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Pressure-induced insulating state in an organic superconductor
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1Institut für Festkörperpkysik, Technische Universita¨t Dresden, D-01062 Dresden, Germany

2Physikalisches Institut, Universita¨t Karlsruhe, D-76128 Karlsruhe, Germany
3Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

4Department of Chemistry, Portland State University, Portland, Oregon 97207, USA
~Received 10 March 2003; published 4 September 2003!

The electronic-transport properties of the quasi-two-dimensional organic superconductor
b9-(BEDT-TTF)2SF5CH2CF2SO3, where BEDT-TTF stands for bisethylenedithio-tetrathiafulvalene, have
been investigated in magnetic fields up to 15 T and under hydrostatic pressure up to about 14 kbars.
Shubnikov–de Haas data reveal a nonmonotonic pressure dependence of the holelike Fermi surface, a roughly
linear increase of the electrong factor, and an approximately linear decrease of the cyclotron effective mass.
By assuming that the latter reflects the pressure-induced reduction of the superconducting coupling parameter
l the rapid reduction of the superconducting transition temperatureTc(p) can be reasonably well described by
the modified McMillan equation. Above about 12 kbars the material becomes insulating with an activated
resistive behavior. This first-order metal-insulator transition has a hysteresis of about 3 kbars. This unexpected
behavior is assumed to be of structural origin, although clear changes of electronic band-structure properties
precede the phase transition.

DOI: 10.1103/PhysRevB.68.104504 PACS number~s!: 74.70.Kn, 71.18.1y, 74.62.Fj

I. INTRODUCTION

One of the distinguished properties of organic charge-
transfer salts is their large variety of different and often com-
peting ground states. Key parameters to control these sensi-
tive phases are external magnetic field and pressure. Thereby,
in the usual naive picture the application of pressure leads to
an enlarged electronic-band overlap resulting in an increase
in dimensionality, whereas a magnetic field effectively re-
duces the dimensionality by forcing the electrons to move in
trajectories perpendicular to the field. Indeed, the quasi-one-
dimensional~1D! electronic structure of the so-called Bech-
gaard salts1 is susceptible to a Peierls transition leading to a
low-temperature insulating state at ambient pressure. Only
by applying a sufficient pressure the metallic state survives
and superconductivity may be observed. This has led to the
discovery of the first organic superconductor.2 The extraor-
dinarily rich pressure-field-temperature phase diagram of the
Bechgaard salts, which has been studied extensively, is basi-
cally understood taking into account the electronic band-
structure topology.1

Equally sensitive to external pressure are the quasi-two-
dimensional~2D! organic charge-transfer salts. For these no
generic phase diagram—as for the Bechgaard salts—exists,
since the different crystal structures lead to diverse ground-
state properties. Anyway, in case an insulating state exists at
ambient pressure a metallic or finally superconducting state
often can be realized by applying sufficient pressure. Both in
1D and 2D systems a further increase of pressure usually
leads to a rapid suppression of superconductivity. The de-
crease of the superconducting transition temperatureTc with
applied pressure is extraordinarily large and may reach up to
dTc /dp'23.8 K/kbars for the 2D organic superconductor
k-(BEDT-TTF)2Cu(NCS)2, where BEDT-TTF stands for
bisethylenedithio-tetrathiafulvalene~or ET for short!.3,4

The origin of the strong pressure effect onTc in organic

superconductors is not fully understood, but phenomenologi-
cally it is caused either by a decreasing density of states at
the Fermi level as a result of an increasing electronic band-
width or by a reduced interaction potential between the Coo-
per pairs. Both effects lead to a reduced coupling strengthl
causingTc}exp(21/l) to decrease.5 Up to date it is dis-
cussed controversially whether the Cooper-pair coupling is
phonon mediated as in conventional superconductors or
whether unconventional interactions, such as antiferromag-
netic correlations, are responsible for the attractive forces.
~For recent reviews, see Refs. 6, 7.! In favor for the latter
scenario magnetic interactions have been found in some or-
ganic charge-transfer salts leading to antiferromagnetic insu-
lating ground states. On the other side, the existence and
importance of electron-phonon interaction in organic super-
conductors is clearly established and may well account for
the pairing interaction.6,7 In this context the strong pressure
dependence ofTc may easily be explained by the pro-
nounced softness of the crystalline bonds in organic materi-
als and a corresponding drastic change of phonon modes
under pressure.

In a number of previous experimental studies the pressure
dependence of selected band-structure parameters has been
investigated for different 2D organic conductors.8–15

Thereby, however, in many cases the measurements were
restricted to one fixed angleQ of the magnetic field with
respect to the normal of the conducting BEDT-TTF
planes,8–13 or only selected superconducting and band-
structure parameters were reported.14,15 Only rarely have at-
tempts been made to extract the correlation betweenTc and
the coupling parameterl.9,10,13

Here, we present a comprehensive investigation of the
pressure dependence~up to about 14 kbars! of the electronic-
transport, superconducting, and band-structure proper-
ties of the 2D organic charge-transfer salt
b9-(BEDT-TTF)2SF5CH2CF2SO3. At ambient pressure,
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specific heat yields a bulk Tc54.4 K for this
superconductor,16 whereas resistive data giveTc55.2 K
from the point where the resistance has dropped by 50%
~resistive midpoint, see below!.17 In previous hydrostatic-
pressure studies up to about 2.3 kbar,dTc /dp
521.34 K/kbar was determined by use of ac-susceptibility
measurements.4 This fits with thermal-expansion results that
gave a similar initial hydrostatic-pressure dependence of
Tc .18 For this material no other pressure-dependent proper-
ties have been reported so far.

The experimental investigation of possible
pressure-induced phase transitions in
b9-(BEDT-TTF)2SF5CH2CF2SO3 is especially motivated
by the fact that slight modifications of the anion immediately
destroy superconductivity and even lead to insulating ground
states.19,20 Although the origin of this behavior is unclear,
charge ordering might be a driving mechanism. This might
either be caused by the largely different electronegativities of
the participating ions in the anion layer or by a large intersite
Coulomb repulsion in the band-electron system. The latter
has been predicted to occur for theb9 structure based on the
theoretical study of the quarter-filled extended Hubbard
model on a square lattice.21 As a further consequence, based
on this modeld-wave superconductivity mediated by charge
fluctuations has been proposed,22 but not verified experimen-
tally. Here, the application of pressure is an obvious tool to
influence sensitively the electronic interactions, to test the
theoretical predictions, and to yield valuable information on
the electronic properties in these charge-transfer salts.

II. EXPERIMENT

Single crystals of b9-(BEDT-TTF)2SF5CH2CF2SO3
were grown by the standard electrocrystallization
technique.23 The interplane resistances of two samples were
measured by a two-point~sample 1! and four-point~sample
2! method inside a CuBe pressure cell by use of a low-
current ac-resistance bridge. The current leads of 50mm
~sample 1! or 25 mm ~sample 2! gold wire were glued with
graphite paste to the samples. The results for both samples
are basically identical except for the remnant resistance of
about 20V in the superconducting state of sample 1 caused
by the contact resistances in the two-point configuration. In
the following, we present the resistance data only for sample
2, but include the results of sample 1 when discussing the
pressure dependences ofTc and the band-structure param-
eters~Fig. 6 below!.

The dimensions of the used CuBe pressure cell~12 mm
diameter, 27 mm length! enabled anin situ rotation around
two axes inside of a3He cryostat that was equipped with a
superconducting 15-T magnet. The samples were mounted in
such a way that the normal to the conducting ET plane was
aligned by eye along the cylinder axis of the pressure cell.
This alignment was achieved only to within a few degrees
caused by the limited sample space and a sample movement
during the initial pressure application. The latter can hardly
be avoided. Nevertheless, the well-known anisotropies of the
superconducting critical fields, which are maximal when the
magnetic fieldB is aligned parallel to the ET planes, and of

the 2D Fermi surface, leading to the 1/cosQ dependence of
the quantum-oscillation frequency~see below!, allowed a
precise assignment of the sample orientation. During the
course of the experiments, the relative orientation of the
samples within the pressure cell remained fixed independent
of successive pressure changes performed at room tempera-
ture outside of the cryostat.

The used pressure medium, a mineral oil~GKZh-94!, and
the slow cooling of the pressure cell over many hours en-
sured a quasiisotropic pressure distribution over the whole
temperature range. The data at zero pressure were obtained
with the pressure medium removed. In spite of the small cell
dimensions pressure of up to;14 kbars at low temperatures
could be applied reproducible. Thereby, the pressures were
determined at low temperatures with an accuracy of about
0.2 kbars by measuring resistively the superconducting tran-
sition of a small Sn wire mounted next to the samples inside
of the pressure cell.Tc of Sn is a well-documented function
of pressure.24 In order to minimizeTc shifts by remnant
magnetic fields from the superconducting magnet a well-
defined demagnetization procedure of the magnet was em-
ployed before each pressure determination. This resulted in a
high reproducibility of the measured superconducting transi-
tion curves for each pressure. The inset of Fig. 1 shows the
resistance data of the Sn gauge for selected pressures.

The Shubnikov–de Haas~SdH! signal,Ds5s/sb21, is
given by the relative conductance oscillations, withsb the
steady part of the conductivity. In general, a tensor inversion
is necessary to obtains from the longitudinal and transverse
resistances. Since for the present material the Hall compo-
nent of the resistivity tensor is negligible the SdH signal was
calculated byDs5Rb /R21, where the steady part of the
resistance,Rb , was fitted by a low-power polynomial. Only
from these kinds of data the SdH amplitudes were extracted
by use of Fourier transformations.

III. RESULTS AND DISCUSSION

A. Pressure-induced metal-insulator transition

In this section, we first discuss the pressure dependence of
the zero-field electrical-transport properties of

FIG. 1. Temperature dependence of the resistivity of sample 2
for different selected pressures in the metallic state. The inset shows
some resistive superconducting transitions of the Sn gauge used to
determine the pressures at low temperatures.
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b9-(BEDT-TTF)2SF5CH2CF2SO3. Figure 1 shows the inter-
plane resistivityr of sample 2 between 250 and 0.4 K mea-
sured during cooldown for different selected pressures.25 The
absolute value ofr may be wrong by 30% due to the small
and irregularly shaped crystal morphology. Nevertheless, for
different crystals similar resistivities within these er-
ror bars could be determined. It is remarkable that for
b9-(BEDT-TTF)2SF5CH2CF2SO3 the absolute value ofr
'3 kV cm at p50 and room temperature is by about two
orders of magnitude larger than the already large resistivity
of other 2D organic metals.1,6 In spite of this extraordinary
large resistivity a metallic temperature dependence ofr is
observed over the whole temperature range. A maximum of
r(T), as previously reported by other groups,26,27 has never
been observed in our samples. Therefore, an intrinsic origin
of this maximum, which led to speculations of a possible
density-wave state,26 can definitely be excluded.

At low temperatures~below about 20 K! a quadratic tem-
perature dependence ofr is found for all data shown in Fig.
1 ~see also Fig. 5 below!. This is usually taken as evidence
for a well-behaved Fermi liquid where scattering is domi-
nated by electron-electron interactions. However, although
electronic correlations are certainly present in these low-
dimensional metals, the wide temperature range over which
the T2 behavior can be found and the very large absolute
value of theT2 term is not explicable within the usual Fermi-
liquid theory. Indeed, other previously reported experi-
mental observations suggest as well a failure of the
semiclassical Boltzmann transport theory for
b9-(BEDT-TTF)2SF5CH2CF2SO3.28

To be more precise, a fit of the low-temperature resistivity
by the functionr(T)5r01AT2 results in A'0.4 V cm/
K2 for p50. With increasing pressure,A reduces unexpect-
edly fast toA'0.02V cm/K2 at p511.7 kbars. This shows
clearly that theT2 dependence ofr in organic charge-
transfer salts cannot be understood by conventional electron-
electron scattering. First,A'0.4 V cm/K2 is about eight or-
ders of magnitude larger than expected from the Kadowaki-
Woods scaling29 for heavy-fermion compounds with
comparable Sommerfeld coefficientg, for which electronic
correlations are certainly much more dominant than for or-
ganic metals.~Specific-heat data of the organic supercon-
ductor discussed here resulted ing'19 mJ mol21K22.16!
Second,A does not scale withmc ~see below!. Usually, A
}g2}mc

2 is observed for metals belonging to the same class
of materials.29 Hence, a different mechanism has to be in-
voked to account for theT2 dependence.

As seen in Fig. 1, the application of hydrostatic pressure
considerably enhances the interlayer conductivity as usually
observed for organic metals. This can qualitatively be under-
stood by an increasing interlayer hopping integralt' caused
by the larger pressure-induced overlap of the molecular or-
bitals. Nevertheless,t' still remains extremely small,
namely,t',1 meV, since—as discussed in detail forp50
~Ref. 28!—no indications for a 3D corrugated Fermi surface
could be detected up to the highest pressures~see below!.
Noticeable is the very strong initial decrease ofr with pres-

sure at room temperature. This might partially be caused by
the usual pressure loss inside the pressure cell during cool-
ing, i.e., the pressure acting on the sample decreases from an
unknown strength at room temperature~usually 2–3 kbars
larger than at low temperatures! to the values stated in Fig. 1.
Another possibility might be a stronger thermal expansion of
the samples atp50.

A rather unexpected feature is the observation of insulat-
ing behavior ofb9-(BEDT-TTF)2SF5CH2CF2SO3 at higher
pressures. In Fig. 2 two principally different temperature de-
pendences ofR(T) can be realized. Below a certain pressure,
the already discussed metallic and eventually superconduct-
ing behavior occurs. For higher pressures above about 12
kbars, the material shows a metal-like resistance only forT
*153 K, whereas towards lower temperatures insulating be-
havior arises. Upon reducing the pressure from above 12
kbars again, the metallic state can be reached only for pres-
sures below about 9 kbars for sample 2~below 7.4 kbars for
sample 1!.

In the insulating state the overall temperature dependence
of R(T) changes merely with small relative reductions to-
wards higher pressures. The resistance shows a semiconduct-
ing temperature dependence which can be described by an
activated behavior at low temperatures, i.e.,R(T)
}exp@Eg /(2kBT)#. In an Arrhenius plot~Fig. 3! the approxi-
mately linear behavior of the data below about 30 K can be
seen. An energy gap ofEg'17 meV can be inferred com-
mon to all pressures in the insulating state. The origin of the
structure inR(T) around 70 K is unclear, but might be re-
lated to a contribution coming from the 1D bands.

In Fig. 4 the resistances of sample 2 at 77 K and at room
temperature~before loading the probe into the cryostat! are
plotted as a function of pressure. The numbers next to the
77-K data points denote the temporal sequence of the mea-
surements~see also Fig. 2!. At room temperature, a small
increase of the resistance atp.11.7 kbars hints towards the
insulating state. The data at 77 K allow more clearly to sepa-
rate the metallic and the insulating regions. Between 9 and
12 kbars hysteretic behavior is observed. Depending on
whether the pressure is increased or released~arrows in Fig.
4! either the metallic or the insulating state occurs. This hys-

FIG. 2. Temperature dependence of the resistance of sample 2
for different selected pressures in a half-logarithmic scale. The
numbers in brackets denote the chronological sequence of the mea-
surements.
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teresis was traversed twice for sample 2, proving that switch-
ing between both states is reversible. When increasing the
pressure for the second time the insulating state appeared
already slightly above 10 kbars~point 19 in Fig. 4!. How-
ever, it cannot be excluded that a somewhat higher pressure
had been applied briefly before fixing the piston at room
temperature. Subsequently, the pressure was released far
enough to restore the metallic state and then again carefully
increased to about 10 kbars~point 20! to reconfirm the hys-
teresis.

This hysteretic behavior is a clear manifestation for a
first-order phase transition which hints towards a structural
transition of the material. If true this structural modification
must be of subtle nature since no major lattice changes could
be detected in first neutron-scattering experiments under
pressure.30 Further studies are necessary to determine the
detailed structure under pressure.

It is known that the charge-transfer salts of the family
b9-(BEDT-TTF)2SF5RSO3 show drastically different

ground states when changing the central partR of the
anion.19,20Except forR5 CH2CF2, discussed here, all other
known isostructural compounds with modifiedR are insulat-
ing already at room temperature (R5CH2) or become insu-
lating towards lower temperatures (R5CHFCF2 below
about 175 K andR5CHF below about 6 K!. The tempera-
ture dependence of the resistance for the latter material is
shown in the inset of Fig. 3. Starting at highT with a metallic
behavior, similar to the superconducting compound, at the
lowest temperatures a semiconducting resistance appears that
can be described by an activated dependence with a very
small energy gap of about 40meV. Up to date, it is unclear
why these subtle changes in the anion layer, i.e., in regions
which are not involved in the charge transport, lead to such
drastically different ground states. Extended-Hu¨ckel band-
structure calculations suggest metallic behavior for all isos-
tructural compounds.

A possible reason for the insulating behavior might be a
charge disproportionation within the anion layer. The large
difference in electronegativity of the anion constituents could
lead to a charge-ordered state for the itinerant electrons in the
donor layer. Experimentally, forR5CH2, an insulating ma-
terial, a charge distribution of10.4 and10.6 was found for
the BEDT-TTF molecules inside a unit cell.20 As mentioned,
the theoretical study of the quarter-filled extended Hubbard
model on a square lattice~relevant for theb9 structure! pre-
dicts a charge-ordered insulator atT50 for a large intersite
Coulomb repulsionV.21 Changing the anion as well as pres-
sure might sensitively increaseV leading to the observed
behavior. However, the first-order nature of the transition is
not in favor for a solely electronic origin of the metal-
insulator transition.

B. Electronic properties in the metallic state

In the following, we discuss how the superconducting
transition, the Fermi surface, and other electronic band-
structure properties change with pressure in the metallic
state. As mentioned, previous experiments by use of a gas
pressure cell up to about 2.3 kbars showed for
b9-(BEDT-TTF)2SF5CH2CF2SO3 an approximately linear
decrease of the superconducting transition temperature with
a slope ofdTc /dp521.34 K/kbar.4 Along these lines, we
find a strong shift of the resistive-transition curves towards
lower temperatures with increasing pressure~Fig. 5!. By us-
ing the resistive midpoint as the criterion forTc , we find an
initial pressure-inducedTc reduction fully in line with the
above-stated slope@dashed line in Fig. 6~d!#. At higher pres-
sures~above about 3 kbars! Tc decreases less quickly. In fact,
for all pressures up to 11.7 kbars, where a metallic resistance
was observed, incipient superconductivity could be detected
~inset of Fig. 5!. In Fig. 6~d! this is visualized by triangles
reflecting the fact that only onsets, i.e., less than 50%, of the
superconducting transition could be observed down to 0.4 K.
This result seems to indicate that for the present material
superconductivity is omnipresent in the metallic state and we
are dealing with a superconductor-insulator transition.

The ability to tuneTc so easily with pressure in connec-
tion with the constant high sample quality of the present

FIG. 3. Arrhenius plot of the resistance of sample 2 in the insu-
lating state for selected pressures reflecting the activated behavior at
low T. The inset shows the temperature dependences of the resis-
tances of b9-(BEDT-TTF)2SF5XSO3 for X5CH2CF2 and X
5CHF atp50.

FIG. 4. Pressure dependence of the resistance at 295 and 77 K
for sample 2. The numbers denote the temporal sequence of the
measurements. The lines are guides for the eye.
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organic superconductor allows one to investigate the rela-
tionship between the electronic band-structure properties and
superconductivity over a broad parameter range. Thereby,
the possibility to rotate the sample around two axes in our
experimental setup permits a full determination of the elec-
tronic band-structure parameters for all pressures.

From SdH, de Haas–van Alphen~dHvA!, and angular-
dependent magnetoresistance~AMRO! data at p50 it is
known thatb9-(BEDT-TTF)2SF5CH2CF2SO3 has a single
perfectly 2D Fermi surface that occupies about 5% of the 2D
Brillouin zone resulting in a quantum-oscillation frequency
of F05199(1) T. The effective cyclotron mass for this orbit
is mc52.0(1)me , whereme is the free-electron mass and
gmc /me53.92(1) is determined for the electrong factor
timesmc .31–33Although the Fermi-surface topology is quali-
tatively in line with band-structure calculations, an~at least

for organic charge-transfer salts! unusual quantitative dis-
crepancy exists.31 Experimentally the Fermi surface is about
three times smaller than predicted, namely, the ellipsoidal
length of the semiminor axis, i.e., the width approximately
along the kb direction, is about one-third the calculated
value.32 Furthermore, band-structure calculation predicts
open 1D bands which could not be verified experimentally
~e.g. by a magnetic-breakdown orbit!. Anyway, the detect-
able quantum-oscillation signal is simple with only one fun-
damental frequency and in almost perfect agreement with the
behavior expected for a 2D metal with fixed chemical
potential.33

Under pressure we could observe SdH oscillations up to
the highest pressures for which the samples remained metal-
lic. As an example, Fig. 7 shows the magnetoresistance at
p58.6 kbars andT50.44 K for different angles. Clear os-
cillations could be detected starting at about 4 T for all pres-
sures. This shows that the crystal quality did not deteriorate
under pressure due to, e.g., pressure inhomogeneities. In-
deed, the Dingle temperatures for different pressures stay
approximately constant and lie withinTD5(1.260.2) K.
Thereby, TD5\/2pkBt is determined from the field-
dependent damping of the 2D SdH signal, withkB the Bolt-
zmann constant andt the quasiparticle scattering time.34

For all pressures the expected 2D angular dependence of
the SdH oscillation frequencyF5F0 /cosQ was found~inset
of Fig. 7!. Thereby, the fundamental frequencyF0 for Q
50, i.e., the extremal cross section of the Fermi surface,
aF52peF/\, shows a nonmonotonic pressure dependence.
Up to 4 kbars,F0 increases rapidly from 199~1! T at ambient
pressure to about 233 T. For higher pressures,F0 first re-
mains constant before the Fermi-surface area decreases again
reaching 226~1! T at p511.7 kbars close to the insulating
state@see Fig. 6~c!#.

An increase of the Fermi-surface area under pressure is
qualitatively expected since the unit-cell volume in real
space gets reduced, i.e., the Brillouin zone ink space in-
creases. More precisely, for a single-band metalF0 would be
directly proportional to the 2D Brillouin-zone area. In order

FIG. 5. Low-temperature part of the resistance of sample 2 for
selected pressures. The inset reflects in an enlarged scale that su-
perconducting fluctuations are present up to the highest pressures
~8.6 and 11.7 kbars! in the metallic state.

FIG. 6. Pressure dependences of~a! the electrong factor,~b! the
effective cyclotron massmc , ~c! the SdH oscillation frequency at
Q50, and~d! the superconducting transition temperatureTc . For
the different lines see text. Inset~e! showsTc as a function ofmc

with a fit ~solid line! according to the modified McMillan equation
~5! as described in the text. Open circles are for sample 1 and closed
circles for sample 2.

FIG. 7. Shubnikov–de Haas oscillations atp58.6 kbars andT
50.44 K for different angles. The inset shows the angular depen-
dence of the oscillation frequency. The solid line reflects the ex-
pected 2D 1/cosQ dependence.
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to estimate the relative change of the Brillouin-zone area
SBZ , we used a typical compressibility for organic metals of
k5(122 kbars)21.35 By assuming an isotropic and pressure-

independent compressibilitySBZ}exp(23kp) would be ex-
pected. This would result in the increase ofF0 as plotted as
the solid line in Fig. 6~c!. It is evident that the estimated
increase~about 2.3% at 4 kbars! is much less than that ex-
perimentally observed. One could argue that the assumed
isotropic compressibility might not be justified. Indeed, for
b-(BEDT-TTF)2I3 x-ray measurements under pressure
showed a factor of 2 larger in-plane compressibility than that
perpendicular to the planes.36 However, even this anisotropy
of the compressibility could not explain the large increase of
the Fermi-surface area.

For b9-(BEDT-TTF)2SF5CH2CF2SO3, in addition to the
closed hole orbit responsible for the SdH signal open bands
are predicted by band-structure calculations.31 Therefore, the
area of the closed orbit crossing the Brillouin-zone border is
not necessarily proportional to the Brillouin-zone area. An
analogous behavior has been found for
k-(BEDT-TTF)2Cu(NCS)2 which has a topologically simi-
lar Fermi surface.9,13 For this material, the so-calleda-orbit
area showed an increase larger than expected. At higher
fields, in this metal magnetic breakdown allows the charge
carriers to traverse the 1D bands in the so-calledb orbit. As
a result of the band filling theb-orbit area agrees exactly
with the Brillouin-zone area which indeed was confirmed to
be valid also under pressure.9,13

It remains however an open question why the Fermi-
surface area decreases again for higher pressures close to the
insulating state. Detailed information on the lattice param-
eters under pressure would be helpful to decide whether this
is caused by bare structural changes or whether the effect has
an electronic origin.

In this context it was of interest to follow the detailed
Fermi-surface topology under pressure. For this purpose we
utilized AMRO measurements for all pressures in the metal-
lic state ~see data in Ref. 37!. By measuring the angular
positions where pronounced maxima in the AMRO signal
occur ~the so-called Yamaji angles!,38,39 the in-plane Fermi
surface can be mapped out in detail. No topological change
of the strongly elongated ellipsoidal Fermi surface~axis ratio
1:9!32 was found, i.e., the AMRO maxima for all azimuthal
angles remained at almost fixed positions for all pressures.
An observed slight change of the in-plane Fermi wave vector
is in line with the pressure dependence ofF discussed above.

As mentioned above, atp50 any proof for a 3D corru-
gated Fermi surface is absent.28 Especially, no beating of the
SdH signal and no peak atQ590° exist. This means that
b9-(BEDT-TTF)2SF5CH2CF2SO3 is one of the best realiza-
tions of a perfect 2D metal~cf. also the ideal 2D dHvA
signal!.33 With increasing pressure, the Fermi surface should
eventually become three dimensional and consequently the
mentioned features should emerge. Nevertheless, up to 11.7
kbars no indication for a 3D Fermi surface can be found.
Neither beats of the SdH signal nor a peak at 90° appeared.

Information on further band-structure parameters can be
obtained from the temperature and angular dependences of

the SdH signal. The amplitude of the fundamental SdH os-
cillation for a 2D metal is given by

A1}FBRDRTRS , ~1!

with the usual Dingle (RD), temperature (RT), and spin-
splitting (RS) damping factors.34 After calculating the SdH
signalDs/s, i.e., the relative conductance oscillations,40 we
extracted the fundamental amplitude from Fourier transfor-
mations of the data. From the temperature dependence ofA1
the pressure dependence of the effective cyclotron massmc ,
shown in Fig. 6~b!, was extracted~all data forQ50). Start-
ing from mc52.0(1)me at p50 an approximately linear de-
crease of mc @solid line in Fig. 6~b!# is found. At p
510 kbars,mc51.23(10)me is close to the bare band mass
mb51.07me predicted by band-structure calculations.31 The
effective cyclotron mass is equal to the band mass enhanced
by many-body effects such as electron-phonon and electron-
electron interactions. This is usually described by34

mc5mb~11lep!~11lee!. ~2!

For the free-electron-gas model,mb is not a function of pres-
sure. Therefore, the observed strong decrease ofmc indicates
that many-body interactions become weaker at higher pres-
sures. It is, however, not possible from the present experi-
ments to disentangle the different contributions of the two
enhancement factors.

Some further insight in the relevance of electronic corre-
lations can be gained from the determination of the electron
g factor occurring in the spin-splitting damping factor, which
for the fundamental amplitude is given by

RS5cosS pgmc

2me
D . ~3!

This factor becomes zero at those angles for which
gmc /me52n21, wheren is an integer. Sincemc increases
with angle proportional to 1/cosQ, from the angular posi-
tions for which the fundamental SdH amplitude vanishes
fairly exact values ofgmc can be determined. This results in
gmc /me53.92(2) at p50 which yields g51.96 for mc
52.0. A value ofg'2 is consistent with the Sommerfeld-
Wilson ratio as discussed in Ref. 41. It further may be com-
pared to the electron-spin-resonance~ESR! value gESR
52.01.23 In spite of this good agreement,g andgESRare not
necessarily identical sinceg is renormalized by many-body
interactions whereasgESR is not, i.e.,34

g5
gESR

~11lep!~11lee8 !
, ~4!

where the parameter for electron-electron interactionlee8 is
different fromlee renormalizingmc . The principal existence
of electronic correlations in organic metals has been proven
by dHvA and SdH studies as well as by many other
experiments.1 According to Kohn’s theorem, the effective
mass extracted from magneto-optical cyclotron-resonance
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data is assumed to be not renormalized by (11lee).
42 How-

ever, in contradiction to this theoretical prediction a
cyclotron-resonance mass of 2.26~3! me has recently been
reported for the present material.43 This shows that electronic
correlations are present and that they may influence
magneto-optical masses. Indeed, as was pointed out recently,
for these layered metals, one should not expect Kohn’s theo-
rem to be applicable.44

It is therefore reasonable to assume that the agreement
betweeng and gESR found atp50 is accidental. By fitting
Eq. ~1! to the measured angular dependence ofA1 ~Fig. 8!
we can extract, besides a simple scaling factor andTD
~which comes out somewhat larger than the values deter-
mined from the field dependence ofA1), gmc for different
pressures. With the measured data formc @Fig. 6~b!# we fi-
nally obtain the pressure dependence ofg @Fig. 6~a!#. Start-
ing from the nearly free-electron value 1.96,g increases ap-
proximately linearly up tog52.45 at p510 kbars. This
clearly shows the existence and importance of electronic cor-
relations inb9-(BEDT-TTF)2SF5CH2CF2SO3, although ab-
solute numbers forlee andlee8 may not be deduced from the
present dataset.

Now that the pressure dependences of the relevant band-
structure parameters are available a quantitative description
of Tc as a function ofp may be tried by use of the modified
McMillan equation45

Tc5
^v&
1.2

expS 2
1.04~11l!

l2m* ~110.62l!
D . ~5!

Usually, ^v& represents an average phonon frequency,l
5lep , and the Coulomb pseudopotential is set tom* 50.1.
By assumingl5mc /mb21, i.e., settinglee50,46 we ob-
tain a good description of the data as shown in Fig. 6~e!. The
fit parameterŝ v&/1.2597(13) K andmb51.03(2)me are
reasonable in spite of the simple formula and the crude ap-
proximations. As mentioned, band-structure calculations pre-
dict mb51.07 which is in very good agreement with the fit

value.31 For p50, the fit gives a coupling constant ofl
50.94(4). Specific-heat data result in a Debye temperature
QD5220(10) K and inl51.1(1) obtained from the jump at
Tc by use of a phenomenological theory.16,47 The coupling
constants extracted from these independent measurements
are in excellent agreement. SinceQD gives an upper limit for
the relevant phonon frequencies, the fit value^v&/1.2
597(13) K appears to be realistic.48 Consequently, the
modified McMillan equation provides a physically appropri-
ate description ofTc(p).

C. Electronic properties close to the insulating state

As the final point we discuss the electronic properties
close to the metal-insulator transition. Although this transi-
tion seems to be caused by small structural changes in the
unit cell, it might be favored or even induced by electronic
modifications. In this context the plateau above 4 kbars and
the unexpected decrease of the Fermi-surface area close to
the insulating state should be remembered@Fig. 6~c!#.

Another feature indicates that the band structure changes
already below the transition. When following the SdH signal
at p510 kbars, i.e., within the hysteretic region, oscillations
with twice the fundamental frequency could be resolved
clearly up to unusually high temperatures. The inset of Fig. 9
shows the measured field dependence ofR at Q50. For this
pressure a spin-splitting zero occurs close to this angle
(gmc /me'3). Therefore, atT50.5 K a strong second har-
monic is visible besides the fundamental frequencyF0
5230 T. Towards higherT the fundamental vanishes rap-
idly, whereas an oscillation with 2F remains as visualized by
the Fourier transformation of the data atT59 K ~Fig. 9!.
The amplitudeA2 of this oscillation is much too large for
being simply the second harmonic ofF.

This can be seen in a more quantitative way whenA2 is
plotted as a function of temperature~Fig. 10!. Only below
about 1 K the data can be described by using an effective
mass ofmc51.23me ~dashed line in Fig. 10! as extracted

FIG. 8. Angular dependence of the fundamental SdH oscillation
amplitude for two different pressures. The data at 6.5 kbars are
shifted upward by 2.5. The solid lines are fits according to Eq.~1!
from which rather exact values forgmc can be obtained.

FIG. 9. Fourier spectrum of the SdH signal for sample 2 at 10
kbars and 9 K. No resolvable signal atF0, but a sharp peak at
2F05460 T is visible. The inset shows the magnetoresistance data
for different temperatures between 0.5 and 9 K. The data are shifted
consecutively for better visibility.
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from the temperature dependence of the fundamentalA1
~dash-dotted line!. It is evident that an additional contribu-
tion takes part in the oscillating signal becoming visible to-
wards higher temperatures. A reasonable description of
A2(T) is obtained by assuming two SdH signals with the
same frequency but different effective masses~solid line in
Fig. 10!. Thereby, the resulting larger effective mass ofmc
51.23(3)me ~for a second harmonic! agrees excellently with
the fundamental value stated above, whereas the rather small
mass of mc250.26(3)me ~for the additional fundamental
signal! may be ascribed to additional charge carriers.

In order to check further that the SdH signal with 2F0 at
higher T is indeed not caused by the charge carriers on the
known hole orbit we investigated the angular dependence of
A2 at 4.2 K ~inset of Fig. 10!. In case these charge carriers
would be responsible for extraordinary large oscillations
with 2F0 the amplitudeA2 would vanish at those anglesQ
where the second-harmonic spin-splitting factorRS2
5cos(pgmc /me) becomes zero. Withgmc /me53.01 ex-
tracted from the angular dependence of the fundamental and
mc}1/cosQ the dashed line in the inset of Fig. 10 results.
This line, obtained with an unphysical large prefactor, devi-
ates significantly from the measured data. Alternatively, for a
new fundamental signal originating from a 2D orbit with
gmc2 /me50.68(2), i.e., assuming an electrong factor of g
'2.6(4), Eq.~1! leads to the good description of the data
shown by the solid line in the inset of Fig. 10. Thisg factor
agrees well withg'2.45(5) obtained for the charge carriers
on the hole orbit.

Consequently, our results give good support for a recon-
structed band structure already below the insulating state.
The detailed modification of the band structure and why it
occurs is, however, unclear. The additional oscillating signal
might either be caused by a new Fermi-surface orbit or origi-

nating from a quantum interference effect. The latter occurs
between carriers traveling along open orbits which cross or
come close to each other in at least two positions ink
space.39,49 It might be that pressure reduces the distance be-
tween the predicted 1D bands31 which then could give rise to
the observed feature. Measurements of the thermodynamic
dHvA effect under pressure would be helpful to distinguish
between the two possibilities. It remains to be clarified why
the observed band-structure reconstruction precedes the ap-
pearance of the insulating state and how both influence each
other.

IV. CONCLUSION

The P-T phase diagram of the organic superconductor
b9-(BEDT-TTF)2SF5CH2CF2SO3 summarizing our results
is shown in Fig. 11. A pressure-induced first-order phase
transition between a metallic and an insulating state is ob-
served between 9 and 12 kbars. At high pressure, on the
insulating side, a smooth crossover from a metallic to an
insulating behavior appears at about 153 K. At low pressure,
on the metallic side, superconductivity or at least the onset of
superconductivity occurs. On the metallic side close to the
transition clear changes of the electronic band-structure were
detected. The phase diagram is quite different to what was
expected from the quarter-filled Hubbard model.21 For that
one would expect thatTc andmc should increase when ap-
proaching the insulating phase. Hence, a structural phase
transition changing the electronic bandwidth seems to be a
plausible origin for the observed behavior although no proof
can be given so far.

On the metallic side the main features of the Fermi-
surface topology remain unchanged with pressure. The
Fermi-surface area of the 2D charge carriers first increases
much faster than explained simply by the lattice compres-
sion. Close to the insulating state it decreases again. Contrary

FIG. 10. Temperature dependence of the fundamental amplitude
A1 and the second-harmonic SdH amplitudeA2 at 10 kbars. Below
1 K, A2 can be described by use of the effective massmc

51.23me ~dashed line! as obtained from the temperature depen-
dence of the fundamental signalA1 ~dash-dotted line!. Only by
assuming additional charge carriers with an effective mass of
0.26me all data ofA2 up to the highest temperature can be described
~solid line!. The inset shows the angular dependence ofA2 at T
54.2 K. The curves are described in the text.

FIG. 11. P-T phase diagram of
b9-(BEDT-TTF)2SF5CH2CF2SO3. At pressures below about 12
kbars superconductivity~SC! is observed. Above;9 kbars, insu-
lating behavior occurs below about 153 K. Between 9 and 12 kbars
both the metallic and the insulating state can be stabilized~hatched
area!. The lines are guides to the eye.
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to this nonmonotonic behavior, the effective mass decreases
approximately linearly withp and the electrong factor in-
creases. This reflects the existence of strong many-body in-
teractions and their large pressure sensitivity. The pressure-
induced reduction ofTc can be well described by use of the
modified McMillan equation assuming a coupling strengthl
which is proportional to the measured cyclotron massmc .
We find realistic physical parameters and good agreement
with l extracted from specific-heat data forp50.16
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