
PHYSICAL REVIEW B VOLUME 38, NUMBER 1 1 JULY 1988

Shubnikov-de Haas eff'ect and the Fermi surface in an ambient-pressure organic
superconductor [bis(ethylenedithiolo) tetrathiafulvalenelzCu(NCS) z
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The Shubnikov-de Haas (SdH) eA'ect has been observed in the recently discovered ambient-
pressure organic superconductor [bis(ethylenedithiolo)tetrathiafulvalenel&Cu(NCS)z. This is the
first unambiguous report on the SdH effect in organic compounds. The SdH signal is observed
below 1 K, above 8 T, and at angles 8 between the crystal a -axis and a magnetic field of less
than 30'. The period 0.0015cose (T ') corresponds to the cylindrical closed Fermi surface ob-
tained by the tight-binding method based on the extended Huckel approximation, which is criti-
cally dependent on the crystal symmetry. The temperature dependence of the oscillation ampli-
tude gives the effective mass at the Fermi surface to be about 3.5mo.

Since the discovery of an organic superconductor in
1980 (Ref. 1), many studies have been devoted to magne-
toresistance measurements. The first report on the
Shubnikov-de Haas (SdH) effect in an organic compound
was given by Kwak, Schirber, Greene, and Engler, about
(TMTSF)2PFs under pressure (TMTSF is tetramethyl-
tetraselenafulvalene). The observed frequency was 0.76
MG (period =0.013 T '). Afterwards, Bando et a/. , re-
ported the SdH effect in (TMTSF)2C104. They ob-
served two types of oscillations with periods of 0.015 and
0.0036 T '. The longer one nearly corresponds to that of
(TMTSF)2PFs. But later studies revealed the stepwise
variation of the Hall field, indicating an abrupt change of
carrier density at the fields corresponding to the longer-
period oscillation. s Therefore, this branch of the oscilla-
tion is thought to occur due to a series of phase transitions
among different spin-density-wave states rather than the
SdH eff'ect. Meanwhile, the shorter period was con-
sidered as SdH for a while. But the oscillation amplitude
decreases at sufftciently low temperature, which is
different from the ordinary SdH behavior. A similar be-
havior has also been reported on the shorter-period branch
found later in (TMTSF)2PFs. ' Therefore, different ori-
gins are also proposed for this branch, and now the con-
sensus is that this branch is not SdH, though the origin
has not been identified. "'2 Therefore the experimental
results so far reported as SdH were apparently due to the
SdH effect.

A different type of organic superconductor from
TMTSF derivatives was discovered later: the bis(ethy-
lenedithiolo) tetrathiafulvalene (BEDT-TTF) com-
pounds. '3' The BEDT-TTF salts have a nearly two-
dimensional character, in contrast to the TMTSF salts
which have a pseudo-one-dimensional character. This was
shown by Mori et al. ' on the typical salt P-(BEDT-
TTF)2I3. The Fermi surface obtained using tight-binding

calculations based on the extended Huckel approximation
was a round closed surface occupying a fairly large part of
the first Brillouin zone. This model is very useful because
it correctly describes the physical properties in spite of its
simplicity. But recently, Kubler, Weger, and Sommers'6
have criticized this calculation and proposed a self-
consistent band calculation. Their Fermi surface consists
of an open sheet and comparatively small closed sheet. A
significant contradiction exists between these two calcula-
tions.

An important key to judge the eff'ectiveness of a model
is a magnetic oscillation experiment related to the Fermi
surface. We report in this paper the first unambiguous
SdH oscillation observed in a new organic superconduc-
tor, (BEDT-TTF)2Cu(NCS)2. ' This compound has a
critical temperature higher than 10 K at ambient pres-
sure. The crystal structure is analogous to that of the or-
ganic superconductor x-(BEDT-TTF)213 obtained by
Kobayashi et al. 's The difference from the tr-(BEDT-
TTF)2I3 crystal structure is the inequivalence of the two
BEDT-TTF molecules which constitute a fundamental
unit of the crystal structure, because of the different anion
structure. '9 The lattice parameters are shown in Table I.
The crystal has the shape of a hexagonal plate with the
typical size of 2x 1 x0.05 mm . The long direction corre-
sponds to the crystal b axis and the c axis lies in the plate
perpendicular to the b axis. It is known that the BEDT-
TTF molecules constitute a two-dimensional conducting
sheet in the crystal b-c plane (Fig. 1). The synthesis, crys-
tal structure, and physical properties includin~ supercon-
ducting properties were reported elsewhere. ' '

The temperature dependence of magnetoresistance
where the external field is along the a axis is shown in
Fig. 2. The measuring current is along the a axis, there-
fore the measurement is in the longitudinal condition.
The sample is in the superconducting state at zero field.
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TABLE I. Comparison of the lattice parameters and T, for the BEDT-TTF-based organic superconductors with analogous struc-
tures.

(BEDT-TTF)2Cu (NCS) g

x-(BEDT-TTF)213

Structure

Monoclinic, P2~

Monoclinic, P2~/c

16.248(5)
16.387(4)

8.440(2)
8.466(2)

13.124(5)
12.832 (8)

(deg)

110.30(3)
108.56 (3)

V
(A')

1688.0
1687.6

10.4

3.6

The normal resistance is recovered when the external field
is increased above the superconducting upper critical field.
The field dependence of the magnetoresistance has an
anomalous shape above 1.25 K, showing a small peak just
above the superconducting to normal transition. The ori-
gin is not clearly identified yet, but some part of this be-
havior may be ascribed to the current inhomogeneity, be-
cause this shape depends on sample and electrical-lead
configurations.

The quantum oscillation is clearly visible below 1 K and
above 8 T. The angular dependence of the oscillation
period is described as (0.0015+'0.0001)cos8 (T ')
where 8 is the angle between the a* axis and the external
magnetic field H, and oscillations are observed at angles
less than 30'. The SdH period h(1/H) is related to the
extremal area S of the Fermi surface normal to the field
direction by the equation d, (1/H) 2'/hcS. Therefore,
the observed oscillation corresponds to a cylindrical Fermi
surface containing 18' of the first Brillouin zone, if we re-
gard it as the SdH effect. The temperature dependence
and the field dependence of the SdH oscillation ampli-
tudes are expressed by the factors Rr and RD, Rr show-

ing the effect of finite temperature and RD indicating
the finite relaxation time. ' [Rr x)I,/sinhzA, , RD

exp —x)i, (x/T) where )i. 2xkT/PH, P eh/mc for the
fundamental frequency, and x is the Dingle temperature. l
Experimental results are in accord with the above formu-
las, and we get an effective mass m =3.5mo and x =1 K.
Thus our results show the behavior expected for SdH os-
cillations. The transverse condition where the measuring
current is along the b axis gives essentially the same re-
sults for the SdH oscillation.

We have performed a tight-binding energy-band calcu-
lation on the basis of the extended Hiickel approximation
to reveal which part of the Fermi surface is experimental-
ly observable. The band structure from the room-
temperature crystal structure is shown in Fig. 3. The
overlap integrals used in the calculation are indicated in

Fig. 1. The results are similar to those for r-(BEDT-
TTF)2I3 which shows a cylindrical Fermi surface in the
b-c plane. The cross section is equal to the area of the first
Brillouin zone. Though the Fermi surface crosses the
zone boundary on Z-M, the Fermi surface of x-(BEDT-
TTF)2I3 becomes a cylinder, because of the degeneracy on
this boundary arising from the c glide plane of the P21/c
space group. 22 In the case of the present salt, since the
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FIG. 1. The molecular arrangement of BEDT-TTF mole-
cules. The adopted semiempirical parameters for the tight-
binding band calculation are shown. The values of the overlap
integrals are b1 25.7, b2 10.5, p 11.4, p' 10.0, q

—1.7,
and q

' —2.9 (x 10 3).

MAGNETIC FIELD H(T)
FIG. 2. The magnetoresistance as a function of magnetic

field at temperatures from 1.58 to 0.55 K. The sample is in the
superconducting state at zero field. Normal resistance returns
above the upper critical field. Clear Shubnikov-de Haas oscilla-
tions are visible below 1 K.
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FIG. 3. The Fermi surface and band structure calculated by
the tight-binding method based on the extended Huckel approx-
imation.

asymmetrical arrangement of the anions reduces the crys-
tal symmetry to P2&, the degeneracy on Z-M is removed.
As a result, the Fermi surface is separated into an open
part which is normal to the b axis, and a closed part locat-
ed around the Z point. As the closed part amounts to
about 18% of the first Brillouin zone, it sufficiently corre-
sponds to the experimental result.

Some problems in our calculation should be considered.
First, the band calculation based on the lower-
temperature crystal structure at 100 K gives a diminished

gap, though the crystal symmetry is the same. It is neces-
sary to check whether the lower-temperature crystal
structure really supports the gap formation.

A second problem exists in the sign of the carrier. The
preliminary result on the thermoelectric power is negative
at all temperatures measured down to 10 K. Therefore
the carrier should be electronlike. As the band scheme
needs the positive carrier on the closed Fermi surface, we
should ascribe the negative thermoelectric power to the
open part of the Fermi surface. As can be seen in Fig. 3,
the electronlike character is expected at the open part
near the M point. Anyhow, it is necessary to check
whether we can get a reasonable result from the band cal-
culation.

As we have mentioned, there has been some criticism of

such a simple calculation. The proposed Fermi surface by
Kiibler et al. '6 was completely different in the case of P-
(BEDT-TTF)213. But if a small pocket in the Fermi sur-
face does exist, as they propose, we should observe corre-
sponding SdH oscillations. No experimental results have
been reported yet. Indeed, the SdH oscillation will be
difficult to observe for the Fermi surface calculated by
Mori et al. ,

'5 because the expected frequency is high. We
recommend further experimental confirmation of the Fer-
mi surface using the SdH effect. There is a possibility of
observing oscillations corresponding to the round Fermi
surface in x-(BEDT-TTF)213 at lower temperatures and
at higher fields. The possibility of observing a magnetic-
breakdown effect also exists in the case of our salt at
higher fields. Physical insight can be given by the pres-
sure effect on the SdH, if it can change the overlap in-
tegrals significantly. Reconfirmation of the SdH effect in
the P-type salts is also necessary. We are now preparing
for further study under extended conditions.

In conclusion, we have obtained unambiguous evidence
of the SdH effect experimentally. The oscillation ob-
tained corresponds to 18% of the first Brillouin zone of the
crystal. The corresponding Fermi surface can be de-
scribed using a simple tight-binding calculation based on
the extended Huckel method. The effectiveness of the cal-
culation can be tested by further experimental study at
higher fields, lower temperatures, and under pressurized
conditions.

We recommend that theorists further study the first-
principle band calculations using the crystal structure of
the compounds in this paper.
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