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The application of a sufficiently strong magnetic field to a super-
conductor will, in general, destroy the superconducting state. Two
mechanisms are responsible for this. The first is the Zeeman
effect'?, which breaks apart the paired electrons if they are in a
spin-singlet (but not a spin-triplet) state. The second is the so-
called ‘orbital’ effect, whereby the vortices penetrate into the
superconductors and the energy gain due to the formation of the
paired electrons is lost’. For the case of layered, two-dimensional
superconductors, such as the high-T, copper oxides, the orbital
effect is reduced when the applied magnetic field is parallel to the
conducting layers*. Here we report resistance and magnetic-
torque experiments on single crystals of the quasi-two-dimen-
sional organic conductor A-(BETS),FeCl,, where BETS is
bis(ethylenedithio)tetraselenafulvalene®®. We find that for mag-
netic fields applied exactly parallel to the conducting layers of
the crystals, superconductivity is induced for fields above 17 T at
a temperature of 0.1 K. The resulting phase diagram indicates
that the transition temperature increases with magnetic field,
that is, the superconducting state is further stabilized with
magnetic field.

Studies on organic conductors have brought us deep under-
standing of physics in low-dimensional electronic systems. Mem-
bers of the BETS family containing magnetic Fe ions among various
organic conductors have been extensively studied over the past ten
years because strong competition is expected between the antifer-
romagnetic order of the Fe moments and the superconductivity®.
Of these, \-(BETS),FeCl, has an unusual phase diagram, shown in
Fig. la. At zero magnetic field, N-(BETS),FeCl, shows a metal—
insulator transition at 8 K (ref. 5), whereas the iso-structural salt
A-(BETS),GaCl, undergoes a superconducting transition around
6 K (ref. 7). The metal—insulator transition is associated with the
antiferromagnetic order of the Fe moments™. The ordered Fe
moments are canted by a magnetic field of about 1T, but the
electronic state remains insulating. The insulating phase is desta-
bilized by magnetic fields above about 10T, and a paramagnetic
metallic state is then recovered.

N\-(BETS),FeCl, has a triclinic unit cell®. The planar BETS mol-
ecules are stacked along the a and ¢ axes, and consequently form
two-dimensional conduction layers (Fig. 1b). The FeCl, ion (insu-
lating) layer is intercalated between the BETS layers, which makes
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the b axis the least conducting direction. Because of the short
interatomic distance between the BETS and FeCl,, finite interac-
tions between the w (conduction) electron on the BETS molecules
and the Fe’™ 3d electrons are expected. The band calculation
predicts that A\-(BETS),FeCl, has one closed (two-dimensional)
and two open Fermi surfaces in the metallic phase as shown in Fig. 1¢
(refs 5, 6).

The needle-like single crystals of N-(BETS),FeCl,, elongating
along the ¢ axis, were prepared by electrochemical oxidation in an
appropriate solvent®. The resistance was measured by a conven-
tional four-probe a.c. technique with electric current along the b*
axis, which is perpendicular to the a—c plane. Four gold wires (of
diameter 10 wm) were attached to the sample by gold or carbon
paint. The magnetic torque was measured by a simple cantilever
technique’. The experiments were made with a dilution refrigerator
and a 20-T superconducting magnet.

The interlayer resistance with a current ¢ parallel to the b* axis
(Iip+) for a magnetic field B parallel to the ¢ axis (B).) is presented in
Fig. 2a. The insulator—metal transition takes place at around 10.5T.
At 0.04K, the resistance increases with increasing field after the
insulator—metal transition, has a broad maximum around 14 T, and
then suddenly decreases by three orders of magnitude. Above 18T,
the detected sample voltage becomes smaller than the noise level,
which suggests a superconducting phase transition. As temperature
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Figure 1 a, Temperature versus magnetic field phase diagram for A-(BETS),FeCl, when
the magnetic field is applied parallel to the &’ or ¢ axis. At zero magnetic field, a metal—
insulator transition takes place at around 8 K. In the insulating phase, the Fe moments are
antiferromagnetically ordered. AF and CAF indicate the antiferromagnetic and canted
antiferromagnetic phases, respectively. The superconducting phase is induced above
177T. b, Schematic picture of the crystal structure of N-(BETS),FeCl,. The a—c plane is
the conduction layer and the b axis is the least conducting axis. ¢, Calculated Fermi
surfaces in the k,—k plane. The area surrounded by thick lines shows the first Brillouin
zone. There are one closed (two-dimensional) and two open Fermi surfaces.
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increases, the sudden decrease of the resistance at high fields is
suppressed and the resistance shows only monotonic increase at
1.65 K. Hysteresis is not evident at high fields above 16 T, although
it is clearly observable near the insulator—metal transition. The
inset shows the field-direction dependence of the resistance at
three different fields, where the field is rotated in the b*—c plane.
At 14T, the resistance is constant in this angle range, but shows a
significant decrease for B). at higher fields, 17 T and 19 T. The low
resistance is observed only in a very limited angle range of
6] < 0.3°.

Figure 2b shows the interlayer resistance of a different sample for
B parallel to the a’ (By,). The a’ axis is defined as that perpendicular
to both the ¢ and b* axes. For By, we observe a sudden decrease of
the resistance at relatively higher fields. Compared with the results
for By, the resistance seems to decrease more slowly. We obtained a
similar sudden decrease in resistance for four different samples.
Therefore, we believe that this is intrinsic behaviour for A-(BETS),.
FeCl,. Judging from the above results, we conclude that the super-
conductivity is induced only when the magnetic field is parallel to
the conduction layers (a—c plane).

To obtain evidence of the phase transition in thermodynamic
quantities under parallel-field conditions, we measured the mag-
netic torque (Fig. 3). In this experiment, the sample is suspended
over a conductive substrate by fine gold wires, forming a capacitor.
The rotatable sample holder is mounted under very homogeneous
fields (homogeneity of 10 cm™), so that the magnetic force arises
only from the magnetic torque. The change in the capacitance
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Figure 2 Interlayer resistance (for current parallel to the b* axis) when the magnetic field is
exactly parallel to the conduction layers. A steep decrease is evident at high fields,

suggesting a superconducting transition. a, Resistance when the magnetic field is parallel
to the caxis. The inset shows the field-direction dependence of the resistance under the
field in the b*—c plane. b, Resistance when the magnetic field is parallel to the a’ axis.
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between the sample and the substrate, that is, the sample movement,
is measured as a function of magnetic field, which directly corre-
sponds to the change in the magnetic torque’. To observe the finite
change of the magnetic torque, the magnetic field is tilted from the
a’ axis by about 0.5°. In the field range where the resistance decreases
steeply, we see a significant change in the magnetic torque, showing
the presence of a phase transition. At 0.021 K, the torque changes at
a field intensity of above 17.5 T. This change shows that the sample is
moved towards the substrate by the magnetic torque when
B> 17.5T. The opposite change in the torque is observed when
the field is tilted from the a’ axis to the opposite direction. The
results verify that the sample turns the a’ axis toward the field
direction, that is, the electronic state is more stabilized by the field
parallel to the conduction layers in the high-field range. The sample
maintains its position in a wider field range during the down sweep
so that the field remains between the conduction layers. This
behaviour suggests that the magnetic field is pinned between the
superconducting layers for the down sweep. The pinning model
explains why we observe a large hysteresis in the magnetic torque,
but not in the resistance (Fig. 2).

We define the transition field B, when R/R, = 0.5, where Ry is the
resistance in the metallic state given by extrapolating R(B) from the
low-field range. The transition field defined in this way corresponds
to the onset of the magnetic torque change. The obtained phase
diagram is presented in Fig. la. The transition field is slightly
different for each of two field directions. Here we note two
interesting features. First, the transition field seems to arise quickly
at a certain field. This shows that the paramagnetic metallic state
intervenes between the insulating and superconducting phases.
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Figure 3 Magnetic torque measured by cantilever technique. The data are shifted for
clarity. The inset shows the configuration of the sample and the substrate. The magnetic
field is tilted from the a" axis in the a’—b* plane by about 0.5°. A significant change
associated with hysteresis, showing the presence of a phase transition, is observable at
high fields.
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Second, a positive curvature of the phase boundary occurs towards a
high field. The positive curvature suggests that the transition field
increases with temperature.

Field-induced superconductivity has been reported for para-
magnetic Eu,Sn;_,MogSg (ref. 10). This material is a supercon-
ductor with T.= 3.8K. As the magnetic field increases, the
superconductivity is restored above 4T and below 0.1K, after it
is destroyed at about 1 T. This phenomenon is well understood in
terms of the Jaccarino—Peter compensation effect'’; the internal
magnetic field created by the Eu moments through the exchange
interaction is compensated by the external magnetic field. For A-
(BETS),FeCly, because an exchange interaction between the Fe
moments and the conduction electrons is expected, the Jaccarino—
Peter compensation effect may be a possible mechanism. However,
this effect cannot explain how a very small amount of the
magnetic field (at about 0.1T) along the b* axis destroys the
superconducting state, because the paramagnetic Fe moments are
aligned along the external field irrespective of the field direction.
The surprisingly strong anisotropic superconducting transition
for N\-(BETS),FeCl, suggests that the low dimensionality of the
electronic system is closely related to the mechanism of the
superconductivity.

For quasi-two-dimensional electronic systems such as A-(BETS),_
FeCl,, when a high magnetic field is applied exactly parallel to the
conduction layers, the motion of the electrons is confined onto a
single conduction layer. This is field-induced dimensional crossover
from quasi-two-dimensional to two-dimensional. In this case, the
orbital effect, one of the mechanisms destroying the superconduc-
tivity, is largely suppressed. However, if even a small amount of the
magnetic field is perpendicular to the conduction layers, the
electrons drift in the interlayer direction and the orbital effect is
restored. This picture of dimensional crossover seems consistent
with the experimental observation that very low magnetic fields
along the b* axis destroy superconductivity (Fig. 2a). On the basis of
the dimensional crossover, various theoretical models predicting
the existence of high-field superconducting phases have been
proposed'>™'®. However, all the theories tacitly assume that the
superconductivity is stable at zero field.

The superconductivity of the iso-structural salt N-(BETS),GaCl,
(T. =6K) survives in a magnetic field of up to 5T that is
perpendicular to the conduction layers'”. This field is much larger
than that for N\-(BETS),FeCl, (at about 0.1 T). We have carefully
measured the resistance for A-(BETS),GaCl, under fields exactly
parallel to the conducting layers, but superconductivity was not
restored at fields up to 20T after the superconductivity was
destroyed at around 13 T. The completely different phase diagrams
of \-(BETS),GaCl, and N\-(BETS),FeCl, suggest that the interaction
between the Fe moments and the conduction electrons, as well as the
low dimensionality of the electronic system, strongly affects the
emergence of the superconductivity. It seems likely that the pairing
interaction between the m electrons on the BETS molecules arises
from the magnetic fluctuation through the paramagnetic Fe
moments. t
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Fuel cells are attractive alternatives to combustion engines for
electrical power generation because of their very high efficiencies
and low pollution levels. Polymer electrolyte membrane fuel cells
are generally considered to be the most viable approach for
mobile applications. However, these membranes require humid
operating conditions, which limit the temperature of operation to
less than 100 °C; they are also permeable to methanol and hydro-
gen, which lowers fuel efficiency. Solid, inorganic, acid compounds
(or simply, solid acids) such as CsHSO, and Rb;H(SeO,), have
been widely studied because of their high proton conductivities
and phase-transition behaviour. For fuel-cell applications
they offer the advantages of anhydrous proton transport and
high-temperature stability (up to 250 °C). Until now, however,
solid acids have not been considered viable fuel-cell electrolyte
alternatives owing to their solubility in water and extreme
ductility at raised temperatures (above approximately 125 °C).
Here we show that a cell made of a CsHSO, electrolyte membrane
(about 1.5 mm thick) operating at 150—160 °C in a H,/O, configu-
ration exhibits promising electrochemical performances: open
circuit voltages of 1.11V and current densities of 44 mA cm™>
at short circuit. Moreover, the solid-acid properties were not
affected by exposure to humid atmospheres. Although these
initial results show promise for applications, the use of solid
acids in fuel cells will require the development of fabrication
techniques to reduce electrolyte thickness, and an assessment of
possible sulphur reduction following prolonged exposure to
hydrogen.

Solid acids are compounds such as KHSO, whose chemistry and
properties lie between those of a normal acid (such as H,SO,4) and a
normal salt (such as K,SO,)'. They are typically comprised of
oxyanions—for example, SO, or SeO,—that are linked together
via O—H---O hydrogen bonds. Within this category the MHXO,
and M;H(XO,), compounds, where M = Cs, NH,, Rb, and X = S
or Se, are known to undergo a “superprotonic” phase transition®~.
On passing through the transition the conductivity jumps by several
orders of magnitude to a value of 107 to 10°Q ' cm™, and the
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