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Abstract

We report the effects of uniaxial stress applied along the Jeast conducting direction (a-axis) of the organic superconduc-
tor k-(BEDT-TTF),Cu(NCS),. We find that the superconducting transition temperature decreases with stress
(dT./dp, = — 2 K/kbar). Furthermore, we find an increase in the area of the closed orbits on the Fermi surface with
stress. These observations are at variance with predictions based solely on the expected expansion of the conducting

plane unit cell by the Poisson effect. We discuss our results in the light of previous stress measurements.

1. Introduction

K-(BEDT-TTF),Cu(NCS), has been one of the most
studied compounds of the (BEDT-TTF),X (where X is
one of a number of anion structures) class of quasi-two-
dimensional organic conductors [1] due to its large
transition temperature (T, = 11 K) and correspondingly
large critical field anisotropy. It also has the highest
hydrostatic pressure derivative of T, of any supercon-
ducting material, with values reported to be as high as
dT./dp = — 3 K/kbar [2, 3]. This rapid decrease of T,
may arise from several factors. First, T, is proportional to
the density of states at the Fermi energy, which is in turn
inversely proportional to the width of the energy band. In
the tight-binding model used for band structure calcu-
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lations in these materials [1], the width of the energy
band is directly proportional to the density jof states at
the Fermi energy, which is in turn inversely pkoportional
to the transfer integral between the BEDT-TTF molecu-
les, which is increased when the molecules in the planes
are compressed. Hence the decrease of T, with hydros-
tatic pressure. A second reason for a decrease in T, may
arise from a strong pressure dependence of the effective
mass, which decreases accordingly with T.. This has been
observed in both the title compound [3] and also in the
organic superconductor a-(BEDT-TTF),NH Hg(SCN),
[4].

Because of the high anisotropy of the material, uniaxial
stress methods are important to further unQerstand the
nature of the superconducting properties. There have
been three previous studies. Kusuhara et al. [5] found T,
to increase with tensile stress applied along the b-axis
direction. Their method consisted of fixing two ends of
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a single crystal of k(BEDT-TTF),Cu(NCS), to a sub-
strate (copper or fused quartz) and use the differential
thermal contraction between the crystal and the sub-
strate to, upon cooling of the assembly, apply tensile
stress in the b-axis direction — the short axis along the
BEDT-TTF planes [6]. The increase in T, varied be-
tween 0.5 and 2 K, depending on the crystal and the type
of substrate used. However, when the stress was applied
to the molecular planes by sticking the crystal plane to
the substrate, T, decreased slightly. Tokumoto et al. [7]
also found T, to decrease when low (up to 10 bar)
uniaxial compressive stress was applied along the a-axis,
the crystal direction perpendicular to the molecular
planes. Lang et al. [8] and Kunda et al. [9] have extrac-
ted the T stress derivatives for all crystal directions from
the discontinuities in the thermal expansion coefficients
and a comparison with the hydrostatic pressure deriva-
tive. Both groups obtained negative derivatives for stress
along the a-axis, albeit with somewhat different absolute
values. For stress along the b or c-axes the signs of the
derivatives reported by one group were opposite to those
found by the other. In the present work described below,
we have directly applied uniaxial stress along the a-axis,
and report both the stress dependence of T, and the
stress dependence of the Shubnikov—de Haas oscillations.

2. Experimental

We have devised a sample preparation technique that
allows the application of high (up to 3 kbar) uniaxial
compressive stress along the a-axis to these fragile crys-
tals, and have used it to measure the stress dependence of
both T, and the magnetoresistance (MR) of x-(BEDT-
TTF),Cu(NCS),. The basic idea is to compensate for the
crystal’s fragility and surface irregularities by encapsulat-
ing it in 2 medium with closely matched physical proper-
ties and whose shape can be optimized to sustain the
applied stress. Four gold wires were bonded with gold
paint to the plate-like faces of a small (=0.5 x 0.5 mm?
faces) and thin (<02mm) single crystal of k-
(BEDT-TTF),Cu(NCS), for the four terminal resistance
measurement across the BEDT-TTF planes. The crystal
was placed in a drop of liquid two-component epoxy
between two sheets of kapton with its flat faces parallel to
the sheets. A small, solid cylindrical crystal-epoxy tube
was obtained after the epoxy cured. Stress was then
applied on the flat faces of the tube, that is, along the
crystal’s a-axis, using a pneumatic piston in a 3He insert.
A more detailed description of the sample preparation
method and the stress apparatus can be found in Ref.
[10]. The resistance was measured by AC lock-in detec-
tion (f = 17.77 Hz) with currents parallel to the g-axis in
the range 10-100 pA. Magnetoresistance measurements

were done in the resistive magnets at the Francis Bitter
National Magnet Laboratory.

3. Results

The a-axis uniaxial stress dependence of the resistance
of k-(BEDT-TTF),Cu(NCS), at low temperatures is
shown in Fig. 1. As the stress increases, the normal state
resistivity is reduced and the transition to the supercon-
ducting state moves from 11 K to lower temperatures.
This value of T, at zero stress is identical to that meas-
ured on bare crystals from the same batch, but the width
of the superconducting transition increases from 2 K on
the bare crystals to 4 K for the one cooled in epoxy (see
Fig. 1 inset). This last fact indicates that stress in-
homogeneity can be induced in these very thin samples
during the initial epoxy cure and/or during cool down.
However, both the onset and the full transition points
decrease linearly at a rate of dT./dp, = — 2 K/kbar,
which indicates that the inhomogeneity present initially
is not increased appreciably when stress is applied to the
sample. Moreover, the applied stress was fully reversible
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Fig. 1. Resistance of x-(BEDT-TTF),Cu(NCS), around the
transition temperature for different values of a-axis stress. Inset:
superconducting transition temperature variation with stress.
Slopes of the lines fitted to the onset and full-transition temper-
atures are — 2.1 and — 2.0 K/kbar, respectively. (The onset
temperature of the superconducting transition was taken to be
the point where the normal state resistance slope first changes
and the fill-transition temperature was assigned to the point
where the slope becomes zero.)
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in the range measured, with T, returning to the previous
higher values as pressure in the piston was released. The
decrease of T, with stress applied along the a-axis agrees
with previous reports [7-9], although higher rates of
dT./dp, = —48 K/kbar [8] and —3.2K/kbar [9]
were extracted from the discontinuity in the thermal
expansion coefficient.

In order to better understand the changes caused by
uniaxial stress to the superconducting state, we also
measured the MR of two different crystals of this com-
pound at 0.55 K. These preliminary measurements were
restricted by the fact that these two crystals could not
support stress above 1 kbar. However, similar MR fea-
tures for stress below 1 kbar (Fig. 2) were observed for
both crystals. The normal state MR decreases and flat-
tens with the applied stress and the critical field (B,,)
moves to lower field values. The decrease of B, accom-
panies the decrease of T found for the first sample and is
linear in this stress range (Fig.3). At Okbar (no gas
pressure on the piston) the frequency of the Shubnikov--
de Haas (SdH) oscillations, clearly seen superposed on
the background MR, is 654 T. This value falls within the
wide range of reported atmospheric pressure frequencies
(596-667 T [11]), and corresponds to the closed hole
orbits on the quasi-two-dimensional Fermi surface [12].
It is possible that slight sample misalignment with re-
spect to the magnetic field leads to the higher frequencies
measured here and in a few other reports [11]. By
0.9 kbar the amplitude of the SdH oscillations has been
reduced, an indication that the stress on the sample is not
completely homogoneous [10]. Nevertheless, the funda-
mental SdH frequency peak is still clearly visible on the
Fourier spectrum, and is shifted to a higher value of
672°T.

4. Discussion

If one considers the Poisson effect, stress applied along
the crystal direction should expand the unit cell in the
b—c plane. This in turn decreases the size of the Brillouin
zone, and all topological entities within it. Therefore the
extremal orbits and the corresponding SdH frequencies
should decrease, as has been observed in a-
(BEDT-TTF),KHg(SCN), [13]. As mentioned in the
introduction, an expansion of the unit cell should give an
increase in the density of states which would result in an
increase in T,. Clearly neither of these expectations is
realized for k(BEDT-TTF),Cu(NCS),.

There are several possible origins for the observed
behavior. The first thing to bear in mind is that, since the
stress is applied in the least conducting direction, the
a~axis bandwidth increases and drives the system more
three-dimensional. The difference in the anion layer
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Fig. 2. Magnetoresistance of k-(BEDT-TTF),CH(NCS), as
a function of a-axis stress.
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Fig. 3. Shubnikov-de Haas oscillation frequency| (top graph)
and upper critical field at 0.55 K (bottom graph) Ycrsus stress.
Dotted lines in graphs are guide to the eyes. (The upper critical
field was taken to be the middle resistance point at the transition
between the zero and the linear magnetoresistance regimes.)

thickness between a-(BEDT-TTF),KHg(SCN), and -
(BEDT-TTF),Cu(NCS),, which are 7 and 3 A respec-
tively, indicates that inter-layer interactions can be
strong in the latter salt. However, the case is not so
simple because the stress derivatives of T, aléng the two
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b-c plane directions have been found to have opposite
signs [5], even though both stresses would be accom-
panied with a reduction in the inter-layer separation.
Therefore there could exist some significant non-lineari-
ties in the adjustments of the positions of the molecules
that, depending on the direction along which the stress is
applied, might lead to an increase or a decrease in the
energy band width. A second possible explanation is that
in k-(BEDT-TTF),Cu(NCS), there is a negative Poisson
effect due to the nature of the until cell structure: the
BEDT-TTF molecules in this salt are dimerized in an
alternating square pattern [6], whereas in a-
(BEDT-TTF),KHg(SCN), they are arranged in a chev-
ron-type staking with alternating rows. A negative Pois-
son effect would reconcile both the behavior of T, and
the SAH frequency with stress. As a third possibility, we
note that since the electron-electron and the elec-
tron—phonon interactions appears to by pressure depen-
dent, this may by itself drive T, down irrespective of
geometrical factors [3, 4]. Finally, it is becoming evident
that the band structure in these materials is very depen-
dent on the details of the molecular overlap integrals
[14]. Hence there could be significant changes in the
Fermi surface topology which do not follow the simple
reduced Brillouin zone model.

5. Conclusions

The present work has produced some surprises in the
stress dependent properties of this highly anisotropic
organic superconductor. Questions about the band
structure, the mechanism of superconductivity, and the
role of the inter-layer interaction (which is clearly chang-
ing by the nature of the experiment) have been raised.
Further work, including stress studies along different
axes by our new technique, is clearly in order.
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