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Abstract. The magnetoresistance of single crystals of the quasi-two-dimensional (Q2D)
organic conductor(BEDT-TTF)3Cl2 · 2H2O has been studied at temperatures between 700 mK
and 300 K in magnetic fields of up to 15 T and hydrostatic pressures of up to 20 kbar.
Measurements of the resistivity using a direct-current van der Pauw technique at ambient
pressure show that the material undergoes a metal-to-insulator transition at∼150 K; below
this temperature the resistivity increases by more than five orders of magnitude as the samples
are cooled to 4.2 K. If the current exceeds a critical value, the sample resistivity undergoes
irreversible changes, and exhibits non-ohmic behaviour over a wide temperature range. Below
30 K, either an abrupt increase of the resistivity by two orders of magnitude or bistable behaviour
is observed, depending on the size and/or direction of the measurement current and the sample
history. These experimental data strongly suggest that the metal–insulator transition and complex
resistivity behaviour are due to the formation of a charge-density wave (CDW) with a well-
developed domain structure. The magnetotransport data recorded under hydrostatic pressure
indicate that pressure has the effect of gradually reducing the CDW ordering temperature.
At higher pressures, there is a pressure-induced transition from the CDW state to a metallic,
superconducting state which occurs in two distinct stages. Firstly, a relatively small number
of Q2D carriers are induced, evidence for which is seen in the form of the magnetoresistance
and the presence of Shubnikov–de Haas oscillations; in spite of the low carrier density, the
material then superconducts below a temperature of∼2–3 K. Subsequently, at higher pressures,
the CDW state collapses, resulting in Q1D behaviour of the magnetoresistance, and eventual
suppression of the superconductivity.

1. Introduction

Charge-transfer salts of the molecule bis(ethylene-dithio)tetrathiafulvalene (BEDT-TTF)
have been the focus of much attention over the last decade (see, e.g., reference [1]
and references therein). The salts often have quasi-two-dimensional (Q2D) metallic
properties, and can exhibit phenomena such as superconductivity, spin-density-wave (SDW)
formation and magnetic-field-induced phase transitions [1]. Furthermore, the materials
are relatively ‘clean’ systems, so their Fermi surfaces may be characterized using the
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Shubnikov–de Haas (e.g., reference [2] and references therein) and de Haas–van Alphen
effects (e.g., reference [3] and references therein). Amongst this family the salt (BEDT-
TTF)3Cl2 · 2H2O is relatively unusual in that the BEDT-TTF ions have average charge
+ 2

3e [4, 5], instead of the more common+ 1
2e [1]. Thermopower, susceptibility and

conductivity measurements [7, 8] suggest that (BEDT-TTF)3Cl2·2H2O is a semimetal at 300
K; at T ≈ 150 K it undergoes a (semi)metal–insulator transition (MIT) [9]. The authors
of reference [7] attributed the MIT to removal of the band overlap at low temperatures;
however, in almost all other similar organic conductors MITs are believed to be connected
with charge-density-wave (CDW) or SDW formation [7]. The application of hydrostatic
pressure gradually reduces the onset temperature of the MIT and eventually stabilizes a
superconducting state between 10.2 kbar and 13.5 kbar withTc 6 4 K [10, 11].

In this work we have attempted to clarify the origin of the phenomena described above.
Absolute measurements of the resistivity at ambient pressure demonstrate that it is non-
ohmic in nature at temperatures below the MIT, strongly suggesting that the MIT is caused
by a CDW with well-developed domain structure at low temperatures. In addition, high
magnetic fields and low temperatures have been employed to observe the Shubnikov–de
Haas effect in (BEDT-TTF)3Cl2 · 2H2O under high hydrostatic pressures. In this way
properties of a closed Q2D section of the Fermi surface have been observed whilst pressure
has been used to tune the material through the superconducting part of its phase diagram.

This paper is organized as follows: section 2 gives details of the experimental apparatus
and a brief introduction to the properties, crystal structure and Fermi surface of (BEDT-
TTF)3Cl2 · 2H2O. Section 3 describes the experimental evidence which indicates that the
MIT observed at ambient pressure is due to a CDW. Section 4 covers the high-pressure
magnetoresistance measurements and presents a pressure–temperature phase diagram for
(BEDT-TTF)3Cl2 · 2H2O. A summary is given in section 5.

2. Sample properties and experimental details

2.1. General properties of (BEDT-TTF)3Cl2 · 2H2O

(BEDT-TTF)3Cl2 ·2H2O crystallizes in the triclinic space groupP 1 with a unit-cell volume
of 2.304 nm3 [12]. The structure consists of sheets of BEDT-TTF molecules separated
by layers of the anions; the unit cell contains slipped stacks of three crystallographically
independent BEDT-TTF molecules, and there are two formula units per unit cell. All of
the BEDT-TTF molecules are oriented approximately parallel to one another. On lowering
the temperature the lattice contracts anisotropically [4].

The calculated Fermi surface of (BEDT-TTF)3Cl2 ·2H2O consists of two parallel quasi-
one-dimensional (Q1D) sections and an elongated closed electron pocket (e.g., reference [7]
gives such a calculation; however, see also reference [5]); the transport properties are quasi-
two-dimensional (Q2D) in character, with the ratio of the room temperature resistivities
along the crystal axesa, b andc beingρa:ρb:ρc = 1:7:1000 [7, 9].

The high-purity single crystals of (BEDT-TTF)3Cl2 · 2H2O used in this paper were
prepared electrochemically using a technique described elsewhere [12]. The crystals are
generally∼2×2×0.05 mm3 black distorted hexagonal platelets with a metallic lustre, with
the plane of the plate corresponding to the highly conducting Q2D layers.
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2.2. Ambient pressure experiments

The ambient pressure resistivity measurements discussed in section 3 were performed on
single crystals of(BEDT-TTF)3Cl2 · 2H2O using a direct current (DC) van der Pauw (VdP)
method. Evaporated gold contacts were located around the perimeter of the samples and
fine gold wires were attached to these using silver epoxy. The sample under study was
supported in the cryostat by its wires alone in order to minimize stress, and good thermal
contact with the thermometry was ensured by immersing the sample in low-pressure helium
exchange gas. The temperature was varied in the range 4.2 K 6 T 6 300 K and magnetic
fields of up to 14 T were applied to the sample using a superconductive magnet. Using
such an arrangement samples withstood many cycles of cooling–heating without significant
degradation of the contact quality.

With an anisotropic sample, the VdP method gives the value

ρ = (ρaρb)
1/2 = (Ra + Rb)f

(
Ra

Rb

)
d (1)

whereRa and Rb are the VdP partial resistivities for the different measuring current (I )
directions in the sample,d denotes the sample thickness and the functionf (Ra/Rb) takes
into account the current path distribution in the sample [13]. In the present case the contact
geometry was such thatRa andRb corresponded to current directions approximately parallel
to thea andb crystal axes. Measurements of theRa- andRb-values were performed for two
DC current polarities in order to eliminate thermoelectric contributions from the contacts
and wiring.

2.3. Measurements at high hydrostatic pressures

(BEDT-TTF)3Cl2 · 2H2O single crystals from the same batch as those used in the ambient
pressure measurements were selected for study at high hydrostatic pressures (section 4).
Electrical contacts were attached to previously evaporated gold pads on both sample faces
using silver epoxy, resulting in contact resistances of less than 10� per pair at 300 K.
As the hydrostatic pressure experiments involved temperatures down to 700 mK, standard
four-wire alternating current (AC) techniques (5–150 Hz) were employed; thus, a reasonable
signal-to-noise ratio was achieved even though the sample currents were much lower than
those used in the DC VdP techniques described above. The current was applied in the
ab-plane of the crystal platelet; great care was taken to ensure that the currents used did
not cause sample heating and did not result in irreversible changes to the sample behaviour
(see section 3). The magnetic field was applied in thec∗-direction, perpendicular to the
Q2D planes.

Magnetoresistance measurements under hydrostatic pressure were carried out using a
non-magnetic clamp cell filled with a petroleum spirit pressure medium [14]. The cell
used for the majority of the experiments provides pressures of up to 16.5 kbar at liquid
helium temperatures. Pressure was applied at room temperature using a hydraulic press,
after which the cell was placed in a specially designed3He cryostat providing temperatures
down to 700 mK in a 15 T superconducting magnet; cooling from room temperature to
4.2 K was accomplished over a period of around 12 hours to ensure that the pressure was
ideally hydrostatic at low temperatures. For pressures between 16.5 kbar and 20 kbar the
sample was transferred to a larger clamp cell; such measurements were limited to pumped
4He temperatures as the cell was too large for the3He cryostat. The temperature of the
sample was measured using a calibrated ruthenium oxide sensor, and the pressure in the
cell at all temperatures was monitored using the resistance of manganin wire with a known
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Figure 1. Temperature dependence of the resistivity in (BEDT-TTF)3Cl2 · 2H2O measured by
the Van der Pauw method for different measurement currentsI and sample states (see the text
for details). (a)I = 1 µA, sample in the initial state; (b)I = 1 µA, after heating and cooling
cycles under higher current; (c)I = 10 µA. The arrows indicate the positions of the ‘kinks’ in
the resistivity and regions 1, 2 and 3 delineate different types of behaviour (see the text).

pressure and temperature coefficient. All of the pressures quoted in section 4 are those
measured at 4.2 K and all of the data shown in the figures of section 4 are for the same
(BEDT-TTF)3Cl2 · 2H2O sample for ease of comparison.

3. Evidence for a CDW ground state at ambient pressure

3.1. Ambient pressure resistivity measurements

The measured temperature dependence of the resistivityρ(T ) of (BEDT-TTF)3Cl2 · 2H2O
was found to depend strongly on the value of the measuring currentI and the route by
which the sample reached the particular temperature; typical data are shown in figure 1.
When I is less than 1µA the ρ(T )-curve is very similar to that obtained in reference [7]
using AC techniques; the resistivity first decreases as the temperature is lowered, and then
in the region whereT . 150 K it increases by more than five orders of magnitude as the
sample is cooled to 4.2 K (figure 1(a)). (Note that figure 1 showsabsolutevalues of the
resistivity, in contrast to the ‘arbitrary units’ of the data reported in reference [7].)

An increase in the measuring current toI = 10 µA leads to irreversible changes in
the form of theρ(T )-curves; the data in figure 1(b) illustrate the effect of measuring the
resistivity of the (BEDT-TTF)3Cl2 · 2H2O sample usingI = 1 µA after it has been cooled
and warmed withI = 10 µA flowing. Three characteristic regions with differing behaviour
can be seen. For temperaturesT > TMIT ≈ 150 K (labelled region 1 in figure 1),ρ(T )

decreases asT is lowered. However, forT < TMIT , the behaviour ofρ(T ) becomes
non-ohmic and non-single-valued and this persists down toT ≈ 30–40 K (the range of
non-ohmic behaviour is labelled region 2 in figure 1). BelowT ≈ 30–40 K (region 3 in
figure 1) the relationship betweenρ andT becomes single-valued once more. Close to the
boundary between regions 2 and 3ρ jumps by two orders of magnitude (figure 1(b)). As
the temperature is lowered further,ρ(T ) increases more slowly before beginning to saturate
below T ≈ 8 K.
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Once the (BEDT-TTF)3Cl2 · 2H2O sample is in the new state resulting from cooling
underI = 10 µA, increases ofI do not appear to change the qualitative behaviour ofρ(T )

in regions 1 and 2 of figure 1, but do result in larger variation inρ; an example of this
is shown in figure 1(c) withI = 10 µA. Here we observe two well-defined ‘branches’
between which the resistivity switches. This bistability was also observed up to currents of
100µA (not shown). These measurements required very low rates of temperature variation
(typically 6 1 K min−1).

The behaviour ofρ(T ) shown in figure 1 is reasonably reproducible for both cooling
and heating cycles and amongst different (BEDT-TTF)3Cl2 · 2H2O samples. Particular care
was taken to check that the contacts had not degraded with thermal cycling (see section 2).
However, the low-temperature bistability (region 3) and the instabilities in region 2 were
found to be sensitive to the alteration of the current direction required by the VdP method.
If the current commutation was switched off, so that onlyRa or Rb were measured, their
temperature dependence became single-valued and non-fluctuating.

Previous workers [7] have noted the presence of various ‘kinks’ in theρ–T -curves of
(BEDT-TTF)3Cl2 ·2H2O and these were also observed for the present samples in their initial
state (figure 1(a), arrows). There is some correlation between the temperatures at which the
kinks on theρ(T )-curve for the initial sample state are seen with the characteristic features
of the unstable curves (figure 1(b) and (c), arrows).

The resistivity measurements in the low-temperature region (region 3) were repeated
with the (BEDT-TTF)3Cl2 · 2H2O samples in magnetic fieldsB of up to 14 T. It was found
that ρ increased smoothly withB, growing to ∼1.3 times its zero-field value at 14 T.
No sharp features were observed in the magnetoresistance,ρ(B), even at the very lowest
temperatures (∼4 K). In general,ρ(B) can consist of several branches depending on the
current direction; removal of the commutation required by the VdP method always leads to
the survival of only one branch.

3.2. Discussion

The results in figure 1 can be explained by assuming that the ground state involves a
CDW. Below 150 K the long-range order may develop but be frustrated by pinning. This
frustration is removed at temperatures below∼30–40 K where the CDW may couple much
more effectively to the underlying lattice. An alternative way to explain the three regions
of differing behaviour in figure 1 is to suggest that the CDW formation may involve two
steps [15] in which partial ordering initially occurs at high temperature along the ‘easy’
direction defined by the stronger one-dimensional correlations; at a lower temperature full
ordering occurs along the perpendicular direction. In this interpretation the intermediate-
temperature regime (region 2 in figure 1) is partially ordered and may be associated with non-
single-valued behaviour. The switching of the current direction in this region may induce
additional complex behaviour because of the interaction between the external electric field
and locally ordered regions in the sample which are pinned to lattice defects (see below).

In either interpretation, the low-temperature ground state may be further complicated
by the formation of fixed domain structure [16]. The presence of bistability and non-ohmic
behaviour inρ at higher currents in region 3 (figure 1(c)) can then be explained by the
alteration of the domain structure by the electric field or by sliding of the density wave.
Either process will result in changes in the current paths and hence the measured resistivity.

In such a model for the behaviour of (BEDT-TTF)3Cl2 · 2H2O, some form of density
wave pinning is essential to explain the resistivity in regions 2 and 3 of figure 1. The
role of cooling–heating cycles with currentsI ∼ 10 µA and above is probably to produce
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Figure 2. The measured resistance versus temperature (0.7–7 K) for a single crystal of (BEDT-
TTF)3Cl2 · 2H2O at five different hydrostatic pressures.

structural defects in the sample; the fact that the resistivity always increases after such a
cycle provides support for such an interpretation. These defects may act as the centres for
density wave pinning and/or domain formation in region 3 of figure 1 and nuclei for the
creation of locally ordered regions in region 2 of figure 1. The initial cooling curve for the
sample at low currents (figure 1(a)) may therefore correspond to monodomain structure; in
this case, the density wave formation just leads to bends inρ(T ) rather than vertical jumps.
Similar behaviour has been observed in other CDW systems [15].

The data in this section suggest that the density wave state in (BEDT-TTF)3Cl2 · 2H2O
is much more likely to be a CDW rather than a SDW. In a SDW, spatial charge modulation
is absent [15], so strong pinning effects and non-linear current–voltage characteristics such
as those observed in regions 2 and 3 of figure 1 are less likely to occur. Secondly, magnetic
fields of up to 14 T do not cause any distinctive features in the magnetoresistance. In the case
of a SDW the ground state is antiferromagnetic; BEDT-TTF and TMTSF charge-transfer
salts which are thought to possess SDW ground states often exhibit dramatic features in their
low-temperature magnetoresistance which are interpreted as field-induced reorganizations of
the SDW [18, 19, 20].

Additional evidence that the postulated density wave state is a CDW rather than a
SDW is presented in figure 2 of reference [8], which shows the magnetic susceptibility of
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(BEDT-TTF)3Cl2 · 2H2O as a function of temperature. As the temperature is lowered, the
susceptibility falls smoothly to a very low value atT ∼ 80 K and then remains small for
further decreases in temperature; this behaviour is very different from the antiferromagnetic
susceptibility characteristic of a SDW state [21].

Further evidence for the CDW has been found through a recent x-ray diffraction study
at the European Synchrotron Radiation Facility [6]. In this experiment a single crystal was
mounted inside a displex continuous-flow cryostat on Beamline 2 (ID11), and data were
collected using 5◦ oscillations inφ and a wavelength of 0.07 nm. Sharp satellite reflections
were seen at low temperatures, having intensities typically three to four orders of magnitude
smaller than those of the neighbouring Bragg peaks. The satellite peaks indicate the presence
of a long-range structural modulation in (BEDT-TTF)3Cl2 ·2H2O, characteristic of a Peierls
distortion accompanying the formation of a three-dimensionally ordered CDW [6, 22].

In summary, all of the data described in this section strongly suggest that the MIT
observed in (BEDT-TTF)3Cl2 · 2H2O is due to the formation of a CDW ground state,
probably due to nesting of Q1D sections of the Fermi surface. In the next section the
destruction of the proposed CDW by applied hydrostatic pressure will be examined.

4. Magnetoresistance measurements at high hydrostatic pressures

4.1. Experimental data

Measurements of the resistivity as the samples were cooling under hydrostatic pressure
indicate that the MIT in (BEDT-TTF)3Cl2 · 2H2O is gradually suppressed by increasing
pressure; e.g. at 11.3 kbar the resistivity has a minimum around 50 K (c.f.∼150 K at
ambient pressure (figure 1)), followed by a thirty-fold increase to a maximum at 3.5 K
and then another rapid decrease. Once the pressure has reached 12.5 kbar and above,
the minimum in resistivity is no longer observable. Such behaviour has previously been
described in references [10, 11] (see sections 1 and 2) and so this section focuses on the
low-temperature magnetoresistance of (BEDT-TTF)3Cl2 · 2H2O under pressure, which has
not thus far been studied in detail.

Figure 2 shows the temperature dependence of the resistance of a single crystal of
(BEDT-TTF)3Cl2 · 2H2O at five hydrostatic pressures in the low-temperature regime.
Between 10.2 kbar and 12.5 kbar the resistivity at 3 K drops by almost three orders of
magnitude. At the four lowest pressures shown in figure 2, there is a marked drop in
the resistance at the very lowest temperatures, which is suppressed by the application
of a magnetic field (figure 3). For the 11.3 kbar and 12.5 kbar data this behaviour is
characteristic of full superconductivity. However, at 10.2 kbar there appears to be only a
tendency to superconductivity (at≈3 K). At this pressure zero resistance is not actually
attained down to 0.7 K; nevertheless, the onset of this lowering in resistance is suppressed
by the application of magnetic fields in a fashion characteristic of superconductivity. Similar
behaviour (i.e. non-zero resistance in a superconducting state) has been observed in other
BEDT-TTF salts [23] and high-Tc superconductors [24], and has been attributed in the latter
materials to a Bose glass state [24].

The superconducting transition temperature (Tc), defined in this work as the point at
which the resistance is 95% of its extrapolated normal-state value, increases with pressure,
peaking atTc ≈ 3.6 K (figure 3, inset) under a pressurep ≈ 11.3 kbar. Further increases
in pressure causeTc to decrease, until atp ≈ 14.5 kbar the onset of superconductivity is
not observable at temperatures above 0.7 K.

The magnetoresistance of a single crystal of (BEDT-TTF)3Cl2 · 2H2O is shown in
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Figure 3. The suppression of superconductivity in (BEDT-TTF)3Cl2 · 2H2O at 11.3 kbar using
a magnetic field. The inset is a plot ofTc (i.e. the measured resistive onset (95% of the normal-
resistance point) to superconductivity) versus pressure.

figure 4 for several applied hydrostatic pressures between 10.2 and 20 kbar at a temperature
of 700 mK. At 10.2 and 11.3 kbar, the magnetoresistance saturates quickly, indicating
that the Fermi surface is predominantly Q2D in character [25, 26]. However, as the
pressure is increased to 12.5 kbar and above, the magnetoresistance changes form and
no longer saturates within the available field range, indicating that the Fermi surface is now
predominantly Q1D (open); i.e. the magnetic field is no longer effective in frustrating the
ability of electrons to acquire energy from the driving electric field [25].

The∼1000-fold drop in low-temperature magnetoresistance between 10.2 and 12.5 kbar,
plus the non-observation of the resistance minimum at 12.5 kbar and above suggest that the
CDW is completely destroyed by pressures of∼12 kbar and above. As has been mentioned
above, the CDW is probably due to nesting of Q1D Fermi surface sections; as a result of the
destruction of the CDW, these Q1D sections will be able to contribute to the low-temperature
magnetoresistance, leading to the observed non-saturating behaviour. The large change in
resistance on destruction of the CDW suggests that the number of Q1D carriers thus free
is much greater than the number of Q2D carriers contributing to the magnetoresistance at
lower pressures (see below).

In spite of the non-saturating magnetoresistance at high pressures, evidence that at
least one closed, Q2D section of Fermi surface remains above 12.5 kbar is observed as a
single series of low-frequency oscillations superimposed on the magnetoresistance (figure 5).
These oscillations are periodic in the reciprocal field (figure 5, inset) and possess all of the
other attributes of Shubnikov–de Haas (SdH) oscillations [27]. We find no evidence for
magnetic breakdown oscillations similar to those observed in the CDW state in NbSe3 [28].

The frequency of the Shubnikov–de Haas oscillations due to the small Q2D pocket(s)
increases with increasing pressure; rising from a value of 45 T at 12.5 kbar, it asymptotically
approaches 100 T at 20 kbar (figure 6). These two frequency values correspond to orbits
which have areas that are 1.7% and 3.8% of the total Brillouin zone area respectively.
By fitting the temperature dependence of the Fourier amplitude of the magnetoresistance
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Figure 4. The magnetoresistance of (BEDT-TTF)3Cl2 · 2H2O at 0.7 K (the magnetic field is
applied perpendicular to theac-plane) for seven different pressures between 10.2 and 20 kbar.
All of the data are from the same sample; the resistance values for 10.2 kbar and 11.3 kbar
have been divided by 500 and 50 respectively in order to make comparisons with the other data
possible.

oscillations between 12 and 17 T to the Lifshitz–Kosevich formula [3, 25], an effective
mass of(0.80 ± 0.1)me was obtained at 13.5 kbar; at 16.1 kbar the value obtained was
(0.75±0.1)me. Unfortunately the quasiparticle scattering rate (i.e. Dingle temperature) [25]
is difficult to measure as there are so few oscillations in the magnetic field range attainable,
although the rate of increase in amplitude with field does not vary appreciably with pressure.
The data therefore imply that the effective mass and scattering rate are not very pressure
dependent within the errors, in contrast to those of other superconducting BEDT-TTF salts
(see, e.g., reference [29]).

In summary, the data presented in this section imply that the pressure-induced
suppression of the highly resistive CDW state occurs in two stages. First of all, the
pressure causes a small number of Q2D carriers to appear; perhaps a band drops below
the Fermi level, and so one or more small, Q2D pockets become populated. The material
is then metallic, but with a relatively small conductivity. Subsequent increases in pressure
suppress the CDW, closing the band gaps along the quasi-one-dimensional Fermi surface
sections; hence, the resistivity falls further and the magnetoresistance assumes a non-
saturating behaviour.

4.2. The phase diagram

Figure 7 shows a notional pressure–temperature phase diagram for (BEDT-TTF)3Cl2 ·2H2O,
constructed using the data in this work. The upper boundary is formed by the minimum
in resistivity observed close to 150 K at ambient pressure; in the discussion of section 3
this resistivity minimum was associated withT1, the onset temperature for partial CDW
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Figure 5. The magnetoresistance of (BEDT-TTF)3Cl2 · 2H2O at 0.7 K (the magnetic field
is applied perpendicular to theac-plane) for a hydrostatic pressure of 13.5 kbar. The
oscillatory component of the magnetoresistance after the removal of the slowly varying classical
magnetoresistance is also shown. The inset is a plot of the oscillation position (in the reciprocal
field) versus the Landau level index at 13.5 kbar. The solid line has a gradient of 74 T, filled
dots correspond to magnetoresistance dips and open dots to magnetoresistance peaks.

Figure 6. The measured Shubnikov–de Haas oscillation frequency plotted as a function of
pressure.

order. Increases in pressure result in the resistivity minimum temperatureT1 decreasing;
two additional data points from reference [11] (filled circles) have been included in order
to delineate this boundary more clearly [30]. The temperature below which complete CDW
order is established was only measured at ambient pressure; this point is shown as an ellipse
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Figure 7. A temperature–pressure phase diagram: diamonds (this work) and circles (ref-
erence [11], pressures corrected to low-temperature values) represent the resistive minimum
temperature. The solid ellipse indicates the ambient pressure temperature below which full
CDW order is established (this work) and the dashed curve shows schematically its probable
motion with pressure. The squares are the superconductingTc (this work), and the dotted
line divides the region of Q2D saturating magnetoresistance from that of Q1D non-saturating
magnetoresistance. Other symbols: CDW= charge-density wave; SC= superconductor.

and the dashed line indicates schematically the probable lowering of this temperature with
increasing pressure. The superconducting region is bounded by theTc-values deduced
using the 95% extrapolated normal-resistivity criterion. The vertical dotted line inside the
superconducting region separates the Q2D saturating magnetoresistance behaviour from the
Q1D.

A simpler phase diagram was also shown in reference [11]; once the pressures plotted
in the latter work have been adjusted to low-temperature values [30], the phase diagram
of reference [11] is in good agreement with figure 7. On the other hand, the resistivity
minima temperatures shown in reference [10] appear offset by≈3 kbar from the points
in figure 7 at high pressures. A possible reason for this discrepancy is that the pressures
quoted in reference [10] may be room temperature values (i.e. not adjusted for the loss in
pressure experienced as the pressure cell is cooled); unfortunately this point is not clear
from the text of reference [10]. Alternatively, the differences could result from different
sample preparation methods or crystal purity.

The appearance of the saturating (Q2D) magnetoresistance and superconductivity at
the same pressure indicates that the superconductivity is associated with the small number
of Q2D carriers. Support for this view is given by the values of the coherence lengthξ

estimated from the rate of change ofBc2 with temperature [26] (ξ ≈ 15 nm at 11.3 kbar and
ξ ≈ 17 nm at 12.5 kbar), which are in good agreement with the valueξ ≈ 15 nm obtained
usingξ = 0.18h̄vF/kBTc, with vF the mean Fermi velocity deduced from the Shubnikov–de
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Haas frequency at 12.5 kbar [26].
Figure 7 shows that the superconducting part of the phase diagram is restricted to a

small region close to the almost vertical drop in the phase boundary between the CDW and
semimetallic regions. This suggests that the strong fluctuations which will occur close to
such a boundary may form a vital part of the mechanism for superconductivity in (BEDT-
TTF)3Cl2·2H2O. Qualitatively similar behaviour has been observed in other superconducting
systems; e.g.Tc peaks in La2−xSrxCuO4+y close to the tetragonal–orthorhombic structural
phase boundary [31] and reaches a maximum close to the boundary marking the fcc lattice
instability in the non-equilibrium solid solutions Al1−xSix [32]. An alternative view has
been proposed by Caulfield [26], who suggested that the superconducting state might be
suppressed by screening of the pairing interaction by the Q1D carriers or that structural
changes brought about by the application of pressure may lead to changes in the phonon
spectrum which affect the formation of the superconducting state.

5. Summary

This paper has presented the results of resistivity and magnetoresistance experiments on
single crystals of (BEDT-TTF)3Cl2 · 2H2O, some involving pressures as high as 20 kbar.
The ambient pressure magnetoresistance and x-ray data suggest that the (semi-)metal-to-
insulator transition (MIT) and subsequent complex behaviour of the resistivity observed
in (BEDT-TTF)3Cl2 · 2H2O are due to the formation of a charge-density wave (CDW)
with well-developed domain structure, probably caused by nesting of quasi-one-dimensional
(Q1D) Fermi surface sections. Structural defects in the material, induced by high electric
currents, seem to be important in pinning the CDW, and hence have a marked effect on the
observed resistivity. The magnetotransport data recorded under hydrostatic pressure indicate
that pressure has the effect of gradually reducing the CDW ordering temperature. However,
rather than just representing the destruction of the CDW state, the pressure-induced transition
from the semiconducting state observed at low temperatures and pressures appears to occur
in two distinct stages; firstly, the pressure causes a closed Q2D Fermi surface section to
form, and then subsequently the CDW state collapses, resulting in Q1D behaviour.
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