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The incommensurate anion sublattice and transport properties of the organic supercoblizTor
ST)l14s [MDT-ST: 5H-2-(1,3-dithiol-2-ylidene-1,3-diselena-4,6-dithiapentaldreze investigated. The Raman
spectra as well as the incommensurate spots observed in the x-ray-oscillation photograph provide clear evi-
dence that the polyiodide chain is composed puhits. From these, the composition is determined to be
(MDT-ST)(l3)g.41% @and the degree of charge transfer is 0.417. The thermoelectric power shows large negative
phonon drag at low temperatures in spite of the clean metallic resistive behavior. That the fundamental Raman
line of the § chains is split into two lines below 150 K without any extra satellite reflections in the x-ray
photographs suggests the possibility of a small structural change in the anion lattice.
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Most organic superconductors have stoichiometric comRaman spectra were measured by He-Ne |&682.8 nm)
positions; the ratios of donor molecules to anions are repreexcitation using a single monochromator with a supernoch-
sented by an integeltypically 2:1).! The band fillings of filter and a microscope. Laser power beamed at the crystal
such compounds are usually three-quarters filled, and thiwas held at<20 uW to avoid laser damage. Wave-number
corresponds to an effective half-filled band in the presence ofalibration was effected by referring to the emission spec-
the dimerization gap. Therefore, it is generally consideredrum of a Ne lamp. The x-ray-oscillation photographs were
that a commensurate lattice with an effective half-filled bandaken by an imaging plate with graphite monochromated
is a requirement of superconductivity. Mo-Ka radiation. The band structure was calculated on the

(MDT-TSF)(Aul,)g 435 IS an organic superconductor with basis of the extended Hiickel method and the tight-binding
no effective half-filled band, where MDT-TSF is approximatiorf The same atomic-orbital parameters as those
methylenedithio-tetraselenafulvaleh&Ve have determined of MDT-TSF were used.Electrical resistivity was measured
the incommensurate anion structure and the unique Fermby the four-probe method with ac currefuisually 100xA).
surface reconstruction by the incommensurate anion poter-hermoelectric power was measured with the two-terminal
tial in this superconductor® Consequently, the band filing method.
deviates from the usual three-quarters or half filled and is Figure 2 shows the Raman spectra(MDT-ST)l,s at
0.782. When we replace half of the selenium atoms in MDTroom temperature. The spectrum along #iexis demon-
TSF with sulfur, the resulting donor, called MDT-ST, forms strates that the polyiodide chain is composedzafinits be-
similar incommensurate organic superconductors with lineacause the Raman lines consist of the 104%cpeak and its
anions(Fig. 1),6 which exhibit uniform donor stacking with overtones and because the spectrum shows neither a peak at
the head-to-head mode along thaxis, and no disorder. The 160 cmi? originating in the linearJ, nor a shoulder around
donors form a conducting sheet on the plane. However, 145 cni! because of the asymmetric stretching mode of dis-
the degree of charge transfer is unknown. We have carriedrete £.” The observed Raman shift at around 100 tis
out detailed investigations dMDT-ST)l,,; whose differ- known as the symmetric stretching mode il an infinite
ence from the previous MDT-TSF salt lies in that the anion islinear chain. On the other hand, theparallel spectrum
iodide instead of AdJ. It is well known that iodide exists in shows no Raman line originating in the iodide anion. These
the form of I', I,, I3, and E in solids! Thus, we have to observations indicate the existence of the iodide chain run-
clarify the components of the polyiodide chains in order toning along thea axis.
determine the degree of charge transfer. We report herein the Figure 3 shows an x-ray-oscillation photograph in which
basic physical properties of this superconductor. The compdhe vertical direction is parallel to the donor stacking &gis
sition and the degree of charge transfer are precisely deteaxis). This photograph clearly displays incommensurate
mined from the results of Raman and x-ray investigationslayer lines. The present compound is classified under the
The transport properties are also presented. column composite structurtype defined in Ref. 9. We dis-

Single crystals were prepared by electrocrystallization. tinguish the donor lattice and the anion lattice by indibes
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FIG. 3. X-ray-oscillation photograph along thé axis taken at

FIG. 1. (a) MDT-ST molecule.(b) and(c) Crystal structures of room temperature.

(MDT-ST)(I3)0.417

=0.417 is smaller than that ¢MDT-TSF)(Aul,)g 436

As the definite degree of charge transfer is known, it is

(:33,16t;e2)au:ﬁhth|shcotr}f]esp)|onds I_to the av:aragfe I; Spacd'n&ossible to calculate the energy band structure from the do-
) : ough other fayer fines are clearly observed, .. arrangement. The calculated transfer integrals tare

the h"=1 line is quite obscure. This indicates longitudinal _ 14, ¢ 1=-8.8, andt,,=-34.1 meV. Figure 4 shows the
1 p Iy p . .

modulqtlon where 'the | atoms are displaced alon'g the Chal@nergy band structure and the Fermi surface calculated on
(la) with modulating I-1 distance$? In the longitudinal e 'ais of the tight-binding approximation. The band filling
modulation, the intensity of the incommensurate scatterings 5 792, which deviates from the usual filling of 0.75 or 0.5.
reaches a maximum at a moderately large angle &on@/e  The energy bands are degenerated on the C-line owing to the
can explain all the incommensurate spots by assuming thgonor |attice symmetryPnma. Therefore, the Fermi surface
periodicity of the | sublattice(h’=1). The donor lattice con- o sists of overlapping cylinders whose cross-sectional area
stants area=3.9611), b=12.3612), ¢=25.3925) A, and is 41.7% of the first Brillouin zone.
a=B=7y=90°. By contrast, the least-squares fit to the anion The room-temperature electrical resistivity anisotropy,
lattice gives a’=9.4898), b'=12.17%5), ¢'=25.331) A, pic! pias 1S estimated to be 20 from,~0.001Q cm and
and o’ =p'=y'=90°. We consider that thé and c axes , ~0.02( cm. However, this value may be underestimated
are common to both the donor and the anion latticespecause of the ambiguity f. on the thin crystal. Figure 5
The ratio a/a’=0.41744) gives the chemical formula, shows the temperature dependence of the normalized electri-
(MDT-ST)(I3)0.417 The obtained degree of charge transfer,cal resistance®, and R,.. Although R,(T) shows power-
p=0.417, is slightly smaller than that of(MDT-  |aw behavior(RxT'9), R(T) has an upward curvature. The
TSP(Auly)o.436 Thea axis of the donor lattice of the present syperconducting transition temperatifgis determined to
compound is shorter than that of the MDT-TSF salt, in agreebe 4.3 K from the midpoint of the resistive transitiéfig.
ment with the replacement of two selenium atoms with sulfurs), This T, is slightly higher than the previous or(8.8 K),
atoms. By contrast, the length of (@') is larger than that of  which is probably because of batch dependence. In this pa-
Aul;. Consequently, the anion content determinedadg’  per, we report data of crystals from the same batch.

Figure 6 shows the temperature dependence of the ther-

andh’, respectively. The anion layer line is strongeshat
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FIG. 2. The Raman spectra @/DT-ST)(l3)q 417 measured for
polarizationlla and|lb axes at room temperature. FIG. 4. Energy band structure and the Fermi surface.
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FIG. 5. Temperature dependence of relative resistance. The inset 0 200 200 600 200

is the low temperature region. Raman shift (cm™)

power is decreased with decreasing temperat%d) be- FIG. 7. Thea-parallel Raman spectra under various tempera-
comes negative below 67 K and reaches a minimum at 28 Kures. The inset is the temperature dependence of the fundamental

Below this temperatureQ(T) approaches zero and abruptly Raman lines.
drops to zero afl.. The change of the sign is due to the ) ] ) N
negative phonon-drag thermoelectric power associated witQOt observe any extra satellite reflections whose intensities
are higher than the noise level, 1/500 of the Bragg reflec-
The low-temperature Raman spectra associated with thigons. This result indicates that the structural change is very
iodide chains along the axis are shown in Fig. 7. The small or the anion modulation is not of long-range order.
fundamental Raman line is split into two below 150 K. Both Both explanations are reasonable because the electrical resis-
the original and the new Raman shifts are nearly independefivity is not affected by the anion modulation. Figure 8
of the temperature. Although the anion is not the discrgte |Shows the temperature dependence of the lattice parameters

an Umklapp process electron-phonon scatteting.

but the polyiodide chain composed gf dinits, the new Ra-

and the cell volumes, where tl& axis of the anion cell is

man line around 130 cih may be due to the asymmetric one-third of the ] lattice. All Iattiqe parameters are smoothly _
stretching mode of the discretg’? The Raman line splitting decreased as the temperature is decreased. The donor lattice
indicates that the environment of the polyiodide chain is dif-constants at 18.5 K area=3.895@5), b=12.2832), c
ferent between the low- and the high-temperature regionss25.2864) A, anda=8=y=90°. The calculated transfer in-
i.e., some structural modulation occurs in the anion lattice ategrals based on the 18.5 K crystal structure grel23,
t,n=-8.5, andt,,=-39.8 meV. Althought, andty, are in-

We carried out low-temperature x-ray experiments atcreased,t is slightly decreased as the temperature is
18.5 K to study the anion modulation. However, we coulddecreased. The calculated Fermi surface shows no appre-

150 K.
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FIG. 6. Temperature dependence of thermoelectric power. The
inset shows the low-temperature region.
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ciable difference from that based on the room-temperaturpeak at this temperatuté The phase transition is not clear in
structure. the electrical resistivity, but is obvious in the thermoelectric
(MDT-ST)(I3)0417 has a composite structure of power. The first derivatives of the resistance (MDT-
polyiodide che}ins. Several organsic conductors, such A8T)(I3)g.414 dR(T)/dT anddR(T)/dT, have no clear peak.
e rasmeiyresatinongi s J40ang fom the low-emperaure Rarman resuléDT-
! ST)(l3)g417 has two kinds of iodide chains in the low-

(TTM-TTP)(l3)5/3 (TTM-TTP: 2,5-bi$4,5-bigmethylthio-1, : )
3-dithioI-2-yIi?(’jg/r‘r13§—1,3,4,6—tetra’[hiapentale))é'5 are known temperature regioff, thereby lowering the symmetry of the
to have poly-triodide chains. All of them are one- &nion lattice. The low-temperature x-ray photograph, how-

dimensional conductors and show Charge localization in th&€Ver, does not detect the modulation. These results indicate

low-temperature region. The present compound is an organidat the iodide modulation is quite weak in contrast with that

superconductor that includes polyiodide chains pihits.

of B-(ET),ls, or is not of long-range order. However, these

The color of the present compound is metallic golden olivetwo cases agree in terms of the absenced&T)/dT

similar to that of the above TTT and TTP salésThis is

anomaly. The anion lattice symmetry was not analyzed be-

chainl®

Thermoelectric power is a transport property that is sen-

sitive to small changes of the electronic structtialthough
(MDT-ST)(l3)g 417 Shows a negative phonon-drag peak, an
other incommensurate organic superconductor(MDT-
TSP(Aul,)g 436 Shows the usual positive phonon-drag péak.
In organic superconductors3-(ET),l; [ET: bisethylene-
dithio)tetrathiafulvaleng shows a similarQ(T) behavior to
that of (MDT-ST)(l3)g417® B-(ET),l3 exhibits structural

even at low temperature.
In summary,(MDT-ST)(l3)g417iS @an incommensurate or-
ganic superconductor with a polyiodide chain composed of

I3 units. The § chain is modulated along the chain direction,
as indicated by the x-ray diffuse line originating in the anion
lattice. The splitting of the Raman spectra detecting iodide
chains below 150 K suggests a small structural change in the
anion lattice.

phase transition at 200 K, which gives rise to the formation

of a superstructure that iscommensuratevith the underly-
ing latticel” The fundamental Raman line probing the triio-
dide anion of B-(ET),l5 is split into three below this
temperaturé? In resistivity measurementslp/dT shows a

This work was partially supported by Grants-in-Aid for
Scientific ResearciiNos. 14740377, 15073211, 15073218,
and 15073226 from the Ministry of Education, Culture,
Sports, Science and Technology.

1T. Ishiguro, K. Yamaji, and G. SaitdQrganic Superconductors
2nd Ed.(Springer, Berlin, 1998

2K, Takimiya, Y. Kataoka, Y. Aso, T. Otsubo, H. Fukuoka, and S.
Yamanaka, Angew. Chem., Int. Ed40, 1122 (2001); K.
Takimiya, M. Kodani, Y. Kataoka, Y. Aso, T. Otsubo, T. Kawa-
moto, and T. Mori, Chem. Materl5, 3250(2003.

3T. Kawamoto, T. Mori, K. Takimiya, Y. Kataoka, Y. Aso, and T.
Otsubo, Phys. Rev. B55, 140508R) (2002.

4T. Kawamoto, T. Mori, C. Terakura, T. Terashima, S. Uji, K.
Takimiya, Y. Aso, and T. Otsubo, Phys. Rev. &, 020508R)
(2003.

5T. Kawamoto, T. Mori, C. Terakura, T. Terashima, S. Uji, H.
Tajima, K. Takimiya, Y. Aso, and T. Otsubo, Eur. Phys. J3B
161 (2003.

6K. Takimiya, A. Takamori, Y. Aso, T. Otsubo, T. Kawamoto, and
T. Mori, Chem. Mater.15, 1225(2003.

’T. J. Marks and D. W. Kalina, ifExtended Linear Chain Com-
pounds edited by J. S. Mille{Plenum, New York, 1983 \ol. I,
Chap. 6; P. Coppens, ibid., Chap. 7.

8T. Mori, A. Kobayashi, Y. Sasaki, H. Kobayashi, G. Saito, and H.

Inokuchi, Bull. Chem. Soc. Jprb7, 627 (1984).
9V, Petricek, K. Maly, P. Coppens, X. Bu, I. Cisarova, and A.
Frost-Jensen, Acta Crystallogr., Sect. A: Found. Crystalldgy.

210(1991.

104, Kobayashi and A. Kobayashi, Extended Linear Chain Com-
pounds edited by J. S. MillefPlenum, New York, 1983 \ol.
II, Chap. 6.

113. M. Ziman, Electrons and PhonoriOxford University Press,
Oxford, 1960, Chap. IX, §13.

12R. Swietlik, D. Schweitzer, and H. J. Keller, Phys. Rev. 35,
6881(1987).

13y, F. Kaminskii, M. L. Khidekel, R. B. Lyubovskj I. F. Shche-
golev, R. P. Shibaeva, E. B. YagubskA. V. Zvarykina, and G.
L. Zvereva, Phys. Status Solidi A4, 77 (1977).

14K Ishii, H. Nakayama, P. Wu, T. Mori, T. Enoki, K. Imaeda, G.
Saito, and H. Inokuchi, Bull. Chem. Soc. Jp80, 2680(1987.

15T, Kawamoto, M. Ashizawa, M. Aragaki, T. Mori, T. Yamamoto,
H. Tajima, H. Kitagawa, T. Mitani, Y. Misaki, and K. Tanaka,
Phys. Rev. B60, 4635(1999.

16K . Mortensen, J. M. Williams, and H. H. Wang, Solid State Com-
mun. 56, 105(1985.

17T, J. Emge, P. C. W. Leung, M. A. Beno, A. J. Schultz, H. H.
Wang, L. M. Sowa, and J. M. Williams, Phys. Rev.3®, 6780
(1984).

18B. Hamzic, G. Creuzet, and C. Lenoir, Europhys. Le&t.373
(1987).

172503-4



