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The degree of charge transfer and the upper critical field of the organic supercon®BmHBT SF)(Aul,),
have been investigate@DT-TSF: methylenedithio-tetraselenafulvalgn&he x-ray oscillation photograph
indicates that the anion lattice is incommensurate with the donor lattice, and the chemical composition is
(MDT-TSF)(Aul,).44. The charge-transfer degree of this salt is 0.44. The electrical resistivity and the Seebeck
coefficient indicate that this salt is a good Fermi liquid above the superconducting transition temperature. The
upper critical fields show anisotropic three-dimensional character in spite of the complicated incommensurate
structure, and are within the Clogston-Chandrasekhar paramagnetic limit in all directions.
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From the discovery of the organic superconductorthe thermoelectric power, and the magnetoresistance, from
(TMTSF),PR; (TMTSF: tetramethyl-tetraselenafulvalene which the anisotropy of the coherence length are investi-
most organic conductors showing superconductivity haveated. o
had stoichiometric compositions; the ratios of the donor mol-  Single crystals were prepared by the electrocrystallization
ecules to anions are represented by an integére band €POrted in Ref. 5. The x-ray oscillation photographs were
fillings of these compounds are usually 3/4 filling, and thistaken by a Rigaku Raxis Il area detector with graphite mono-

. -~ L S chromated MoK a radiation A =0.71070 A) at room tem-
corresponds to effective halt-filling by the dimerization gap'perature. The band structure was calculated on the basis of

Although «-(BEDT-TTF);Hgs  sXg [BEDT-TTF: bidethyl- 0 extended Fizkel method. Electrical resistivity was mea-
enedItthtetrathlafu|Va|eneX= CI, BI’] has an incommen- sured by the four-probe method along theaxis with an ac
surate anion structure, the transport properties show strongirrent (usually 100 xA) down to 1.5 K. Thermoelectric
sample dependence and the superconducting state appeptsver measurement was carried out by the two terminal
only under high pressure® High-T,. superconductors have a method along the axis down to 1.5 K. For the magnetore-
carrier doped energy band and the physical properties agistance measurements, the sample was mounted on a cry-
controlled by the doping level. On the contrary, in organicostat in a 9 T superconducting magri€xford Inst), with
conductors the ratio of the on-site Coulomb repulsiohto WO degrees of rotational freedom with respect to the mag-

; ; . netic field, and was cooled to 1.65 K.
Eglergy banpdr:/slg:jlgrg are con'lt:rglrled by pzi/(zlr%a;llznd Chemiln Figure 1 is an x-ray oscillation photograph in which the

B : vertical direction is parallel to the donor stacking axis® (
x-(BEDT-TTF),CUN(CN), X (X=Br, Cl) the Mott insu- 5y "This photograph displays clear incommensurate layer

lating state changes to superconducting phase by controllinghes ata/d=0.436, 1.321, and 1.762 reciprocal lattice units
U/W under applied pressufeBy contrast there is no ex- hased on the donor subcell. All these layer lines are com-
ample that the ground state changes from the Mott insulatgsosed of well-defined spots even at room temperature, and
to a superconductor by the carrier doping effdznd filling  are not diffusive. This observation indicates the three-

contro). dimensional order of the anion molecules. The layer lines at
. Recgntly, Tak|m|y_aet gl. have sy_ntheS|zed MDT-TSfee- d (A) AT BEinE il
picted in Fig. 3, which is a selenium analog of MDT-TTF i : . — 22— 2,000
(MDT-TTF: methylenedithio-tetrathiafulvalephe and have 2279 4— - - - aiaa - . 1762
discovered superconductivity in the Awalt of MDT-TSF? 3.040 3_’ i . 1:: };3(2,(1,
Although the only superconductor based on MDT-TTF 92791 {|—» IR 056
[ k-(MDT-TTF),Aul,] has the x structure with strong O — L )&e— 0
dimerization® the Aul, salt of MDT-TSF has a uniform do- B
nor stacking along tha axis. However, the exact composi- | e | _Se “Se
tion and the anion position of this salt have not been deter :: Qﬂe[}
mined from the ordinary structure analysis. Therefore, the - MDT-TSF

charge-transfer degree has not been known exactly. In the

present work, we have decided the charge-transfer degree FIG. 1. X-ray oscillation photograph along tlaeaxis taken at
from an x-ray investigation. From this we can discuss theoom temperature. On the right side is shoaful: the inverse of
energy band and the Fermi surface. We have also measured?) multiplied by the lattice constarg=4.016 A.
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FIG. 2. Energy band structure, the Fermi surface, and donor 0 - 1 | Tempernture ()
arrangement projected along the molecular long axi®dT-TSF) 0 2 4 6 8
(Aul3)0.44. Temperature (K)

a/d=0.436, 1.321, and 1.762, respectively, correspond to FIG. 3. Low-temperature electrical resistivities under various
=1, 3, and 4 lines of the subcell constarit=9.221 A. This magnetic fields B|a). The inset figure is the temperature depen-
lattice constant is in agreement with the length of the Aul dence of thermoelectric power. The solid line is a linear fitting.

anion. Then=2 line is not found clearly in spite of the clear

n=3 line, because the latted&3.04 A) comes from the highest occupied molecular orbitdHOMO) calculated by
average bond length of Au-I. The clear spotsatl indicate  the extended Hekel method are&s,= —27.3, S,;=3.06, and
that the anion structure is not a random infinite chain coms;,=12.8(x 10°%) (inset of Fig. 2.2 Figure 2 shows the
posed of Au and I, but has a discrete unit of I-Au-I. energy band structure and the Fermi surface calculated on

The ratio ofa to a’ unambiguously determines the Aul the basis of the tight binding approximation. The band dis-
content to be x=a/a’=0.436, namely (MDT-TSF)  persion along tha axis (W,) is 1.21 eV andV, is 0.32 eV.
(Auly) o436 This composition is consistent with the results The energy bands are degenerated on the C line owing to the
of both the energy dispersion spectroscOpy0.434) and the lattice symmetryPnma.!! Therefore, the Fermi surface con-
elemental analysi6l:0.44). Although the closest integer ra- sists of overlapping cylinders, whose cross section is 44% of
tio of donor to anion is 9:41:0.444), this seems to exceed the first Brillouin zone. Although the calculation in Ref. 5
the error of the x-ray investigation. Therefore, we have tohas predicted open Fermi surface, the Shubnikov—de Haas
conclude an incommensurate compositioMDT-TSF) oscillation has been observed very recently, in agreement
(Aul,) 44 based on these three experiments. with the present calculatiolf. Therefore, (MDT-TSF)

All ambient-pressure organic superconductors so fafAul,)q.4 IS NOt a one-dimensional but a two-dimensional
known have commensurate structures and 3/4-filled conducsystem. However, the potential of the incommensurate anion
tion bands. It is noteworthy thaMDT-TSF)(Aul,)q44 cor-  lattice is not included in the above calculation. It is a future
responds to small electron doping to the 3/4 filling. Althoughproblem to clarify the effect of the incommensurate anion.
the charge-transfer degree is not 0.5 per donor molecule in The temperature dependence of the electrical resistivity
k-(BEDT-TTF),Hgs_ sXg, this salt has no donor stacking shows a power-law behaviop& T suggesting a good
structure. Therefore(MDT-TSF)(Aul,)o.44 is the first or-  Fermi-liquid charactet,and the resistivity drops to zero be-
ganic superconductor with an incommensurate chain strudew 5.1 K (onsetT.) as shown in Fig. 3. The midpoint su-
ture. perconducting transition temperature is 4.5 K. This midpoint

Since the definite charge-transfer degree is known, it id . is in agreement with the critical temperature determined
possible to calculate the energy band structure from the dday the temperature dependence of the magnetization in the
nor arrangement. Intermolecular overlap integrals of theprevious report.The critical temperature smoothly decreases
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FIG. 4. Magnetic field dependence of resistivitj¢a) Bl|a, (b) B||b, and(c) B|/c] under various temperatures.
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S T ’ where @, is the flux quantum. The coherence lengths are
G /la estimated asf|,~319 A, §,~121 A, and§.~61 A at
£ 4 . T=1.65 K. The zero temperature coherence lengths calcu-
e lated by the relation ofé&;(T)=&;(0)\T./(T.—T) are
B ool yb ] £1a(0)~262 A, £,(0)~100 A, and £¢(0)~50 A. The

transverse coherence lengt§y{) is much longer than the
o {/C . . thickness of the conducting sheeg®=12.712 A, indicating
0 1 2 3 4 5 6 that the superconductivity is not two-dimensional but consid-
Temperature (K) erably three-dimensional. This reminds us that the coherence
length perpendicular to the conducting plane in
FIG. 5. Temperature dependence of the upper critical fields.  ,-(MDT-TTF),Aul,, in which the Hebel-Slichter coherence
o __ peak has been found itH NMR,* is also longer than the
as the applied magnetic field increases, and the resistivigter |ayer distancé® Anisotropic three-dimensional super-
broadening_does not appear. This suggests that the presenductivity is characteristic of the MDTAF (C= S, Se
compound is a three-dimensional superconductor. The thegionors. This contrasts with the usual organic superconduct-
moelectric powe(Seebeck coefficienlinearly decreases as g represented by BEDT-TTF salts, which show strong two-
the temperature decreas@sset of Fig. 3. From this slope, dimensionality.
the transfer integral along_ the donor stacking di_rectior_1 is Superconductivity is suppressed by the Pauli pair break-
evaluated to be 425 meV, if we assume the one-dimension@hg mechanism; the external field destroys the spin-singlet
tight-binding approximation? The estimated band width gtate of the Cooper pair, imposing the so-called Clogston-
(W=4t=1.7 eV) is anomalously large among organic con-chandrasekhar paramagnetic limit. FotMDT-TSF)
ductors. This also means that the one-dimensional approx't-Amz)o44 this is given byBp=1.85T.~9.5 T from the on-
mation is not good as expected from the calculated bandetT =51 K18 All upper critical fields lie below this para-
structure(Fig. 2). The thermopower has a hump below 50 K, magnetic limit in our measured temperature raffgg. 5). In
probably originating from phonon drag. Phonon drag in,_(MDT-TTF),Aul,, the upper critical field in the conduct-

clean metals is expressed'fy ing sheet is also below the paramagnetic lithit.
ke 474 [ T\3 Therefore, the anisotr_opy of the upper critical fielo_ls is due
Q=Qcart+ Qelec:_B_<_ +aT, (1)  to an orbital pair breaking mechanism coupled with band
e 510 structure anisotropy. Since the coherence length at zero tem-

where® is the Debye temperature andis the coefficient ~Perature in a given direction is p_roporti_onal to the corre-
depending on the band structure. If we naively use the abov@Ponding component of the Fermi velocity:, the coher-
equation, we can estimate the Debye temperatur@@fT- ~ €nce length anisotropy in thab plane is related to the
TSP (Aul,) 0.4 to be about 300 K. This looks reasonable, @nisotropy of the band dispersiow, as
because the Debye temperature of (TMTSHD, has been aW,
estimated as 213 K from the specific h&at. gHa(o)/gHb(o)=vFHa/UF”b=W_ )
Figure 4 shows the magnetic field dependence of the elec- llb
trical resistivities under various temperatures. The magneFrom the obtained coherence lengths and the lattice con-
toresistance exhibits power law¢B",1.5<n<2.6) in the stants 6=4.016 A andb=12.513 A), the anisotropy of
normal conducting phase. Figure 5 shows the temperatune band dispersion is estimated\&ls, /W,=4.1. This is in
dependence of the upper critical fields OMDT-TSF)  good agreement with the result of our band calculation
(Auly) .44, determined from 95% recovery of the expected(W”a/W”b=3.8).
magnetoresistance. The valueRy,(T) is almost the same In summary, the x-ray oscillation photograph provides un-
as Bgy(T) of x-(MDT-TTF),Aul,, and moreover the ambiguous evidence of nonstoichiometric composition,
Beojc(T) exhibits also the same value &, (T) of the  (MDT-TSF)(Aul,)o44 and the incommensurate anion struc-
MDT-TTF salts® The upper critical fields are anisotropic in ture. The upper critical fields are within the paramagnetic
the conducting plan¢B;4(T) and Bczlgb(T)] in contrast limit in all directions. The coherence lengths indicate that
with nearly isotropicB-(BEDT-TTF),l3.>” We can estimate (MDT-TSF)(Aul,),44 iS an anisotropic three-dimensional
the Ginzburg-LandaGL) coherence lengthg,, £,, and  superconductor. These findings prove the unique position of
§|c from the following relatioh® the present compound among the organic superconductors.
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