupation pbrbitals in that order, resulting
increased. On the other hand, Whangbo and Canadell havefrom screening of the valence and caeorbitals from the
performed band calculations using extendetkéh methods nucleus. The V", on the contrary, has a small value because
for Pt(dta)4l.3° They have discussed the results on the basis of of a direct decrease of the s-electron population in the valence
a possible Peierls instability of a metallic system and localized shell. Especially in the case of the iodide ion which has? 5s
electronic states of an insulating system. The averaged-valencep® configuration, the IS value is well-known to be given by
mode—P#5 —P¢g5 —| —PR 5 — PS5t —| —PRS —PE5 —|- was the following empirical equatiof?
predicted to be less stablel—Ptr—PEr—|—-PfT—PfT—
|—P&+—P&—|—-PBT—P8*—1—, which is partially incon-
sistent with our results. The reason is that they neglected the
Coulomb repulsion parameters and did not discuss the alternatévhere the IS values (mm/s) are referenced to ZnTe haadd
mode. hp are the fractional numbers of electrons missing from the full
The alternate charge-ordering mode (4) is analogous to spin-S and p shells. From this equation, the oxidation states, of |
Peierls state. If a spin-Peierls transition occurs, the spin and k can be estimated to be0.45 and—0.27, respectively.
susceptibility should be activated below the transition because Two important factors need to be considered for the charge
of the freeze of spin degree of freedom. As shown in Figure distribution of iodine ions in the MMX chain. One is the
11, however, the spin degree of freedom survives down to 2 K, covalence effect in-Pt—1—Pt— bonds. The iodide ion which
which is consistent with the preliminary solid-stdté NMR coordinates to the higher oxidized®*Ptions would be higher
results® If the alternate mode were strongly fluctuating Peierls- Oxidation state than that to®tions because of a larger iodine-
Hubbard state and not long-range ordered, the spin degree ofto-platinum electrono donation. The other is the Coulomb
freedom might not be frozen. It is a puzzle requiring further interaction between Pt or PE" and I ions. The iodide anion
research. which is situated between Pt cations would prefer lower
The relation between the Mebauer parameters and the oxidation state than that betweerfPones. Accordingly, it is
valence-shell configuration of the iodine atom has been dis- strongly suggested that the 1-D charge-ordering state of this

cussed many time¥.The isomer shift (IS) is given by MMX chain is governed mainly by the crystal field.
The QCC, on the other hand, is a direct measure of the electric

3) field gradient (EFG) at the iodine nucleus.

IS=—9.2h,+ 1.5, — 0.54 4)

IS = CAIR(H(0)
QCC=¢€qQ (5)

Svheree is the charge on the protoe & 0), Q is the nuclear
guadrupole moment (negative both for excited and ground states
of 129), and EFG is often designated a&sg (principal @)

whereC is constant containing nuclear parameterf), AR
is the change in the square of the nuclear radius between th
excited and ground states, which has been estimatedlas$

(39) Whangbo, M.-H.; Canadell, Enorg. Chem 1986 25, 1727.
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component of EFG). The concentration of negative charge on
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X-ray Photoelectron Spectroscopy.The X-ray photoelectron

thexy plane makes the EFG positive (the QCC is negative, since spectroscopy (XPS) measurements were carried out on a VG ESCA

eQis negative fort?q), and that on the axis does it negative
(the QCC is positive). Most of the iodine-(), iodine (0), and

MKII electron spectrometer at the Institute for Molecular Science, the
source vacuum being 1 x 108 mbar, with a Mg-Ko X-ray source

iodine (1) compounds have negative QCC values, since they (1253.6 eV) in the temperature range of £8D0 K. The pass-energy

take electronic configurations from the closed-shell iodide ion,
585F, to a neutral iodine atom of,155p°, toward the iodine-
(+1) cation, 535p*, and electron density is steadily lost from
5p, orbital along the series. Therefore, an IS-QCC linear
correlation is well-known in this series. Both of &nd k sites

in Pt(dta)sl also show the negative QCC values and its
parameters follow the IS-QCC correlation. The sitegofahich

is situated between Ptions, shows a larger absolute value of
QCC than that ofd between Pt" ions. The following treatment

is also well-known for NQR dat#,

U,=h,— (h,+ h)/2 (6)

(7)

whereU, is the difference between the populations of the iodine
5p, orbital and the 5pand 5p orbitals, and is sometimes referred
to as the p-electron imbalance. Tbig values are estimated to
be 0.6 and 0.51 foral and k, respectively. These results
mentioned above indicate that the electron density pbfgital

at Iz is smaller than that af| which is consistent with the fact
that I is more oxidized from—I toward O than A. It is noted
that according to our preliminary measurement fos(8g)4l,
only one component of iodine was observed at 16 K, which
implies a Mott-Hubarrd insulating state of mode (1). From the

= — qQ"*'h (2293 MHz)

of a hemisphere analyzer was constant (20 eV). Binding energies were
measured relative to the G peak due to hydrocarbon contamination
from the diffusion pump, which built up slowly on the surface under
these operating conditions. The absolute binding energy (284.4 eV) of
the contaminant Cdlpeak was confirmed by measuring its energy on
the surface of silver foil (Ag 8, = 367.9 eV}°® after the Ar ion
sputtering to the foil. Absence of X-ray beam effects was checked by
the X-ray power dependence of XPS spectra.

Electrical Conductivity Measurements. The dc electrical-conduc-
tivity measurements were performed along the chain d@Xisl{etween
50 and 380 K on several single crystals with the excitation of-0.1
1uA by a conventional four-probe method using gold paint and gold
wire (20um ¢). The temperature was measured with a calibrated Pt-
(Co) resistance thermometer (Chino R8®) in the temperature range
of 150 < T < 335 K and silicon diode sensor (LakeShore DT-470) in
the temperature range of 50T < 380 K, both placed near the sample.
The cooling or heating rate was about 0.3 K/min. The reproducibility
of the conductivity behavior was checked for different crystals.

Thermoelectric Power MeasurementsThe thermoelectric power
measurement was made by a dynamical differential method. The single
crystal of Pf(dta)sl was placed, via two very short gold wires (2én
¢) used as a damper, on the tip of two sets of spot welded fine Au-
(Fe)-chromel thermocouples (Z6n ¢) insulated with poly(tetrafluo-
roethylene) and was gold painted. A small auxiliary heater was below
one of the thermocouples. The temperature gradient across the needle
crystal was increased by the heater up~0.5 K and simultaneously
measured by the thermocouples connected to separate nanovoltmeters

present Msshauer spectroscopic study, it can be concluded that eithley 182). The experimental calibration of the chromel wire used
the charge-ordering mode (4) should be responsible for the as a working thermocouple was proceeded by a pure lead sample

insulating phase below 80 K.

Concluding Remarks

In this work, we have demonstrated that the present MMX

(>99.999%). The absolute thermoelectric power was then calculated
by correcting for that of the calibrated chromel. The temperature was
controlled by LakeShore Model 330 and measured with a calibrated
silicon diode sensor (LakeShore DT-470) placed near the sample.

Polarized Reflectance SpectroscopyPolarized reflectance mea-

chain is a unique 1-D spin-charge-lattice coupled system. The surements of single crystals were made at rt in the energy range 0.1

MMX chain Pi(dta)4l exhibits metallic conduction between 300
and 365 K, which is the first example of a metallic halogen-
bridged 1-D transition-metal complex. This metallic state
exhibits averaged valency of|—P&5 —Pg5—|—pPg5t—
P25 —, as well as the high-temperature metallic disordered
phase. The metalinsulator transition occurs at 300 K, origi-
nating from the Mott transition with 1-D charge ordering of
—|—P&T—PB+*—|—P&+—P£*-. The valence transition &y _s

is considered to be due to valence instability of¥t arising
from an effective intradimer and interdimer Coulomb interac-
tions. Below 80 K, it is strongly suggested that an alternate
charge ordering of—I—P&"—P8*—|-PE&"—P#t— occurs,
accompanied by the dimerization of two dimers. Although this

eV — 3.5 eV with a microscopic system (Spectra Tech;FRan) with
Nicolet FTIR 710, MAGNA-IR 760, and Jasco CT-25 spectrometers.
The detectors of photomultiplier tubes, PbS, Ge, and MCT were
used.

Polarized Raman SpectroscopyPolarized Raman spectra of single
crystals were recorded with a Jasco NR-1800 subtractive-dispersion
triple (filter single) polychromator using a microscope. A Spectra-
Physics model 2017 Arlaser provided the exciting line (514.5 nm).
Detection of the scattered radiation was by a cooled Photometrics
CC200 CCD camera system with operating temperature of 153 K. Laser
power at the crystals was held tolmW to avoid laser damage to
samples. To reduce stray light from Rayleigh scattering and enable
low-frequency Raman spectroscopy down to 20 &rthe positions of
double subtractive premonochromator and third monochromator were

alternate mode is analogous to spin-Peierls state, the spin degregnifted to each other by 50 cthand the Rayleigh light was cut by a

of freedom survives down to 2 K. In the present 1-D highly

slit between the first and second monochromators. Wavenumber

conductive material, spin fluctuations coupled with charge and calibration was effected by reference to the Raman spectrum of indene,
lattice degrees of freedom is considered to play an important the emission spectrum of Ne lamp, and plasma lines oflaser. The
role and further investigations are in progress to explain the typical dimension of flat needlelike crystal wag x 0.4 x 0.1 mm.

alternate charge-ordering state.

Experimental Section

SynthesesThe title complex was prepared by the method previously
reported:3 The single crystals were grown in toluene solution which
contained R{(dta), and b. The quality of obtained single crystals were
confirmed by X-ray single-crystal analysis, elemental analysis, and IR
spectroscopy.

The Z(YY)Z and Z(XX)Z components of the scattered radiation were
used, where Xc*, Y ||b*, Z||a*—c* (~a), and the 1-D chaiifb* (=b).

IR Spectroscopy. For IR absorption measurements, powdered
samples ground down from single crystals were diluted with KBr and
then the mixtures were processed into pellets under pressérkifar)
and vacuous condition. IR spectra were measured in the temperature
region of 11475 K by a Nicolet FTIR 800 spectrometer with a
DAIKIN CryoKelvin 202CL cryostat that possesses KRS-5 optical
windows. IR detectors of TGS and MCT were used.
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Magnetic Susceptibility MeasurementsThe magnetic susceptibil- 2Na?9 + Na,SO, + 2H,0, + H,SO, — 2Na,SO, + 3H,0 + 129
. . : Y2 29N 4 2 2
ity measurement of a polycrystalline sample was performed in the
temperature range of-200 K using a Quantum Design MPMS-5 2Pt(dta), + **I, — 2Pt,(dta),**
SQUID magnetometer. The total diamagnetic contributions £fi&j.l
were estimated as the sum of the measured value f@t& and half Acknowledgment. The authors wish to thank Professor P.
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