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Abstract 40 years after the discovery of the first organic superconductor
the nature of the superconducting state in these materials is still not fully
understood. Here, I present an overview on the historical developments and
current knowledge on this topic for the quasi-one- and quasi-two-dimensional
(2D) organic charge-transfer salts. Thereby, I focus on the prototype materials
based on the donor molecules tetramethyltetraselenafulvalene (TMTSF) and
bisethylenedithio-tetrathiafulvalene (BEDT-TTF or ET for short). 2D organic
superconductors based on the latter molecule are found to show Fulde–Ferrell–
Larkin–Ovchinnikov (FFLO) states at high magnetic fields and low tempera-
tures. Thermodynamic and nuclear magnetic resonance data give robust evi-
dence for the existence of this FFLO state with modulated order parameter.

Keywords organic superconductors · nature of superconductivity · FFLO
state

1 Introduction

In 1979, besides the report of the first heavy-fermion superconductor [1] by
Steglich et al., Jérome and coworkers discovered superconductivity in the first
organic crystalline material, (TMTSF)2PF6 [2]. Thereby, TMSTF is tetram-
ethyltetraselenafulvalene with its molecular structure shown in Fig. 1. Charge-
transfer salts based on this molecule are now called Bechgaard salts after Klaus
Bechgaard, who was the first to grow such crystals. For (TMTSF)2PF6, a
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Fig. 1 Molecular structures of (left) tetramethyltetraselenafulvalene (TMTSF) and (right)
bisethylenedithio-tetrathiafulvalene (BEDT-TTF or ET for short).

pressure of about 5 to 6 kbar has to be applied to prevent the occurrence
of a transition into an insulating spin-density-wave (SDW) state and to al-
low superconductivity to appear at about Tc = 1.1 K. Indeed, the highly
anisotropic quasi-one-dimensional (1D) electronic structure leads to Peierls-
like metal-insulator transitions for most of the Bechgaard salts [3]. The only
exception is (TMTSF)2ClO4, which becomes superconducting with Tc = 1.4
K at ambient pressure [4]. For more detailed introductions into the field of
organic superconductors, see [5–9].

Superconductivity in the Bechgaards salts, whether at ambient or applied
pressure, is believed to be of unconventional nature. For some time, experi-
mental data suggested triplet pairing in the 1D charge-transfer salts [10,11].
Later, however, this had to be revised since nuclear magnetic resonance (NMR)
Knight-shift data evidently rule out such a pairing, at least at low magnetic
fields [12]. Consequently, singlet pairing with possible gap nodes is assumed
to be present in the 1D organic superconductors. Nonetheless, a possible field-
induced transition to triplet superconductivity is discussed as well [13].

Only three years after the discovery of 1D organic superconductors, Parkin
and coworkers found superconductivity in a member of a new family of quasi-
two-dimensional (2D) materials based on the molecule bisethylenedithio-tetra-
thiafulvalene (BEDT-TTF or ET for short) [14]. For (ET)4(ReO4)2, still pres-
sure was needed to allow superconductivity to appear, but within a few years
a large number of ambient-pressure 2D superconductors were found [5,6].
Thereby, most of these 2D charge-transfer salts are based on the ET molecule,
or derivatives thereof, such as BETS (= bisethylenedithio-tetrathiafulvalene),
with usually a stoichiometry of (ET)2X, where X is a monovalent anion. The
ET molecule is shown on the right side of Fig. 1.

Indeed, the (ET)2X salts are the most intensly investigated class of or-
ganic superconductors showing transition temperatures up to 11.5 K at ambi-
ent pressure for κ-(ET)2Cu[N(CN)2]Br [15], about 13 K for the isostructural
material κ-(ET)2Cu[N(CN)2]Cl under the moderate pressure of 0.3 kbar [16],
and the so-far record 14.2 K for β′-(ET)2ICl2 under 82 kbar [17]. Thereby, the
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prefixes κ and β′ label the in-plane arrangement of the ET donor molecules,
such as α, β, β′′, κ etc. [5,6,18].

Besides superconductivity, the organic charge-transfer salts show a num-
ber of remarkable phases, low-temperature states, and non-thermally driven
phase transitions. Especially in the 2D κ-phase materials superconductivity
competes with antiferromagnetism, with the phases separated by a Mott–
Hubbard transition [19,20]. For example, κ-(ET)2Cu[N(CN)2]Cl is an antifer-
romagnetic insulator [21] and κ-(ET)2Cu[N(CN)2]Br just on the metallic and
superconducting side of the Mott–Hubbard transition. Further to note is the
member with X = Cu2(CN)3 which is on the insulating side of the transition
with a large antiferromagnetic exchange interaction, but does not show any
long-range order down to lowest temperature; that is, it is the first reported
spin-liquid material [22].

There are many similarities between the 2D organic and cuprate high-Tc
superconductors [7,8,23–25]. For instance, the conceptual phase diagrams of
the organics (see Fig. 2 below) is qualitatively similar to that of the cuprate
superconductors, with pressure for the organics equivalent to hole or electron
doping for the cuprates. Further, the field-temperature phase diagrams and
the vortex dynamics are very similar in both of these layered strongly type-II
superconductors. For the 2D organic superconductors, however, there is still no
definite experimental proof available, such as phase-sensitive evidence, giving
clear-cut evidence for an unconventional pairing symmetry or non-phonon-
mediated pairing mechanism [8,18,26]. What is undisputed, is the singlet state
of the Cooper pairs in the (ET)2X salts. However, many experimental data
strongly support unconventional pairing with nodes of the order parameter,
but as well robust evidence for a fully gapped superconducting state. I will
discuss some of the controversial results in the following.

2 Quasi-one-dimensional (TM)2X salts

Besides the mentioned (TMTSF)2X Bechgaard salts, isostructural materials
based on TMTTF (tetramethyltetrathafulvalene) exist. All of these (TM)2X
salts crystallize in the same triclinic structure with the planar brick-like TM
donors forming columnar stacks along the a axis. Along these stacks the short
S–S or Se–Se distances lead to a strong molecular-orbital overlap making this
the direction of highest conductivity. Along the b and c directions, the over-
lap is reduced by a factor 10 within the TM layer and by a factor 300 across
the anion layers [5,8,13]. These numbers show that the (TM)2X salts are far
from being ideal 1D metals. This non-perfect one dimensionality is, however,
exactly what is needed to shift the metal-insulator transition to low temper-
atures and allows superconductivity to occur at zero or relatively moderate
pressures. Indeed, for an ideal one-dimensional metal with a perfectly nested
band structure, a Peierls instability leading to an insulating state is inevitable
[27].
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Fig. 2 Schematic temperature-pressure phase diagrams for (left) (TM)2X salts, where TM
stands for TMTTF or TMTSF, and (right) (ET)2X salts of the κ phase. The arrows indi-
cate ambient-pressure starting points for various materials (for (ET)2X only the anion x is
stated). LOC stands for localized charge carriers, SP for spin Peierls, AF for antiferromag-
netism, SDW for spin density wave, and SC for superconductivity.

Depending on the degree of one-dimensionality, different ground states
evolve as depicted in the generic pressure-temperature (P − T ) phase dia-
gram shown in the left panel of Fig. 2 [28]. Thereby, increasing pressure is
equivalent to a better overlap of the molecular orbitals which results in larger
bandwidths and an increased dimensionality. The TMTTF-based compounds
are electronically more one dimensional than the TMTSF analogues. On the
far left side of the phase diagram (Fig. 2) (TMTTF)2PF6 is located. At ambi-
ent pressure, an insulating state (LOC) appears already at about 230 K. This
is believed to be due to a Mott–Hubbard transition of the strongly correlated
electrons. At lower temperatures around 15 K, a spin-Peierls (SP) transition
occurs where the antiferromagnetically correlated spin chains condense into a
singlet state with a combined lattice distortion [29]. With applying pressure, it
is possible to tune (TMTTF)2PF6 through all the phases shown in Fig. 2 (left
panel), with superconductivity appearing at pressures of about 50 kbar. This
was shown independently by two groups in sophisticated high-pressure stud-
ies [30,31]. These data validate the P − T phase diagram that was originally
proposed by Jérome [28].

The nature of the pairing mechanism and the symmetry of the order pa-
rameter in the (TM)2X salts still remains an open question. Early specific-heat
data, for example, can be well described within the framework of BCS super-
conductivity with strong fluctuations due to the low dimensionality [32]. Soon
after, however, the notion of conventional superconductivity was questioned.
The strong suppression of Tc by nonmagnetic impurities, for instance, indicates
a non-s-wave, phase-changing order parameter [33,34]. This, together with the
neighboring SDW state led already in the early days to the suggestion of p-
wave triplet pairing [35]. Further, proton NMR experiments showed that the
spin-lattice relaxation rate, 1/T1, in (TMTSF)2ClO4 decreases roughly with
T 3 in the superconducting state [36]. This indicates the presence of line nodes
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Fig. 3 (a) Resistively determined upper critical fields of (TMTSF)2PF6 in an applied
pressure of 6 kbar and for magnetic fields applied parallel to the highly conducting a and b′

directions and, perpendicular, along the least conducting c direction (after Ref. [38]). The
right panels show the relative NMR shifts of 77Se spectra of (TMTSF)2ClO4 at ambient
pressure as a functions of temperature for fields applied along the (b) b′ and (c) a direction.
There is no change observed in 4 T. where the line shift is arbitrarily set to zero (after Ref.
[12]).

in the superconducting gap function. In stark contrast, however, later thermal-
conductivity measurements evidenced a nodeless gap in the same Bechgaard
salt [37].

The notion of unconventional pairing got further support from careful
measurements of the anisotropy of the upper critical field, Hc2. When align-
ing the magnetic field in plane, that is, along the a and b′ (perpendicular
to a) direction, the upper critical fields in (TMTSF)2PF6 [38] as well as in
(TMTSF)2ClO4 [39] were found to be much larger than the Pauli paramag-
netic limit, µ0HP = ∆0/(

√
2µB), with µ0 the permeability constant, µB the

Bohr magneton, and ∆0 the superconducting energy gap at zero temperature
[40,41]. This Pauli limit describes the field when the Zeeman energy becomes
larger than the superconducting pairing energy for spin-singlet pairing [42].
For (TMTSF)2PF6, the Pauli limit was estimated to be about 2.5 T, whereas
the resistively determined upper critical in-plane fields lie clearly beyond that
value, as shown in Fig. 3(a) [38]. These strongly enhanced Hc2 motivated the
suggestion of spin-triplet pairing in the 1D organic superconductors [43].

This proposal got further support from sophisticated NMR measurements
of (TMTSF)2PF6 with carefully aligned in-plane fields under pressure and
dilution-refrigerator temperatures [11,44]. No observable change in the Knight
shift of 77Se spectra between the resistively determined normal metallic and
superconducting state was found. For singlet pairing with antiparallel spins, a
clear drop of the Knight shift, due to the vanishing electron-spin susceptibility,
would have been expected. These results stimulated the suggestion of a triplet
vector order parameter with spins oriented along the b axis [45] which fits nicely
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with the NMR data and is consistent with the mentioned thermal-conductivity
results for (TMTSF)2ClO4 [37].

Subsequently, however, the same group that performed the NMR measure-
ments carefully checked whether the Knight shift may depend on magnetic
field. Indeed, for (TMTSF)2ClO4 they found a clear change of the Knight
shift at low magnetic fields [12]. As shown in Fig. 3(b) for field along b′ and
in Fig. 3(c) for field along a, a clear change of the Knight shift is observed
in 0.96 T towards low temperatures when entering the superconducting state.
This clearly proves the singlet nature of Cooper pairing. It is, however, not
understood why there exists a zero-resistance state at higher fields where the
Knight shift remains as in the normal state.

Later, careful angle-resolved specific-heat measurements of (TMTSF)2-
ClO4 confirmed the singlet nature of the pairing [46]. These measurements
showed a clear Pauli limitation of the bulk upper critical field staying far below
the resistive onset of superconductivity. The authors of this work proposed a
nodal spin-singlet, possible d-wave order parameter. Somewhat later, however,
a low-field muon-spin-rotation study showed no evidence for gap nodes [47].
Instead, an odd-frequency p-wave singlet pairing was suggested. In summary,
one has to state that no consensus on the nature of the superconducting state
in the 1D charge-transfer salts has been reached. Even conventional s-wave
pairing cannot be excluded.

3 Quasi-two-dimensional (ET)2X salts

3.1 Normal-state properties

Unlike the isostructural 1D (TM)2X materials, the ET-based charge-transfer
salts crystallize in a number of different structures. Due to their twisted ethy-
lene end groups, the ET molecules are not as planar (or brick-like) as the TM
donors (see Fig. 1). This allows for a better in-plane overlap of the molecular
orbitals and leads to layered 2D structures with less in-plane anisotropy than
for the TM salts. The crystal structures mainly differ in the packing motifs of
the ET molecules within the layer and are labeled by different Greek letters
(see above) [5,18,48].

The common structural feature of most ET-based materials is the pack-
ing of the ET molecules into layers which are separated by poorly conducting
(“insulating”) anion layers, as shown schematically on the right side of Fig. 4.
The left side of the figure shows the crystal structure of the 2D organic metal
β′′-(ET)2SF5CH2CF2SO3 with especially thick SF5CH2CF2SO−3 anion layer.
The anion layers are sandwiched between the highly conducting ET layers.
The sufficiently close contacts between the π orbitals of the sulfur atoms of
neighboring in-plane ET molecules results in the formation of 2D molecular
bands of typically 0.5 eV width [18]. For the most common (ET)2X stoichiom-
etry, one electron per two ET donors is transferred to one anion. This leads
to partially filled molecular bands, enabling metallic conductivity. The sep-
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Fig. 4 Crystallographic structure of the 2D organic metal β′′-(ET)2SF5CH2CF2SO3 ex-
emplifying the characteristic alternation of the highly conducting ET layers separated by
the poorly conducting (“insulating”) anion layers (schematically shown on the right side).

aration of the ET by the anion layers results in very strong anisotropies of
the physical properties parallel and perpendicular to the layers. For instance,
the electrical resistivity perpendicular to the layers is 3 to 6 orders of magni-
tude larger than the in-plane resistivity [5]. The exact value of this anisotropy
is, however, difficult to determine since any dislocation disturbs the in-plane
transport and leads to an enhanced in-plane resistance [49]. This 2D structure
is also reflected in the superconducting properties and resembles that of many
layered cuprate superconductors.

The electronic band structure of the ET charge-transfer salts is well known.
Depending on the packing motifs of the ET molecules and the corresponding
orbital overlaps different in-plane band structures evolve [18,26]. Remarkably,
in spite of the rather complex crystallographic structure with a large number
of atoms per unit cell, this in-plane band structure can very well be calcu-
lated using the fairly simple extended Hückel tight-binding approximation.
Furthermore, the resulting electronic structure is astonishingly simple and, in
many cases, resembles a free-electron topology, i.e., a cylindrical Fermi sur-
face with circular cross section. The validity of the calculated Fermi-surface
topologies has been favorably verified for most of the ET salts by measure-
ments of magnetic quantum oscillations, such as de Haas–van Alphen (dHvA)
and Shubnikov–de Haas (SdH) experiments, as well as angular dependent mag-
netoresistance oscillations [27,50,51]. However, the calculated effective masses
are often considerably smaller than the measured values, giving clear evidence
for many-body effects which are not included in the band-structure calcula-
tions.
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The extended-Hückel treatment successfully describes the in-plane elec-
tronic band structure, but it does not address the issue of the interlayer band
structure. Indeed, for the 2D organic ET salts the interlayer transfer inte-
gral, t⊥, often is extremely small and only experimental data were able to
provide more information on the degree of three-dimensionality. In case t⊥ is
large enough, the resulting corrugation of the Fermi surface can be measured
directly. The warped cylindrical Fermi surface leads to two slightly different
extremal areas which can be detected, for instance, in dHvA experiments as
beating pattern in the magnetic quantum oscillations, such as observed for
some β-phase materials [52,53].

For other ET-based metals, however, the question arose whether a real 3D
Fermi surface exists. For instance, in β′′-(ET)2SF5CH2CF2SO3 the large sepa-
ration of the conducting organic layers by the relatively thick anion layers (see
Fig. 4) has led to the suggestion that the interlayer transport is “weakly” in-
coherent [54,55]. Such a scenario of weakly incoherent transport has first been
envisioned by McKenzie and Moses [56]. Thereby, the electrons loose their
phase information between successive tunneling processes, no Bloch states can
evolve, and the band picture breaks down. Indeed, β′′-(ET)2SF5CH2CF2SO3

seems to be such a 2D metal [54,55]. It further shows sawtooth-like dHvA os-
cillations which follow the behavior expected for an ideal 2D Fermi liquid with
fixed chemical potential almost perfectly [57]. Any possible FS corrugation
must be extremely small, since dHvA and SdH oscillations start already at
about 1.4 T without any indication of beating [58]. As a possible consequence
of the weakly incoherent interlayer transport deviations from the conventional
Bloch–Boltzmann transport theory and a field-induced metal-insulator tran-
sition were observed [59].

3.2 Superconducting properties

The principal superconducting properties of the 2D ET-based metals resemble
in many respect the behavior known from the highly anisotropic cuprate su-
perconductors. The organic metals are strongly type-II superconductors with
Ginzburg–Landau parameters easily reaching κGL ≈ 100 for magnetic fields
applied perpendicular to the planes. The corresponding extended field range
of the Shubnikov phase between the lower and upper critical field, together
with the strong anisotropy, leads to rich vortex-dynamics physics; above a
certain field, the vortices are free to move and lead to dissipative phenomena
and phase diagrams similar to those studied in great detail for the high-Tc
materials (for more details see [7,8,18]).

The critical fields of the 2D organic metals depend strongly on the direction
of the applied field, as it is expected from the pronounced anisotropy of the
electronic band structure. For fields parallel to the ET layers, the lower critical
field is considerably smaller than the earth’s magnetic field, making it challeng-
ing to measure [60]. The slope of the upper critical field at Tc, concomitantly,
is extremely steep. An extrapolation of this slope to zero temperature, utiliz-
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ing the commonly used temperature dependence [61], yields orbitally limited
upper critical fields of some ten tesla. For this field orientation, Pauli-limiting
effects become important, as discussed below. This means that the coherence
length perpendicular to the layers is much smaller than the layer distance.
Consequently, the necessary 3D phase coherence in the superconducting state
is established only by Josephson coupling of the superconducting ET layers.
Thereby, these layers induce superconductivity in the badly-conducting anion
layers, again very similar to the behavior observed in the cuprate superconduc-
tors. Evidence for such a scenario has been given by the detection of Josephson
plasma resonances in magneto-optical experiments [62].

Another fascinating aspect, worth to be mentioned, is the observation of
magnetic-field-induced superconductivity in the Fe-containing BETS salt λ-
(BETS)2FeCl4 [63,64]. For field applied in plane, the material becomes su-
perconducting between about 18 and 41 T. This astonishing observation can
be explained by the Jaccarino–Peter field-compensation effect [65]. Thereby,
the applied magnetic field becomes compensated by the exchange field that
the S = 5/2 Fe3+ moments exert on the conduction-electron spins. In turn,
the internal magnetic field may reach values less than the Pauli paramagnetic
limit, thereby allowing the field-induced superconducting state to occur.

3.3 Nature of the superconducting state

Although a definite conclusion on the nature of the superconducting state is
still pending, there is clear evidence that the Cooper pairs in the 2D organic
charge-transfer salts are in a singlet spin state. This has been shown clearly by
NMR experiments [66–68] and by the Pauli-limited upper critical fields that
will be discussed below in more detail.

The question on the exchange interaction that mediates Cooper pairing,
however, is still a subject of great controversy. Motivated by the P − T phase
diagram of the κ-phase materials, shown above in the right panel of Fig. 2, with
the proximity of antiferromagnetism next to superconductivity, antiferromag-
netic fluctuations were suggested as pairing glue. Maxima found in resistivity
and NMR relaxation-rate data above Tc were interpreted as indication for such
fluctuations. Indeed, the closeness to the electronically driven Mott-Hubbard
transition [19,20] is in line with such a non-phononic pairing mechanism. On
the other hand, there is clear experimental evidence for the existence of a
considerable electron-phonon coupling in the 2D organic superconductors.

A proof for superconductivity mediated by electron-phonon coupling is
the observation of an isotope effect, that is, the change of Tc with varying
isotopes. In simplest approximation, BCS theory predicts Tc ∝ m−1/2, where
m is the isotope mass. Such experiments were done as well for the 2D ET salts.
Surprisingly, an inverse isotope effect was found when substituting the eight
hydrogen atoms in the ET ethylene end groups by deuterium: Tc was enhanced
by about 0.3 K, although a moderate reduction of Tc would have been expected
according to the above formula [69]. This effect was explained by a reduced
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internal pressure caused by the smaller zero-point displacement of the carbon-
deuterium bonds compared to the lighter carbon-hydrogen bonds. In order to
avoid this unwanted effect, in another experiment only central atoms in the
ET molecules were substituted. When exchanging four 12C atoms by 13C and
all eight 32S atoms by 34S, Tc was reduced by about 1%, which agrees well
with the BCS expectation [70].

Another experiment that evidenced strong coupling of the lattice to
superconductivity utilized inelastic neutron scattering [71]. In κ-(BEDT-
TTF)2Cu(NCS)2 below Tc, a large shift of a phonon branch at an energy
compatible with the superconducting condensation energy was resolved. The
observed shift has hardly been seen so clearly in any other superconductor
[71]. (As another example for the direct observation of the superconducting
gap in the phonon spectra, see [72].)

Further evidence for a strong influence of superconductivity on various
phonon branches was found in Raman-scattering studies. Results of such an
investigation for four Raman-active phonon modes are shown in Fig. 5 [73].
For κ-(ET)2Cu[N(CN)2]Br, a definite hardening of the Raman modes below
Tc is found. The dashed curves in Fig. 5 indicate what the typical hardening
due to the anharmonic lattice would be if no phase transition would occur.
The Raman data show clearly that a significant electron-phonon coupling for
various relevant intermolecular phonons exists.

In order to better understand the nature of the superconducting state
in the ET-based superconductors as well thermal-conductivity studies were
made [74–77]. The result of one of these studies for κ-(ET)2Cu[N(CN)2]Br is
shown in Fig. 6. Here, contrary to expectations, in the superconducting state
higher values of the thermal conductivity, κ, were observed down to lowest
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temperatures as compared to the normal state. The latter was induced by
applying an overcritical magnetic field [77]. Usually, in the superconducting
state the thermal conductivity reduces quickly since the electronic contribution
to κ diminishes as the quasiparticles condense into Cooper pairs that cannot
transport entropy. However, in many novel superconductors a strong increase
of κ below Tc is commonly observed as reported for other 2D organic salts
[74–76] as well as for heavy-fermion [78] and cuprate superconductors [79].
For the latter high-Tc superconductors a decreasing quasiparticle scattering
rate has been suggested as reason for the observed κ enhancement [80]. For
the organic superconductors, on the other hand, rather the reduced electron-
phonon scattering and, therefore, an increasing phonon mean free path as a
result of the Cooper-pair formation is discussed [74,75,77]. Indeed, the better
thermal conductivity in the superconducting state of κ-(ET)2Cu[N(CN)2]Br
shows the dominant phonon contribution to κ down to lowest temperature
and evidences strong scattering of the phonons at electrons in the normal
state. The inset of Fig. 6 shows a linear fit of κ/T versus T 2 to the data at
lowest temperature in the superconducting state. This fit nicely extrapolates to
κ/T = 0, indicating a diminishing electronic contribution to κ and, therefore,
a complete superconducting gap without nodes.

All of the above results do not unequivocally prove that the strong electron-
phonon coupling is responsible for superconductivity in organic superconduc-
tors. Nevertheless, the observed superconducting transitions could well be ex-
plained by electron-phonon-mediated Cooper pairing.

Equally controversial as the discussion of the coupling mechanism is the
question on the symmetry of the order parameter in the organic superconduc-
tors. The experimental situation is rather inconclusive and here mainly some
aspects regarding the contradictory results from NMR and specific-heat mea-



12 J. Wosnitza

0.01

0.1

1

1
/T

1
 (

1
/s

e
c)

1 10 100

 m H = 6.87 T0

 orange mol.
 red mol.

 whole line

T (K)

0.01

0.1

10 100

1
/T

1
T

 (
1

/s
e

c 
K

)

~T

~T 3

b"-(ET) SF CH CF SO2 5 2 2 3

Fig. 7 Temperature dependence of the NMR spin-lattice relaxation rates, 1/T1, in β′′-
(ET)2SF5CH2CF2SO3 for the “red” and “orange” ET molecules as well as for the whole
line (blue). The crystal structure viewed along the stack direction with the 13C spin-labelled
ET molecules is shown on the right. The 13C on the bridging sites are colored by red and
orange which highlights the crystallographic inequivalence of the two stacks. The inset shows
the temperature dependence of 1/(T1T ) [83].

surements shall be presented. Further discussion can be found in the reviews
[7,8,18,24,49].

An important feature that has to be considered when performing proton
NMR investigations of the 2D organic superconductors is the strong enhance-
ment of the spin-lattice relaxation rate, 1/T1, below Tc when the magnetic
field is not applied parallel to the ET planes [81]. This enhancement is caused
by the rapidly changing fields due to flux-line movements which becomes the
dominant relaxation channel for the hydrogen nuclei sitting far away from the
conduction electrons [82]. In subsequent NMR experiments this was taken into
account by applying the magnetic field carefully parallel to the ET planes and
using 13C nuclei, i.e., local probes that are placed in the center of the ET
molecules and that, therefore, are closely coupled to the itinerant electrons.

A recent example for such an NMR study is shown in Fig. 7. Here, β′′-
(ET)2SF5CH2CF2SO3 (Tc ≈ 4.5 K) with 13C spin-labelled ET molecules at
the bridging sites was investigated [83]. The crystal structure with the four in-
equivalent 13C sites per unit cell, two per ET molecule, is depicted on the right
side of Fig. 7. The temperature dependence of the relaxation rates, 1/T1, for
the different sites with external field oriented in the conducting plane is shown
on the left side. The red and orange colors refer to the average for the two sites
on each molecule, and the blue points refer to the average of all sites. In the
inset 1/(T1T ) is plotted, which is expected to be temperature independent for
a usual metal. The increase of 1/(T1T ) above about 100 K is anomalous, in
the sense that the temperature dependence of the susceptibility is too weak to
account for the change hinting at temperature-dependent hyperfine coupling.
Below 100 K, the expected nearly temperature-independent 1/(T1T ) persists



Superconductivity of organic charge-transfer salts 13

down to Tc. Below that, the relaxation rate drops abruptly without exhibiting
a Hebel–Slichter peak, a coherence effect usually observed for s-wave BCS-
type superconductors. The data at lowest temperature are compared to a T 3

variation, which commonly is taken as a signature of line nodes of the order
parameter, although this is expected only at T � Tc. A T 3 dependence of
1/(T1T ) was as well observed in other correlated superconductors such as the
κ-phase organic superconductors [66–68], (TMTSF)2X [36], as well as cuprate
[84] and heavy-fermion superconductors [85,86]. In contrast to these other su-
perconductors, β′′-(ET)2SF5CH2CF2SO3 does not show an enhancement of
1/(T1T ) in the normal state that commonly is ascribed to low-energy antifer-
romagnetic spin fluctuations. This could be taken as an indication for Cooper
pairing mediated by charge fluctuations. Indeed, mean-field calculations sug-
gested that the β′′-phase materials are prime candidates for such pairing [87].
A test for this hypothesis was suggested to be the constant 1/(T1T ) observed
in the normal state, unenhanced by spin fluctuations.

Besides NMR, various other experimental data suggest as well the exis-
tence of line nodes with possible d-wave pairing symmetry for the 2D or-
ganic superconductors. This includes, for example, angle-resolved thermal-
conductivity measurements, that revealed a fourfold in-plane symmetry for
κ-(ET)2Cu(NCS)2 being consistent with d-wave pairing [75], as well as a num-
ber of scanning-tunnelling spectroscopy studies on the κ-phase ET materials
[88–91]. The latter studies agreed on d-wave pairing with either pure dx2−y2

symmetry [88,89], with dxy component [90], or with the admixture of an ex-
tended s-wave pairing leading to an eight-node twofold rotationally symmet-
ric state [91]. It might be worthwhile to note here that, although all these
experiments agree on some anisotropic gap structure with presumably d-wave
component, they are not phase sensitive and, therefore, cannot verify real zero
points of the energy gap.

Contrary to the strong evidence for unconventional pairing symmetries, ex-
amples of which are discussed above, most specific-heat experiments show clear
evidence for nodeless gaps [92–98]. Indeed, the observation of an exponential
vanishing of the electronic part of the specific heat, Ce, in the superconducting
state unequivocally rules out any quasiparticle density of states due to nodes
in the gap function [18]. As an example, Fig. 8(a) shows the specific heat, C, of
β′′-(ET)2SF5CH2CF2SO3 in the superconducting (µ0H = 0) and normal state
with µ0H = 10 T applied perpendicular to the ET planes [98–100]. The large
phonon contribution to the specific heat makes the anomaly at Tc = 4.3 K
(arrow) hardly visible in the double-logarithmic plot. Anyhow, this anomaly
is clearly resolved as shown below in the difference plots [Fig. 9(a)]. In the
normal state, below about 2 K, the data are well described by the usual low-
temperature approximation of C with a linear electronic and cubic phononic
contribution. The obtained Sommerfeld coefficient γ = 19.0(5) mJmol−1K−2

and Debye temperature of 218(3) K agree well with previous results [95]. The
normal-state specific heat together with the knowledge of γ allow to subtract
the phonon part from the C data in zero field. The resulting Ce vanishes per-
fectly according to an exponential function as shown in the normalized plot in
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Fig. 8(b). This clear proof for the existence of a complete superconducting gap
has been found as well for three other ET-based superconductors by different
groups [8,18,92–94,96,97].

In summary, the inconclusive experimental situation, with, on the one side,
specific-heat results evidencing nodeless gaps and, on the other side, NMR
and other data pointing towards node-like structures prohibits any definitive
statement on the nature of superconductivity in the 2D organic charge-transfer
salts. It is, however, fair to say, that the specific-heat data are not sensitive
to a particular direction and, consequently, cannot resolve any possible gap
anisotropy. Therefore, anisotropies as suggested by the mentioned direction-
sensitive experiments [75,88–91] may well be present as long as a complete
gap finally evolves. In an attempt to solve the puzzling controversy between
specific-heat and NMR results, it was suggested that an in-plane magnetic
field might induce a transition from an s-wave to d-wave gap symmetry [101].

3.4 Non-uniform superconductivity at high magnetic fields

As outlined above, for magnetic fields applied parallel to the ET layers the
slope of the upper critical field at Tc is extremely steep. This reflects the fact
that orbital screening currents are very much reduced with the flux lines pinned
to the badly conducting anion layers. Consequently, the orbital critical field,
Horb, is extraordinarily large and superconductivity is not destroyed by orbital
but by spin effects. As mentioned, for fields above the Pauli paramagnetic limit
the Zeeman energy becomes larger than the pairing energy and superconduc-
tivity for spin-singlet pairing should break down. However, even beyond this
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limit superconductivity can survive in special states where the superconduct-
ing order parameter is spatially modulated. In 1964, two independent groups,
Fulde and Ferrell [102] as well as Larkin and Ovchinnikov [103], predicted the
existence of such states, which are now called FFLO states.

At fields above the Pauli limit, BCS-like pairing with zero total momen-
tum is energetically no longer favored. Instead, for FFLO states Cooper pair-
ing with finite center-of-mass momentum is predicted [9,100,104,105]. In real
space, this as well leads to an oscillating superconducting order. This “com-
promise” state allows the material to remain superconducting up to higher
magnetic fields by leaving part of its volume in the normal state where the
surplus of unpaired spin-up electrons can reside.

Two conditions are necessary to allow the FFLO state to appear. First,
the so-called Maki parameter, α =

√
2Horb/HP [106], should be larger than

1.8 [107] and, second, clean-limit superconductivity is needed with a mean-free
path much larger than the coherence length. These conditions are favorably
fulfilled in many ET-based superconductors. As mentioned, the first condition
is easily fulfilled for in-plane magnetic fields. Secondly, these materials are
clean-limit superconductors as proven by the observance of magnetic quantum
oscillations [27,51].

Indeed, there were a number of reports showing indications for the exis-
tence of FFLO states in some of the 2D organic metals (see Refs. [100,105] for
more details). In most cases, however, the observed features were weak and
not solely thermodynamic in nature. The first thermodynamic evidence was
reported in 2007 based on specific-heat measurements of κ-(ET)2Cu(NCS)2
[108]. From these data the temperature-dependent upper critical field was de-
termined revealing a concave curvature at higher temperatures below Tc = 9.1
K signalling Pauli limitation. At lower temperatures and higher fields, the
curvature changed to convex evidencing the appearance of the FFLO phase.
In addition, a second hysteretic anomaly inside the superconducting region
was detected [108]. This was originally claimed to signal the transition from
the FFLO to the uniform superconducting state, but is now thought to be
caused by a small misalignment of the sample [100]. In the following years, a
number of additional experiments confirmed the existence of the FFLO state
in κ-(ET)2Cu(NCS)2 and allowed to determine the transition from the uni-
form to the FFLO superconducting state more reliably. These studies included
magnetic-torque magnetization [109], further thermodynamic [110], as well as
microscopic NMR experiments [111,112].

In general, FFLO states are expected to exist in many 2D organic super-
conductors. Some of the materials, however, are available as tiny crystals only
or have Tcs that would make it necessary to either perform experiments at very
high magnetic fields, not available in usual laboratories, or at mK temperature.
β′′-(ET)2SF5CH2CF2SO3, however, has a bulk critical temperature of 4.3 K
and Pauli-limiting field of µ0HP = 9.73 T as extracted from the specific-heat
data shown in Fig. 8(a) [99]. This allows to investigate a large portion of the
superconducting phase diagram in a convenient temperature and field range.
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Fig. 9 (a) Temperature dependence of the difference between the specific-heat of β′′-(ET)2-
SF5CH2CF2SO3 in zero as well as in-plane fields (inset) and the normal-state specific heat,
divided by temperature. (b) Field-temperature phase diagram for fields aligned differently
within the conducting layers as given by the angle ϕ (left inset). The data in (a) are taken for
ϕ = 0. The lines show the calculated upper critical field for different Fermi-velocity ratios
of elliptical in-plane Fermi surfaces (see text). The right inset shows the experimentally
determined Fermi surface (yellow area) of β′′-(ET)2SF5CH2CF2SO3 with data points (red
circles) connected by the dashed line showing the maximal projection of the Fermi wave
vector on the field-rotation plane (see Ref. [113] for details).

Besides the measurements in perpendicular field shown in Fig. 8(a), the
specific heat of β′′-(ET)2SF5CH2CF2SO3 was measured in a number of fields
aligned parallel to the conducting planes with high precision [99]. From these
data, the normal-state specific heat [10-T data in perpendicular field shown
in Fig. 8(a)] was subtracted. The resulting ∆C/T as a function of T is shown
in Fig. 9(a). From the clearly resolved specific-heat anomalies the field depen-
dence of the critical temperature and the magnetic phase diagram, shown in
Fig. 9(b), was extracted. As mentioned, the orbital critical field can be ob-
tained from the initial slope of the critical field at Tc [61] (about -25 T/K)
yielding the conservative estimate µ0Horb ≈ 75 T. This is much larger than
µ0HP = 9.73 T and gives a Maki parameter of about 10.9. The steep initial
critical-field slope rapidly becomes shallower at higher fields signalling Pauli
limitation. The slope steepens again below about 1.8 K, as expected for an
emerging FFLO phase.

The field-temperature region where a stable FFLO phase can exist depends
on the electronic dimensionality of the material and details of the Fermi surface
[100,105]. In general, low-dimensional materials have much larger stability
regions than isotropic metals. For 2D metals, this region depends on the in-
plane anisotropy of the Fermi surface, or more correctly, on the anisotropy of
the Fermi velocity [100]. The upper critical field, calculated using a mean-field
treatment for a circular Fermi surface with isotropic in-plane Fermi velocity is
shown by the dashed line in Fig. 9(b). Evidently, the measured data are lying
above this line which shows that the FFLO state is more stable than this theory
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for in-plane isotropy suggests. Indeed, it was shown experimentally [113], that
the Fermi surface in β′′-(ET)2SF5CH2CF2SO3 has a highly elliptical shape
with an aspect ratio of about 9 [right inset in Fig. 9(b)]. Using a Fermi-velocity
ratio of 9 for the calculated phase transition results in the dotted line shown
in Fig. 9(b). Now, the experimental data are below the calculated line. This
difference between experiment and theory for an aspect ratio of 9 might be
explained by the fact that for the calculated phase diagram a simple mean-
field description was used neglecting any fluctuations [100]. When using the
intermediate ratio of 2.25, the measured data are very well described [solid
line in Fig. 9(b)] [100].

Theoretically, it was suggested that the stability region of the FFLO phase
should depend on the interplay of the Fermi-surface shape and orbital effects
[114]. This question was studied for β′′-(ET)2SF5CH2CF2SO3 by measuring
the specific heat for in-plane alignments of the magnetic fields rotated by
ϕ = 45 and 90 degrees with respect to the original orientation at ϕ = 0 shown
in Fig. 9(a) [100]. For all in-plane orientations, the extracted phase diagrams
fall on top of each other within experimental accuracy. This indicates that the
FFLO modulation vector, q, for a state with lowest energy always acquires an
optimum direction independent of in-plane field orientation. Most likely the
q vector is oriented parallel to the short axis of the in-plane Fermi surface of
β′′-(ET)2SF5CH2CF2SO3 [right inset in Fig. 9] allowing to pair the largest
number of electrons on the spin-up and spin-down Fermi surfaces with the
same q.

In order to obtain microscopic insight into the FFLO state with modulated
order parameter, NMR measurements are ideally suited. Thereby, the field-
temperature range of the FFLO phase in β′′-(ET)2SF5CH2CF2SO3 allowed
for detailed NMR studies using state-of-the-art superconducting magnets and
cryostats [83,115,116]. For these studies, the 13C nuclear-spin-labeled crystal
already introduced above (Fig. 7) was used. The NMR spectra in the FFLO
state were found to be markedly different from the uniform superconducting
and from the normal state [115]. With these experiments, the phase diagram
obtained by specific heat [Fig. 9(b)] was nicely confirmed and, in addition,
the transition line from the uniform superconducting to the FFLO state could
be obtained. Besides a considerable broadening of the NMR spectra, their
average positions shift strongly and continuously in the FFLO state. A typical
spectrum is shown in Fig. 10(a).

In general, the direction of the modulation vector q is not defined and su-
perpositions of different q might be possible. This can lead to various kinds of
1D or 2D order-parameter modulations in the FFLO states [104,105]. A simple
approach is to assume a single-q, 1D, sinusoidal modulation that would lead
to a spatially oscillating electron-spin polarization as sketched in Fig. 10(c).
At the 13C positions in the crystal lattice, therefore, varying local fields lead
to corresponding shifts of the NMR spectra. The superposition of all spectra
then results in a characteristic double-horn structure for each NMR line [Fig.
10(d)]. In β′′-(ET)2SF5CH2CF2SO3, altogether eight of such broadened NMR
lines (four inequivalent crystallographic sites plus dipole coupling) have to be
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Fig. 10 (a) Experimentally recorded NMR (black) in comparison to the simulated spectrum
(blue) generated by assuming a 1D sinusoidal modulation of the electron-spin polarization
as shown in (c). This nonuniform spin polarization leads to a characteristic double-horn
line shape when convoluted with a Gaussian-broadened NMR spectrum as shown in (d).
The red and orange dashed lines in (b) show the resultant NMR lines of the dipole-split 13C
NMR signals taking the known hyperfine coupling as scaling factor between spin polarization
and NMR frequency into account. For a better visualization of the double-horn structure a
Gaussian broadening of only 1 G has been used here. The orange and red lines in (a) depict
the eight independent contributions using the real, sample-inherent Gaussian broadening,
known from NMR spectra of β′′-(ET)2SF5CH2CF2SO3 in the normal state.

considered. By taking into account the different orbital parts and hyperfine
couplings for the independent sites, the NMR lines shown in Fig. 10(b) as-
suming a Gaussian broadening of only 1 G are obtained. Including the real
sample-inherent Gaussian broadening of the lines, the NMR spectrum can be
simulated, as shown by the blue line in Fig. 10(a) (red and orange lines). The
simulated spectrum agrees very well with the measured one (black line). A
description of the data by using a 2D modulated spin polarisation does not
fit and can be excluded. Consequently, the NMR data give microscopic evi-
dence for a 1D modulated spin polarization in the FFLO state of the organic
superconductor β′′-(ET)2SF5CH2CF2SO3, just as expected for the predicted
periodic modulation of the order parameter.

Besides the 2D organic superconductors, there have been some further
reports on the appearance of FFLO states in other materials. Prominent ex-
amples are a number of heavy-fermion compounds for which, however, the
evidence is inconclusive or had to be revised (see Refs. [100,104,105] for more
details). In 2003, the heavy-fermion material CeCoIn5 showed thermodynamic
evidence for the existence of a second superconducting phase that suggested
to claim the existence of the FFLO state [117,118]. Later, neutron-scattering
data showed, however, that not the predicted FFLO state, but an incom-
mensurate antiferromagnetic, so-called Q phase, is realized in CeCoIn5 [119].
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More recently, FFLO states have been suggested to exist in CeCu2Si2, the
first heavy-fermion superconductor to be studied [120], and in an iron-based
superconductor [121]. So far, further support for these claims is missing.

The question remains what the 2D organic superconductors makes so spe-
cial with respect to the occurrence of FFLO states. An important ingredient
certainly is their low dimensionality. Indeed, the stability region of the FFLO
state is rather limit in three dimensions and becomes much larger for two-
dimensional Fermi surfaces (see [105] and the discussion above on the FFLO
stability region for anisotropic 2D Fermi surfaces). Further, the rather simple
Fermi-surface topologies and the absence of competing, strong magnetic inter-
actions might favor as well the appearance of FFLO states in the 2D organic
charge-transfer salts.

4 Conclusions

In this short review, I presented an overview on some major aspects and cur-
rent knowledge of the superconductivity in the prototypical 1D and 2D organic
charge-transfer salts. Both material classes are strong type-II superconductors
with transition temperatures in the few kelvin range for the 1D and up to
somewhat above 10 K for the 2D materials. In both cases, strong electronic
correlations are important and often magnetic phases are found nearby the
superconducting states. For the 1D TMTSF-based materials, triplet super-
conductivity was discussed for some time. There is, however, now clear ev-
idence that a singlet state is realized in these superconductors. The nature
of this state, s, d, or even odd-frequency p wave, is still a matter of debate.
The 2D ET-based materials are spin-singlet superconductors as well. The ex-
perimental situation with respect to the order-parameter symmetry is highly
controversial with evidences in favor for d wave as well as for a fully gapped
state. Equally unsettled is, for both material classes, the nature of the cou-
pling mechanism. Spin as well as charge fluctuations have been suggested, but
electron-phonon coupling cannot be excluded. Here, phase-sensitive experi-
ments would be highly desirable to settle these open questions.

For some 2D organic (ET)2X superconductors, there is now solid evidence
for the existence of the FFLO state. At low temperatures and for high mag-
netic field, precisely aligned parallel to the ET layers, thermodynamic exper-
imental data prove the existence of an additional superconducting phase and
microscopic NMR measurements show that a periodic modulation of the order
parameter exists. Further studies could help to gain a better understanding of
this nonuniform superconductivity and to find additional materials evidencing
FFLO states with possibly different order-parameter modulations.
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