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Organic superconductor with an incommensurate anion structure: „MDT-TSF …„AuI 2…0.44

Tadashi Kawamoto and Takehiko Mori
Department of Organic and Polymeric Materials, Graduate School of Science and Engineering, Tokyo Institute of Technolog

O-okayama, Meguro-ku, Tokyo 152-8552, Japan

Kazuo Takimiya, Yoshiro Kataoka, Yoshio Aso, and Tetsuo Otsubo
Department of Applied Chemistry, Graduate School of Engineering, Hiroshima University, Kagamiyama, Higashi-Hiroshima

Hiroshima 739-8527, Japan
~Received 28 November 2001; published 28 March 2002!

The degree of charge transfer and the upper critical field of the organic superconductor~MDT-TSF!(AuI2)x

have been investigated~MDT-TSF: methylenedithio-tetraselenafulvalene!. The x-ray oscillation photograph
indicates that the anion lattice is incommensurate with the donor lattice, and the chemical composition is
~MDT-TSF!(AuI2)0.44. 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.

DOI: 10.1103/PhysRevB.65.140508 PACS number~s!: 74.70.Kn, 74.25.Jb, 74.60.Ec
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From the discovery of the organic superconduc
(TMTSF)2PF6 ~TMTSF: tetramethyl-tetraselenafulvalene!,
most organic conductors showing superconductivity h
had stoichiometric compositions; the ratios of the donor m
ecules to anions are represented by an integer.1 The band
fillings of these compounds are usually 3/4 filling, and th
corresponds to effective half-filling by the dimerization ga
Although k-(BEDT-TTF)4Hg32dX8 @BEDT-TTF: bis~ethyl-
enedithio!tetrathiafulvalene,X5 Cl, Br# has an incommen
surate anion structure, the transport properties show st
sample dependence and the superconducting state ap
only under high pressure.2,3 High-Tc superconductors have
carrier doped energy band and the physical properties
controlled by the doping level. On the contrary, in organ
conductors the ratio of the on-site Coulomb repulsion~U! to
energy band width~W! are controlled by physical and chem
cal pressures. For example,
k-(BEDT-TTF)2Cu@N(CN)2#X (X5Br, Cl) the Mott insu-
lating state changes to superconducting phase by contro
U/W under applied pressure.4 By contrast there is no ex
ample that the ground state changes from the Mott insul
to a superconductor by the carrier doping effect~band filling
control!.

Recently, Takimiyaet al.have synthesized MDT-TSF~de-
picted in Fig. 1!, which is a selenium analog of MDT-TTF
~MDT-TTF: methylenedithio-tetrathiafulvalene!, and have
discovered superconductivity in the AuI2 salt of MDT-TSF.5

Although the only superconductor based on MDT-TT
@k-(MDT-TTF)2AuI2# has the k structure with strong
dimerization,6 the AuI2 salt of MDT-TSF has a uniform do
nor stacking along thea axis. However, the exact compos
tion and the anion position of this salt have not been de
mined from the ordinary structure analysis. Therefore,
charge-transfer degree has not been known exactly. In
present work, we have decided the charge-transfer de
from an x-ray investigation. From this we can discuss
energy band and the Fermi surface. We have also meas
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the thermoelectric power, and the magnetoresistance, f
which the anisotropy of the coherence length are inve
gated.

Single crystals were prepared by the electrocrystallizat
reported in Ref. 5. The x-ray oscillation photographs we
taken by a Rigaku Raxis II area detector with graphite mon
chromated Mo-Ka radiation (l50.71070 Å) at room tem-
perature. The band structure was calculated on the bas
the extended Hu¨ckel method.7 Electrical resistivity was mea-
sured by the four-probe method along thea axis with an ac
current ~usually 100 mA) down to 1.5 K. Thermoelectric
power measurement was carried out by the two termi
method along thea axis down to 1.5 K. For the magnetore
sistance measurements, the sample was mounted on a
ostat in a 9 T superconducting magnet~Oxford Inst.!, with
two degrees of rotational freedom with respect to the m
netic field, and was cooled to 1.65 K.

Figure 1 is an x-ray oscillation photograph in which th
vertical direction is parallel to the donor stacking axis (a*
axis!. This photograph displays clear incommensurate la
lines ata/d50.436, 1.321, and 1.762 reciprocal lattice un
based on the donor subcell. All these layer lines are co
posed of well-defined spots even at room temperature,
are not diffusive. This observation indicates the thre
dimensional order of the anion molecules. The layer lines

FIG. 1. X-ray oscillation photograph along thea axis taken at
room temperature. On the right side is showna/d: the inverse of
d(Å) multiplied by the lattice constanta54.016 Å.
©2002 The American Physical Society08-1
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a/d50.436, 1.321, and 1.762, respectively, correspond tn
51, 3, and 4 lines of the subcell constanta859.221 Å. This
lattice constant is in agreement with the length of the A2
anion. Then52 line is not found clearly in spite of the clea
n53 line, because the latter (d53.04 Å) comes from the
average bond length of Au-I. The clear spots atn51 indicate
that the anion structure is not a random infinite chain co
posed of Au and I, but has a discrete unit of I-Au-I.

The ratio ofa to a8 unambiguously determines the Au2
content to be x5a/a850.436, namely ~MDT-TSF!
(AuI2)0.436. This composition is consistent with the resu
of both the energy dispersion spectroscopy(1:0.434) and the
elemental analysis(1:0.44). Although the closest integer r
tio of donor to anion is 9:4(1:0.444), this seems to excee
the error of the x-ray investigation. Therefore, we have
conclude an incommensurate composition,~MDT-TSF!
(AuI2)0.44 based on these three experiments.

All ambient-pressure organic superconductors so
known have commensurate structures and 3/4-filled cond
tion bands. It is noteworthy that~MDT-TSF!(AuI2)0.44 cor-
responds to small electron doping to the 3/4 filling. Althou
the charge-transfer degree is not 0.5 per donor molecul
k-(BEDT-TTF)4Hg32dX8, this salt has no donor stackin
structure. Therefore,~MDT-TSF!(AuI2)0.44 is the first or-
ganic superconductor with an incommensurate chain st
ture.

Since the definite charge-transfer degree is known, i
possible to calculate the energy band structure from the
nor arrangement. Intermolecular overlap integrals of

FIG. 2. Energy band structure, the Fermi surface, and do
arrangement projected along the molecular long axis of~MDT-TSF!
(AuI2)0.44.
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highest occupied molecular orbital~HOMO! calculated by
the extended Hu¨ckel method areSa5227.3, Sp153.06, and
Sp2512.8(31023) ~inset of Fig. 2!.8 Figure 2 shows the
energy band structure and the Fermi surface calculated
the basis of the tight binding approximation. The band d
persion along thea axis (Wia) is 1.21 eV andWib is 0.32 eV.
The energy bands are degenerated on the C line owing to
lattice symmetry~Pnma!.11 Therefore, the Fermi surface con
sists of overlapping cylinders, whose cross section is 44%
the first Brillouin zone. Although the calculation in Ref.
has predicted open Fermi surface, the Shubnikov–de H
oscillation has been observed very recently, in agreem
with the present calculation.12 Therefore, ~MDT-TSF!
(AuI2)0.44 is not a one-dimensional but a two-dimension
system. However, the potential of the incommensurate an
lattice is not included in the above calculation. It is a futu
problem to clarify the effect of the incommensurate anion

The temperature dependence of the electrical resisti
shows a power-law behavior (r}T1.6) suggesting a good
Fermi-liquid character,5 and the resistivity drops to zero be
low 5.1 K ~onsetTc) as shown in Fig. 3. The midpoint su
perconducting transition temperature is 4.5 K. This midpo
Tc is in agreement with the critical temperature determin
by the temperature dependence of the magnetization in
previous report.5 The critical temperature smoothly decreas

or

FIG. 3. Low-temperature electrical resistivities under vario
magnetic fields (Bia). The inset figure is the temperature depe
dence of thermoelectric power. The solid line is a linear fitting.
FIG. 4. Magnetic field dependence of resistivities@~a! Bia, ~b! Bib, and~c! Bic# under various temperatures.
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as the applied magnetic field increases, and the resis
broadening does not appear. This suggests that the pre
compound is a three-dimensional superconductor. The t
moelectric power~Seebeck coefficient! linearly decreases a
the temperature decreases~inset of Fig. 3!. From this slope,
the transfer integral along the donor stacking direction
evaluated to be 425 meV, if we assume the one-dimensi
tight-binding approximation.13 The estimated band width
(W54t i51.7 eV) is anomalously large among organic co
ductors. This also means that the one-dimensional appr
mation is not good as expected from the calculated b
structure~Fig. 2!. The thermopower has a hump below 50
probably originating from phonon drag. Phonon drag
clean metals is expressed by14

Q5Qcell1Qelec5
kB

e

4p4

5 S T

Q D 3

1aT, ~1!

whereQ is the Debye temperature anda is the coefficient
depending on the band structure. If we naively use the ab
equation, we can estimate the Debye temperature of~MDT-
TSF!(AuI2)0.44 to be about 300 K. This looks reasonab
because the Debye temperature of (TMTSF)2ClO4 has been
estimated as 213 K from the specific heat.15

Figure 4 shows the magnetic field dependence of the e
trical resistivities under various temperatures. The mag
toresistance exhibits power law (r}Bn,1.5<n<2.6) in the
normal conducting phase. Figure 5 shows the tempera
dependence of the upper critical fields of~MDT-TSF!
(AuI2)0.44, determined from 95% recovery of the expect
magnetoresistance. The value ofBc2ia(T) is almost the same
as Bc2i(T) of k-(MDT-TTF)2AuI2, and moreover the
Bc2ic(T) exhibits also the same value asBc2'(T) of the
MDT-TTF salts.16 The upper critical fields are anisotropic
the conducting plane@Bc2ia(T) and Bc2ib(T)# in contrast
with nearly isotropicb-(BEDT-TTF)2I3.17 We can estimate
the Ginzburg-Landau~GL! coherence lengthsj ia , j ib , and
j ic from the following relation18

FIG. 5. Temperature dependence of the upper critical fields
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j i i~T!5AF0

2p

Bc2i i~T!

Bc2i j~T!Bc2ik~T!
, ~2!

where F0 is the flux quantum. The coherence lengths a
estimated asj ia'319 Å, j ib'121 Å, andj ic'61 Å at
T51.65 K. The zero temperature coherence lengths ca
lated by the relation ofj i i(T)5j i i(0)ATc /(Tc2T) are
j ia(0)'262 Å, j ib(0)'100 Å, and j ic(0)'50 Å. The
transverse coherence length (j ic) is much longer than the
thickness of the conducting sheetc/2512.712 Å, indicating
that the superconductivity is not two-dimensional but cons
erably three-dimensional. This reminds us that the cohere
length perpendicular to the conducting plane
k-(MDT-TTF)2AuI2, in which the Hebel-Slichter coherenc
peak has been found in1H NMR,19 is also longer than the
inter layer distance.16 Anisotropic three-dimensional supe
conductivity is characteristic of the MDT-TCF (C5 S, Se!
donors. This contrasts with the usual organic supercond
ors represented by BEDT-TTF salts, which show strong tw
dimensionality.

Superconductivity is suppressed by the Pauli pair bre
ing mechanism; the external field destroys the spin-sin
state of the Cooper pair, imposing the so-called Clogst
Chandrasekhar paramagnetic limit. For~MDT-TSF!
(AuI2)0.44 this is given byBP51.85Tc'9.5 T from the on-
setTc55.1 K.18 All upper critical fields lie below this para
magnetic limit in our measured temperature range~Fig. 5!. In
k-(MDT-TTF)2AuI2, the upper critical field in the conduct
ing sheet is also below the paramagnetic limit.16

Therefore, the anisotropy of the upper critical fields is d
to an orbital pair breaking mechanism coupled with ba
structure anisotropy. Since the coherence length at zero
perature in a given direction is proportional to the cor
sponding component of the Fermi velocity,vF , the coher-
ence length anisotropy in theab plane is related to the
anisotropy of the band dispersion,W, as

j ia~0!/j ib~0!5vFia /vFib5
aWia

~b/2!Wib
. ~3!

From the obtained coherence lengths and the lattice c
stants (a54.016 Å andb512.513 Å), the anisotropy o
the band dispersion is estimated asWia /Wib54.1. This is in
good agreement with the result of our band calculat
(Wia /Wib53.8).

In summary, the x-ray oscillation photograph provides u
ambiguous evidence of nonstoichiometric compositio
~MDT-TSF!(AuI2)0.44 and the incommensurate anion stru
ture. The upper critical fields are within the paramagne
limit in all directions. The coherence lengths indicate th
~MDT-TSF!(AuI2)0.44 is an anisotropic three-dimension
superconductor. These findings prove the unique position
the present compound among the organic superconducto
S.
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