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Abstract

Muon-spin rotation (uSR) measurements have been used to study the vortex lattice and its instabilities in the organic
superconductors x-ET2Cu(SCN), and B-ET2IBr.. We ascribe the field- and temperature-dependent destruction of the

vortex lattice to the large anisotropy found in these materials.
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1. Introduction

Layered organic superconductors based on the
molecule ET (bis(ethylenedithio)tetrathiafulvalene, also
known as BEDT-TTF) share a distinctive property of
many cuprate superconductors, namely that they are
extremely anisotropic. This leads to highly unconven-
tional behaviour in the B-T phase-diagram [1]. A con-
ventional type II superconductor exhibits 3 well-defined
phases for T < T,: (1) a Meissner phase for B < By,
(2) a mixed or Shubnikov phase for Be; < B < Bes (in
which the magnetic field enters the superconductor in
the form of well defined flux lines or vortices arranged in
an Abrikosov lattice) and (3) the normal metallic phase
for B > Bs.

In highly anisotropic systems the vortex lattice is no
longer a system of rigid rods but should be considered as
a system of flexible interacting lines. A useful picture is
that of a weakly coupled stack of quasi-two-dimensional
(q2D) “pancake” vortices, each one confined to a su-
perconducting plane [1-3]. The phase diagram is thus
substantially altered to take account of field and tem-
perature dependent changes in the vortex lattice itself.
At low T and low B the stacks resemble conventional
vortex lines. Above a characteristic temperature 73, but
still below that at which superconductivity is destroyed,
the vortex lattice is broken up by thermal fluctuations
[2] (vortex lattice melting). At low T' but this time

increasing B the energetic cost of interlayer deforma-
tions of the lattice (local tilting of the lines) is progres-
sively outweighed by the cost of intralayer deformations
within the superconducting plane (shearing). Above a
crossover field B, the vortex lattice enters a more two-
dimensional regime [3,4]. Thus in anisotropic systems
we may expect temperature and field dependent transi-
tions in which the vortex lattice is destroyed.

2. uSR and superconductors

The two important lengthscales in superconductors
are the penetration depth, A, and the coherence length,
¢ If A > £/+/2 we have a type II superconductor which
if cooled through T, in an applied magnetic field remains
superconducting everywhere except in a triangular lat-
tice of vortex cores. Each vortex is associated with a
magnetic flux equal to one flux quantum ¢y = h/2e.
The distance between vortices, d, is such that the num-
ber of vortices per unit area 2/+/3d? equals the number
of flux quanta per unit area B/¢o. Thus d o« B~+/2. In
general the vortex lattice will be incommensurate with
the crystal lattice and d will be much larger than the
crystal lattice constant a. Implanted muons sit at cer-
tain crystallographic sites and thus randomly sample
the fleld distribution of the vortex lattice.

In the normal state (7' > T.) with a transverse field
B, all muons precess with angular frequency w = v, B
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where 7, is the muonic gyromagnetic ratio. In the su-
perconducting state the muons implanted close to the
vortex cores experience a larger magnetic field than
those implanted between vortices. Consequently there is
a spread in precession frequency, resulting in a progres-
sive dephasing of the observed precession signal. The
larger the penetration depth, the smaller the magnetic
field variation and the less pronounced the dephasing.
Thus the relaxation rate ¢ of the observed precession
signal can be used to directly infer the magnetic pene-
tration depth [5,6] using

¢ = 7u(B(r) — (B(r)),);* ~ 0.06097,80/X%. (1)
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FIG. 1. (a) The field distribution p(B) in the vortex lat-
tice {contours of B shown in (b)). (c) The number of
muon-spin precessions that can occur in a muon lifetime
Ty =2.2 ps for different transverse magnetic fields.

1SR experiments have been particularly useful in
studies on organic metals, conductors and magnets [7].
When applied to a superconductor in a field B one can
directly measure the field distribution p(B’) which is
given by p(B’) = (6(B’ — B(r)))r and is the probability
that a randomly chosen point in the sample has field
B’ [6,8]. This is shown in PFig. 1(a) for an ideal vortex
line lattice. The distribution is highly asymmetric, the
high field “tail” corresponding to regions of the lattice
close to the vortex cores (see Fig. 1{b)). The maximum
of the distribution occurs at By, which lies below the
mean field (B) (see Fig. 1{a)). Such lineshapes have
been observed in the high temperature superconductors
using SR [8]. It is easier to make such measurements
at high magnetic fields because a larger number of pre-
cessions can be observed during the muon lifetime (see

Fig. 1(c)).

3. Experimental

Muons, which are approximately 100 % spin polar-
1zed anti-parallel to their momentum (~ 29 MeV/c),
are implanted into a mosaic of high-quality single crys-
tals grown by an electrochemical oxidation. The in-
dividual crystals are platelets of typical dimensions
1.0x1.56x0.5 mm?® with the largest face parallel to the
superconducting planes (b -¢ planes). The crystals were
mounted with Apiezon grease on a plate of haematite

(FepO3) to give a total area approximately 10x 20 mm?.
The use of a haematite backing plate ensures that any
muons not stopping in the sample are rapidly depolar-
ized outside of the uSR time window, so that the result-
ing spectra contain information relating only to the sam-
ple. The experiments were conducted in the transverse-
field geometry where the initial muon spin is perpendic-
ular to the applied magnetic fleld. In most experiments
the sample was arranged so that the superconducting
planes made an angle of 45° with both the field and
with the muon momentum. uSR experiments were car-
ried out at the ISIS facility at the Rutherford Appleton
Laboratory, U.K., which provides pulsed beams of pos-
itive muons at a frequency of 50 Hz with a width of
~ 70 ns. The polarization of the muons at ISIS cannot
be rotated, so this geometry was chosen to provide a
reasonable cross-sectional area of sample to the beam,
while also allowing the field to be directed at a large an-
gle to the superconducting planes. Further experiments
were performed using the continuous muon beam at the
Paul Scherrer Institute (PSI) in Switzerland which pos-
sesses a spin rotator. Angle-dependence was therefore
measured by using data from ISIS together with that ob-
tained at PSI in which the experimental configuration
is complementary.
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FIG. 2. - ET2 Cu(8CN); showing the measured hneshape
when field cooled to 1.8 K in a field applied at 45° to
the superconducting planes. (a) At 2.5 mT the charac-
teristic asymmetric vortex-line-lattice shape is seen. [Note
the circles are data, solid line is simulation of ideal vor-
tex-line-shape convoluted with instrument response. ~The
inset shows the computed p(B) before convolution.] (b) At
40 mT a symmetric line-shape is obtained due to the 2D ar-
rangement of pancake vortices which results in a more sym-
metrical vortex field distribution.

4. Results

The superconductor x-ET9Cu(SCN), has a transition

temperature of 10.4 K, making it one of the highest-

temperature orgamc superconductors and has a Fermi
surface which is characterised by a quasi-2D Fermi
surface topology [9]. Recent ac-susceptibility mea-
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surements yielded an estimate of the superconducting
anisotropy parameter ¥ = Ai/X| & 160 — 350, where
AL {A))) are the superconducting penetration depths for
currents flowing perpendicular (parallel) to the super-
conducting planes in a uniaxial system [10].

Figure 2(a) is a #SR lineshape measured at 1.8 K for
a sample cooled in a fleld of 2.5 mT, which was derived
from the muon time spectra using a maximum entropy
technique [8,11]. The inset curve in Figure 2(a) is the
probability distribution p(B) from a numerical simula-
tion of a vortex-line lattice in a uniaxial superconductor
at an angle of 45° to the superconducting planes. The
solid curve in the main part of Fig. 2(a) is the con-
volution of this field distribution with instrumental and
dipolar broadening of 0.23 mT, which describes the data
well. The long penetration depth in ET superconductors
means that the lineshape is very narrow and the dipolar
broadening very significant. Moreover the very low field
used to ensure the existence of the vortex lattice means
that it is essential to use a pulsed muon source such as
ISIS since the very long time window available reduces
the contribution from instrumental broadening.

Figure 2(b) shows the pSR-lineshape taken for the
same sample cooled in a larger field of 40 mT. The re-
sults in this case are very similar to previously published
lineshapes in x~-ET,Cu(SCN); [12-14] which were all
performed at high field. The lineshape is highly sym-
metric, with a mode at By close to the average field
(B). This change of lineshape with field is very simi-
lar to changes observed in the high-7, superconductor
Bi3SryCaCuy0s45 (BSCCO), and indicates the loss of
short-range correlations of the pancake vortices along
the field direction [8]. It is attributed to the effective
smearing-out of the core fields due to the local tilt de-
formations of the pancake stacks [8,15].

Previous studies of k-ET9Cu(SCN), using ¢SR have
concentrated mainly on determining the value and tem-
perature dependence of the in-plane superconducting
penetration depth A\ (T") [12-14] in order to deduce
strength and symmetry of the superconducting pairing
but have obtained contradictory results. Our results
demonstrate the existence in xk-EToCu(SCN); of a flux-
line lattice only at low fields. At the higher fields used
in previous studies the probability distributions indi-
cate only q2D order, with reduced correlations of vor-
tex segments along the field direction, so that as sug-
gested by Lang et al. the discrepancies between earlier
1SR measurements can be due to the metastability of
the vortex lattice [16]. At low field we accurately mea-
sure the penetration depth for the first time and obtain
a value of Ay = 538(8) nm [17,18] in good agreement
with the value obtained from reversible magnetization
A = 535(20) nm [19].

We quantify the lineshape by a dimensionless skew-
ness parameter, §, appropriate for the very narrow line-

shapes which occur in x-ET2Cu(SCN)a, which we de-
fine as 8 = ((B) — Bye) / ((B2) — (BY?))"/*. A value of
B = 0 indicates a symmetric lineshape, while a positive
value reflects a weighting toward fields higher than By,
as is the case for a lineshape arising from a vortex line
lattice (Fig. 2(a)). As a function of field we find that
there is a broad crossover centred around Bg, ~ 7 mT
from the asymmetric lineshape of Fig. 2(a) to the almost
symmetric lineshape of Fig. 2(b) [17].
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FIG. 3. (a) The temperature dependence of the total uSR
linewidth for applied fields of 2.5 mT (solid circles) and
30 mT (empty circles). At 30 mT, which is above B, the
temperature dependence is consistent with a two-fluid-like
dependence of A (dashed line) with the narrow linewidth ex-
pected for a quasi-2D flux arrangment. For 2.5 mT, which is
below B.r , the lineshape rapidly becomes narrower between
3 and 5 K and above 5 K it follows a similar dependence to
that seen above Ber. (b) At 2.5 mT (solid circles) the nar-
rowing of the linewidth is accompanied by a significant fall
in B, centred around a crossover temperature 7% ~ 5 K,
which indicates a reduction of pancake vortex correlations
along the field direction above T*.

Lineshape parometer §

For a rigid vortex-line lattice the temperature depen-
dence of the linewidth (AB?)/2(T) o 1/A?, where A
is the effective penetration depth in a plane perpendic-
ular to the applied field. However, for unconventional
flexible or quasi-2D lattices the (AB?)!/2(T) may be in-
fluenced by other temperature-dependent effects on the
lattice structure, such as thermally induced fluctuations
and vortex-lattice melting.

Figure 3(a) shows the linewidth (AB2)Y/%(T) for
fields above and below B... For B > B, the linewidth
is very narrow and B is close to zero (Fig. 3(b));
(AB?)'/2(T) is not inconsistent with that expected for
a conventional s-wave superconductor, as also found in
ref. [14]. However, for B < B, there is a dramatic
increase in linewidth below T* ~ 5 K. More signifi-
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cantly, Fig. 3(b) shows that the lineshape also changes
around 7. While for T < T™* the value of 8 approaches
that expected for an ideal vortex-line lattice, this value
falls rapidly with T and plateaus at a significantly re-
duced value. This reduction in 3, reflecting a change
in lineshape, indicates a reduction of pancake vortex
correlations along the field direction. An estimate
of the characteristic temperature for the thermally-
induced breakup of an electromagnetically-coupled pan-
cake stack is given by T}, = ¢2s/kp s (47!')22)\':] ~4.5 K
[2] where s is the interlayer spacing. The reduction
in the positional correlations of pancake vortices at
T™ ~ 5K is thus consistent with this prediction [17].

The crossover field B.,. is closely related to the
“second-peak” effect which has been observed in magne-
tization hysteresis loops [20]. For a Josephson coupled
superconductor (A > vs) the dimensional crossover is
expected at a field By ~ ¢,/(vs)? when the width of the
Josephson vortex core s equals the vortex separation.
When the anisotropy is very large vs > A the rigidity
of the vortex line is controlled by the tilt modulus of
the lattice and is dominated by a highly dispersive elec-
tromagnetic interaction so that despite long wavelength
stiffness the vortices are subject to short wavelength
fluctuations [4,22]. Electromagnetic coupling is believed
to dominate in BSCCO {21,22] and £-ET>Cu(SCN), [17]
and taking the layer separation for #-ET5Cu(SCN); as
8 ~ 1.6 nm yields an estimate B., ~ 7mT which is in
agreement with our experiment [17).
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FIG. 4. x-ET2Cu(SCN), linewidth as a function of angle.

Further confirmation of the presence of a vortex line
lattice can be obtained from angle-dependent measure-
ments (for analogous measurements in BSCCO see [11)

(Fig. 4). The linewidth as a function of angle is given
by

(AB?)M2(8) = (AB*)*/2(0)[cos®0 + v~ 2 sin? 6]'/2, (2)

which gives a cos# dependence when v > 1, as ob-
served when B =2 mT. This begins to break down when
B =8 mT since in this case B > B,,.

We are currently extending this technique to other
ET superconductors. which have different crystal struc-

tures, different anisotropies and different superconduct-
Ing transition temperatures. This allows one to vary
different energy scales in the vortex lattice and test_the-_

oretical predictions of the consequent magnetic phase =

diagram and associated break-up temperatures and
crossover flelds. Although the thermal energy available
for vortex disruption is much less than in high-T, super-
conductors, the vortices are much more susceptible to
fluctuations due to the large anisotropy and Ginzburg
Landau parameter, and hence these are systems which

really can show melting behaviour at low temperatures. T

Preliminary results on 8”-ET,IBrs (Fig. 5) show simi-
lar behaviour to x-ETyCu(SCN), with a possible 7* at
1.5 K. ) o

- 0.35 :
E , ]
= 03F % Te ]
o 7
' oa2s) HH } ]

1 2 3 4
T (K)

FIG. 5. Linewidth in 8”-ET;IBr; in a magnetic field of
1 mT. The line is a guide to the eye.
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