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Abstract: In the following, a brief overview on the recently found robust experimental evidence for the
existence of the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state in layered organic superconductors is
given. These electronically quasi-two-dimensional (2D) clean-limit superconductors are ideally suited
for observing FFLO states. Applying a magnetic field parallel to the layers suppresses orbital effects
and superconductivity is observed beyond the Pauli paramagnetic limit. Both, thermodynamic as
well as microscopic experimental data show the existence of an additional high-field low-temperature
superconducting state having a one-dimensionally modulated order parameter.
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1. Introduction

In most cases, superconductivity is destroyed at high magnetic fields. For spin-singlet pairing,
the highest field where this phase change can occur is at the Pauli paramagnetic limit when the Zeeman
energy of the itinerant electrons becomes larger than the condensation energy [1,2]. There may, however,
exist superconductivity even beyond the Pauli limit with a spatially modulated superconducting order
parameter. This was predicted already in 1964, independently by Fulde and Ferrell [3] as well as
Larkin and Ovchinnikov [4]. Such now-called FFLO (or LOFF) states can appear in superconductors
with very large orbital critical field, By, that is, when the usually dominant orbital pair breaking
is of minor importance. Only then, superconductivity is eventually suppressed at the Pauli limit
Bp = Ao/ (v2up), where pp is the Bohr magneton and Ag the zero-temperature superconducting
energy gap [1,2]. According to Gruenberg and Gunther, the Maki parameter [5], \/EBD,;, /Bp, has to be
larger than 1.8 for the possible occurrence of an FFLO state [6]. Further to that, the mean free path of
the charge carriers needs to be larger than the coherence length, i.e., clean-limit superconductors are
needed [7-9]. For the latter point, however, some theory works suggest that FFLO phases may survive
even with some disorder [10-13]. (For related experimental work see [14-16].)

When applying a magnetic field, the Fermi surface splits into two with spin-up and spin-down
electrons. If this splitting is not too large, that is for fields below Bp, still the usual BCS-like pairing
with opposite spin and momentum is energetically favourable (left part of Figure 1). Beyond the Pauli
limit, however, pairing with finite total momentum, g, becomes the more stable ground state (right part
of Figure 1), until the normal state finally is reached at a higher field beyond Bp. In the most simple of
the possible FFLO states, the Cooper-pair wave function oscillates with g o« B, leading to an equally
oscillating Cooper-pair density also in real space (for possible more elaborated FFLO phases see [8,9]).
By that, part of the superconducting volume becomes normal, namely at the wave-function zeros
where the excess spins accumulate, allowing the superconducting state to survive even beyond the
Pauli limit.

Crystals 2018, 8, 183; d0i:10.3390/ cryst8050183 www.mdpi.com/journal/crystals


http://www.mdpi.com/journal/crystals
http://www.mdpi.com
http://www.mdpi.com/2073-4352/8/5/183?type=check_update&version=1
http://www.mdpi.com/journal/crystals
http://dx.doi.org/10.3390/cryst8050183

Crystals 2018, 8, 183 20f 13

BCS FFLO
N .
kt v
q
* 4
k£=-Ik¢ EF ? | ; EF
F ki=-ki +q

Figure 1. Schematic sketch of (left) the usual BCS pairing state with zero resulting momentum and
spin and (right) the FFLO pairing state with a finite center-of-mass momentum, 4. The circles represent

the Fermi surfaces for spin-up and spin-down electrons.

Nonuniform FFLO states can appear only at temperatures much lower than the superconducting
zero-field transition at T;, namely below T* = 0.56T; [5]. For temperatures between T* and T,
only the uniform superconducting state can exist below the upper critical field B.,. Below T*, marking
a tricritical point, the FFLO phase may emerge. Here, a first-order phase transition may occur,
whereas above T* the phase transition to the normal state is second order. For three-dimensional (3D)
superconductors the stability region for FFLO states is rather limited but enlarges considerably for
electronically highly anisotropic materials [9]. This stability region depends on the dimensionality and
becomes much larger for lower dimensions (see e.g., [8,9,17]). Indeed, Figure 2 shows the calculated
phase diagram for a two-dimensional (2D) superconductor with isotropic in-plane Fermi velocity [9].
For a more general in-plane anisotropy the FFLO-phase region becomes even larger [18].
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Figure 2. Calculated phase diagram of a Pauli-limited two-dimensional superconductor. Above
T* = 0.56T; only the uniform superconducting (yellow region) or, above B, the normal state (blue)
can exist. Below T*, the FFLO state (red) may evolve up to y BB%ELO = Ap.

It is worthwhile to mention that the notion of FFLO states is of much broader importance than for
superconductivity in condensed matter. These exotic states are predicted to exist in general in polarized,
spin-imbalanced Fermi systems, such as ultra-cold atomic gases [19], nuclear matter, and dense quark
matter [20]. Although there have been some reports on the observation of FFLO states in cold atomic
gases [21,22] these results are questioned and solid evidence for FFLO states has, so far, only been
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found in condensed-matter systems, such as the organic superconductors discussed in the following
chapter. Other candidate materials, such as heavy-fermion and iron-based superconductors, are briefly
mentioned in Section 3.

2. FFLO Evidence in Layered Organic Superconductors

For FFLO states to occur certain restrictions apply. As mentioned, the superconductor has to
be strongly Pauli limited, with a Maki parameter larger than 1.8, and needs to be in the clean limit.
Further, the stability region of FFLO states is rather limited in 3D but is large and experimentally more
easily accessible in 2D electron systems. Prime candidate materials are, therefore, quasi-2D organic
superconductors, for instance, with the molecular building blocks bisethylenedithio-tetrathiafulvalene
(BEDT-TTF or ET for short) or bisethylenedithio-tetraselenafulvalene (BETS). Although there exist
controversies on the nature of the superconducting state, with nuclear magnetic resonance (NMR)
results evidencing node-like d-wave symmetries [23,24] and, on the other side, specific-heat data
showing an s-wave-like fully gapped order parameter [25], the singlet nature of the pairing, important
here, is proven by above NMR data. A more detailed discussion on the nature of the superconducting
state can be found in [26]. In any case, the organic materials are well-studied, high-quality crystals
with nearly ideal 2D electronic structure and strong type-II spin-singlet superconductors, usually in the
clean limit with long mean free paths [26-30]. When aligning the magnetic field parallel to the highly
conducting layers, orbital pair breaking is largely reduced and Pauli limitation becomes dominant.

There indeed have been a number of studies for such field orientation reporting evidence for the
existence of FFLO states in these 2D organic superconductors. These claims were mainly based on
transport data, such as on thermal-conductivity [31], interplane-resistance [32,33], and penetration-depth
measurements [34-36]. Clear thermodynamic and microscopic evidence for a high-field FFLO phase was
missing until 2011.

2.1. Thermodynamic Data and Phase Diagrams

The first thermodynamic evidence for the appearance of an FFLO state was found for the organic
superconductor x-(BEDT-TTF),Cu(NCS), by use of specific-heat measurements [37]. Figure 3 shows
the obtained data for in-plane field alignment after subtracting the phonon part of the specific heat.
The latter was extracted by measuring the normal-state specific heat separately in a field of 14 T applied
perpendicular to the layers. At T, = 9.1 K, a clear A-like anomaly is resolved which reduces in size
and shifts to lower temperatures with increasing magnetic field. Above 21 T, however, the anomaly
sharpens and a second transition appears at somewhat lower temperatures in fields up to 23 T.
This latter anomaly showed a hysteresis in the specific-heat data evidencing the first-order nature of
the transition [37].

This second anomaly was not observed in later work that measured the penetration depth
using a tunnel-diode-oscillator technique [36], magnetic torque [38], or magnetic-field-dependent
calorimetry [39]. A possibly reason for this discrepancy could have been a small misalignment of the
investigated crystal in the work reported in Ref. [37]. The measurements were performed on a fixed
platform in a 28-T magnet at the Grenoble High Magnetic Field Laboratory (LNCMI-Grenoble).
Although the crystal was aligned in the best possible way, an out-of-plane orientation of the
magnetic field on the sub-degree level cannot be excluded. Indeed, as was shown later, rotating
the magnetic field by a small amount (of the order of 1 degree) immediately suppresses the
FFLO state. Detailed angular-dependent specific-heat studies of another organic superconductor,
B"-(BEDT-TTF),SF5sCH,CF,S0; discussed further below, showed that a second anomaly just
below B, appears when the magnetic field is aligned by about 0.2-0.3 degree off the in-plane
orientation [40,41]. This makes it rather likely that the sharp first-order transition shown in Figure 3
for k-(BEDT-TTF),Cu(NCS); is an artifact due to a small out-of-plane component of the magnetic field.
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Figure 3. Electronic part of the specific heat of x-(BEDT-TTF),Cu(NCS),, divided by temperature,
vs. temperature in parallel magnetic fields (inset) up to 28 T.

The B, data extracted from the specific heat (Figure 3) are shown as black circles in Figure 4. From the
specific-heat data, it is possible to determine the Maki parameter. The orbital critical field can be estimated
from the initial critical-field slope at T¢, yielding dB., /dT =2 20 T/K using the data points at 0 and 8 T, and the
Werthamer-Helfand-Hohenberg (WHH) extrapolation [42], By, = 0.7T:dBc/dT ~ 130 T. The Pauli limit
can reliably be estimated from the jump height and temperature dependence of the specific-heat anomaly
resulting in the strong-coupling value Ay/kpT. ~ 2.4 [43] and, finally, in Bp = 22(1) T. Together with
By = 130 T, this leads to a Maki parameter of about 8.4, comfortably larger than the 1.8 required for FFLO
states to occur.
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Figure 4. Superconducting phase diagram of x-(BEDT-TTF),Cu(NCS), as obtained from the
specific-heat data shown in Figure 3 (black circles), torque, T, data (open circles and triangles) [38],
as well as data taken from the work of Agosta et al. (blue squares and triangles) [39]. The solid line is
the calculated B, for an isotropic in-plane Fermi velocity.

The solid line in Figure 4 represents B, the calculated phase transition from the normal to the
superconducting state for a 2D superconductor with isotropic in-plane Fermi surface, as shown in
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Figure 2. Very good agreement with the specific-heat data is found. The phase diagram in Figure 4
further includes data from magnetic-torque measurements, where a rotator made possible precise
alignment of the magnetic field parallel to the layers [38]. These data overestimate somewhat the more
reliable specific-heat B, values. The torque measurements, however, done with sweeping the magnetic
field, allowed to resolve the hysteretic phase transition from the uniform to the FFLO superconducting
state (open triangles).

In a very recent ac-specific-heat and magnetocaloric-effect measurement the phase transition from
the uniform to the FFLO phase was verified thermodynamically by performing field sweeps (closed
blue triangles in Figure 4) [39]. At low temperatures, the B, values in this experiment (open blue
squares) lie clearly above the Pauli limit, again consistent with the existence of the FFLO phase,
however, they fall somewhat below the torque data and the calculated line. Here, more work is
necessary for a more reliable determination of the B, line at lowest temperature.

There exist a large number of quasi-2D organic superconductors [27,28] most of which are
candidates for showing FFLO states. However, for practical reasons, T, should be in a range,
so that not too low temperatures or too high magnetic fields are needed to reach these states.
Further, high-quality crystals of sufficient size are required for resolving the phase transitions in
bulk experiments. These conditions are favorably fulfilled in the electronically nearly ideal 2D material
B"-(BEDT-TTF),SFsCH,CF,S03 [44—46].

For this superconductor, specific heat [40] showed a strong upward curvature of the superconducting
phase boundary above Bp, consistent with the existence of an FFLO state, even though a transition from
the uniform to the FFLO phase was not directly observed. The electronic part of the specific heat divided
by temperature is shown in the relevant temperature range in Figure 5. Here, 10-T specific-heat data in
perpendicular field were used to subtract the phonon contribution. From an equal-entropy construction
of the zero-field data, the bulk T, = 4.3 K can be determined. From the idealized jump at T, and the
temperature dependence of the specific heat the zero-temperature energy gap Ag/kpT, = 2.18, evidencing
a moderately enhanced coupling strength, and the Pauli limit Bp = 9.73(3) T is found [40]. When applying
magnetic fields by use of a rotator precisely aligned parallel to the conducting layers, the specific-heat
anomaly shifts to lower temperatures and remains resolvable at least up to 11 T (Figure 5). As evident
from the data, superconductivity persists clearly beyond the Pauli limit.

B"-(BEDT-TTF),SFsCH,CF,SO, .
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o

Figure 5. Temperature dependence of the electronic part of the specific heat, divided by temperature,
of B”"-(BEDT-TTF),SF5CH,CF,S0j3 in various parallel magnetic fields up to 11 T.

The superconducting phase diagram determined from these specific-heat measurements is shown
in Figure 6. Again, the initial slope of the critical field at T, (approximately 25 T/K) allows to estimate
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Byp = 75 T, that is much larger than Bp and results in a Maki parameter close to 11. The data show
the typical behavior of a Pauli-limited superconductor. The very steep slope of the B, line near T,
rapidly becomes shallow at higher magnetic fields when the Pauli limit is approached. The dotted
line in Figure 6 depicts the estimated B, line without the appearance of an FFLO state. Obviously,
the specific-heat data lie clearly above this estimate with a changed curvature of the B, line: Strongly
suggesting the emergence of an FFLO state.

The relative increase of the upper critical field, By, at low temperatures is clearly larger than
for x-(BEDT-TTF);Cu(NCS);. The blue dashed line in Figure 6 is equivalent to the solid line
shown in Figure 4, just normalized for T, and Bp. As mentioned, this theory line was calculated
assuming an isotropic in-plane Fermi velocity. Earlier investigations of the Fermi-surface topology of
B"-(BEDT-TTF),SF5CH,CF,S03, however, showed that the electronically 2D material has as well a
pronounced anisotropy of the Fermi surface within the planes (inset of Figure 6) [47]. The experimental
aspect ratio of the in-plane Fermi-surface ellipse is 9. Calculating the critical-field line for the same
Fermi-velocity ratio yields the dotted line in Figure 6. The experimental data lie just between this line
and the calculations for the isotropic in-plane case. For the aspect ratio 2.25, excellent agreement with
the experimental data is obtained (solid line in Figure 6). In view of the rather simple mean-field theory
used for the calculations, neglecting any kind of fluctuations, the description of the experimental data
is superb [18,48].

It is worthwhile to mention that the phase diagram of p’ '-(BEDT-TTF),SFsCH,CF,S03 is
independent of in-plane orientation of the magnetic field, in contrast to out-of-plane rotations.
When measuring the specific heat for three different in-plane field alignments, the extracted By,
lines fall on top of each other within error bars [18]. This suggests negligible orbital effects [49] and a
pinning of the FFLO modulation vector g at some optimum position, most probably parallel to the
short axis of the Fermi-surface ellipse depicted in the inset of Figure 6.

12 <T q." T T T T T T
SN B"-(BEDT-TTF),SFsCH,CF,SO; 1
10| B || planes

Figure 6. Phase diagram of f”-(BEDT-TTF),SF5CH,CF,S0j3 as extracted from the data in Figure 5.
Three lines show the calculated B, for different Fermi-velocity ratios of elliptical Fermi surfaces.
The dotted line is a rough extrapolation of the high-temperature data towards the Pauli limit at T = 0,
estimating the transition from the uniform to the FFLO superconductivity. The inset depicts the
measured in-plane Fermi surface [47].

2.2. Microscopic Evidence

The thermodynamic measurements discussed above give strong evidence in favor for the existence
of FFLO states, but they cannot supply microscopic insight into the spatially modulated order
parameter. This was finally provided by sophisticated 3C NMR experiments. First, such measurements
were performed for x-(BEDT-TTF),Cu(NCS); in resistive magnets of the high-field laboratories in
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Tallahassee [50] and, later, in Grenoble [51]. The NMR spectra taken in Tallahassee at 0.35 K showed,
up to about 21.3 T, only a gradual field-dependent broadening. Beyond this field, i.e., above the
estimated Pauli limit, the spectra broaden considerably until, at about 25 T, the linewidth of the spectra
is indistinguishable from that of the normal state [50]. The abrupt change of the NMR spectra around
the Pauli limit is taken as evidence for a Zeeman-driven phase transition into another superconducting
state, giving further evidence for the FFLO state.

In the other mentioned NMR work by the group in Grenoble, a very strong enhancement of the
spin-lattice relaxation rate, T 1, was found when going from the normal-conducting to the FFLO state
as a function of temperature [51]. A similar enhancement was found when going from the uniform
superconducting to the FFLO state as a function of magnetic field. This was attributed to excess
low-energy density of states due to Andreev bound states formed near the nodes of the FFLO order
parameter and was taken as a direct evidence for a modulated FFLO order parameter [51]. Figure 7
shows the field evolution of the NMR relaxation rate divided by temperature, (T;T) !, at various
temperatures (see the Supplemental Information in Ref. [52]). At 1.1 K, similar as reported in Ref. [51],
a large enhancement of (T;T) !, compared to the normal-state value, is seen when entering the FFLO
state above and around the zero-temperature Pauli limit (dashed vertical line in Figure 7). However,
at 0.35 K, a temperature much lower than investigated in [51], no enhancement in (T;T) ! is found.
This may be explained by an Andreev bound-state energy larger than the thermal energy and a
concomitant reduced influence of these states on the relaxation rate.
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Figure 7. Field dependence of the spin-lattice relaxation rate, T, 1 divided by temperature of
x-(BEDT-TTF),Cu(NCS),. The data taken at 1.1 K exhibit an increase much beyond the normal-state
value in the region where the FFLO phase occurs, whereas the effect is quenched at the lower
temperature of 0.35 K. The dashed vertical line depicts the Pauli limit.

For B"-(BEDT-TTF),SFsCH,CF,SO3, more detailed NMR studies are possible due to the
field-temperature range easier accessible with superconducting magnets and available cryostat systems.
For the measurements, as before, 13C isotopes were introduced on the two central carbon sites of the
BEDT-TTF molecules [52]. These sites are the most sensitive to the conducting electrons in the 2D
BEDT-TTF-based materials. In [52], NMR spectra were taken for a number of accurately in-plane
aligned magnetic fields at 0.13 and 1.7 K. Figure 8a shows the field-dependent shift of the NMR spectra,
or more precisely the first moments of the NMR spectral positions, at these temperatures. At low
fields, below about 9 T in the Shubnikov phase, only a moderate increase of the shift due to orbital
contributions is visible. In the normal state, above 10 T at 1.7 K, the NMR line shift is constant and
caused by the hyperfine fields associated with the paramagnetic spin susceptibility. Between these
two limits, the hyperfine fields at the '3C sites increase steeply evidencing the appearance of the
nonuniform electron polarization expected for the FFLO state. These line shifts are accompanied
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by considerable line broadenings of the NMR spectra (see [18,52]). The onsets of the rapid line-shift
increase fits favorably to the dotted line plotted in Figure 6. The NMR data at 1.7 K indicate that the
FFLO state appears at 9 and is present at 9.5 T, whereas at 0.13 K, the nonuniform superconductivity
evolves above 9 T and remains up to the highest measured field of 11.9 T, in agreement with the
specific-heat data.
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Figure 8. (a) Field dependence of the 13C NMR shift in B"'-(BEDT-TTF),SF5CH,CF,S0;. (b) Spin-lattice
relaxation rate divided by temperature, (TT)~!, vs magnetic field. The data taken at T = 1.7 K
show an increase at 9.3 T greater than the normal-state value, similar as visible in Figure 7 for
x-(BEDT-TTF),Cu(NCS), and discussed in connection with the occurrence of the FFLO phase.
The dashed lines connecting the data points are guides to the eye.

Complementary field-dependent data of the spin-lattice relaxation rate are shown in Figure 8b.
Similar as for x-(BEDT-TTF),Cu(NCS), (Figure 7), a clear enhancement of (T;T)"! appears
at 1.7 K indicating as well the existence of the FFLO state even at this higher temperature.
At 0.13 K, no enhancement in (T;T) ! is detected, equally consistent for both investigated organic
superconductors. As mentioned, this may be a signature of Andreev bound states in the FFLO phase.
However, whether this assignment is correct needs further proof.

In the FFLO state, several types of periodic structures of the order parameter, one or two
dimensional, may occur [8,9,53-55]. Accordingly, nonuniform electron-spin polarizations appear
that lead to spatially oscillating local fields at the 13C nuclei sites and corresponding characteristic
broadenings of the NMR spectra. Assuming the simplest modulation of the order parameter with
a single-g (i.e., one-wavelength) sinusoidal oscillation, the NMR line broadens to a double-horn
structure, in case the original NMR line is not already too wide due to other sample-inherent local-field
inhomogeneities [18]. In the present case, the two inequivalent BEDT-TTF molecules per unit cell with
two 13C each lead to four main NMR lines (ignoring dipole-dipole splitting) that can be well resolved
in the normal state [52].
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The blue line in Figure 9 shows a measured NMR spectrum for f”-(BEDT-TTF),SF5sCH,CF,SO3
at 0.13 K and 10.25 T. This spectrum can be simulated using the mentioned simple 1D sinusoidal
modulation of the spin polarization (green line in Figure 9). Thereby, the different orbital parts and
hyperfine couplings of the four independent, Gaussian-broadened main NMR lines (red and orange
lines) have been taken into account (see Ref. [52] for details). The simulated total NMR line nicely
agrees with the measured data. Indeed, assuming a 2D order-parameter modulation for the NMR-line
simulation fails to describe the measured data. The NMR spectra, therefore, give clear microscopic
evidence for a spatially single-q 1D modulated nonuniform superconducting state, fully in line with
the long-sought FFLO prediction.
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Figure 9. Experimental NMR spectrum (blue) of ”-(BEDT-TTF),SFsCH,CF,SO3 at 0.13 K and 10.25 T
compared with that generated by assuming a 1D sinusoidal modulation of the spin polarization (green).
The orange and red lines depict the four independent contributions.

3. Other FFLO Candidate Materials

The question arises as to whether FFLO states are unique for 2D organic superconductors. Indeed,
the conditions to observe FFLO states are ideal in these molecular conductors, namely high crystal
quality with long mean-free paths, very large orbital critical fields with corresponding large Maki
parameters for in-plane aligned magnetic fields, and a rather extended stability region of the FFLO
phases in the B — T phase diagram due to the two dimensionality. However, other material classes as
well fulfil these conditions and FFLO states are to be expected.

Heavy-fermion materials, for example, are good candidates for showing FFLO states: The orbital
critical fields are often high and may exceed the Pauli limit due to the large effective masses
and anisotropies favor the occurrence of nonuniform pairing. Indeed, in the heavy-fermion
superconductor CeColns clear thermodynamic and microscopic evidence for the existence of an
additional superconducting state at low temperatures and high magnetic fields was found [56-58].
Initially, this state was suggested to be a realization of a FFLO state. This, however, was revised
a few years later when neutron-scattering data revealed clearly the existence of incommensurate
antiferromagnetic order just inside this superconducting state. Thereby, the incommensurable
antiferromagnetic wave vector Q was proven to be field independent [59]. This now-called Q phase
certainly is a unique and fascinating state of matter, but clearly not a realization of the originally
proposed FFLO states [60-63]. Whether it is a more complicated version of such a state [64] or is of
completely different origin is still the subject of intense research.

Recently, specific-heat and magnetic-torque experiments revealed compelling evidence for the
existence of a superconducting high-field low-temperature state above the Pauli limit in KFe,As; [65].
The anisotropic iron-pnictide superconductors, therefore, appear to be the second material class in
which thermodynamic data strongly suggest the existence of an FFLO state. Further work is needed to
establish this finding with additional evidence.



Crystals 2018, 8, 183 10 of 13

4. Conclusions and Outlook

More than 50 years after the theoretical work of Fulde—Ferrell and Larkin-Ovchinnikov, there is
now solid evidence for the realization of FFLO states in organic superconductors. Various experiments
have provided strong support for this notion. In particular, specific-heat and NMR experiments
helped to determine the superconducting phase diagram and to gain microscopic insight into the
nonuniform modulation of the order parameter. A 1D sinusoidally oscillating spin polarization can
favorably explain the NMR spectra. Further experiments that would allow one to directly determine
the modulation wave vector, such as neutron scattering or scanning tunneling microscopy, would
be highly desirable. In addition, there are predictions for the existence of a quantum critical point
at the transition from the FFLO to the normal state [66] for which experimental evidence would be
needed. Finally, first indication for the existence of an FFLO state was found very recently in an
iron-pnictide superconductor widening the possibility to further study the nature of these nonuniform
superconducting states in different material classes.

Acknowledgments: Contributions to this work by B. Bergk, R. Beyer, S.E. Brown, A. Demuer, E.L. Green,
G. Koutroulakis, H. Kiihne, R. Lortz, S. Molatta, Y. Nakazawa, J. A. Schlueter, I. Sheikin, S. Yasin, H. H. Wang,
Y. Wang, and G. Zwicknag] are gratefully acknowledged. Part of the work was supported by HLD at HZDR,
member of the European Magnetic Field Laboratory (EMFL).

Conflicts of Interest: The author declares no conflict of interest.

References

1.  Clogston, A.M. Upper limit for the critical field in hard superconductors. Phys. Rev. Lett. 1962, 9, 266-267.
[CrossRef]

2. Chandrasekhar, B.S. A note on the maximum critical field of high-field superconductors. Appl. Phys. Lett.
1962, 1, 7-8. [CrossRef]

3.  Fulde, P; Ferrell, R.A. Superconductivity in a strong spin exchange field. Phys. Rev. 1964, 135, A550—-A563.
[CrossRef]

4. Larkin, A.L; Ovchinnikov, Y.N. Inhomogeneous state of superconductors. Sov. Phys. JETP 1965, 20, 762-768.

5. Maki, K;; Tsuneto, T. Pauli Paramagnetism and Superconducting State. Prog. Theor. Phys. 1964, 31, 945-956.
[CrossRef]

6.  Gruenberg, L.W.; Gunther, L. Fulde-Ferrell effect in type-II superconductors. Phys. Rev. Lett. 1966, 16,
996-998. [CrossRef]

7. Aslamazov, L.G. Influence of impurities on the existence of an imhomogeneous state in a ferromagnetic
superconductor. Sov. Phys. JETP 1969, 28, 773-775.

8. Matsuda, Y.; Shimahara, H. Fulde-Ferrell-Larkin-Ovchinnikov state in heavy fermion superconductors.
J. Phys. Soc. Jpn. 2007, 76, 051005. [CrossRef]

9.  Zwicknagl, G.; Wosnitza, J. Breaking translational invariance by population imbalance: The Fulde-Ferrell-Larkin-
Ovchinnikov states. In BCS: 50 years; Cooper, L.N.; Feldman, D., Eds.; World Scientific: Singapore, 2011;
pp. 337-371.

10. Wang, Q.; Hu, C.-R; Ting, C.-S. Impurity-induced configuration-transition in the Fulde-Ferrell-Larkin-Ovchinnikov
state of a d-wave superconductor. Phys. Rev. B 2007, 75, 184515. [CrossRef]

11.  Cui, Q.; Yang, K. Fulde-Ferrell-Larkin-Ovchinnikov state in disordered s-wave superconductors. Phys. Rev. B
2008, 78, 054501. [CrossRef]

12.  Ptok, A. The Fulde-Ferrell-Larkin-Ovchinnikov Superconductivity in Disordered Systems. Acta Phys. Pol. A
2010, 118, 420-422. [CrossRef]

13. Ptok, A.; Kapcia, K.J. Probe-type of superconductivity by impurity in materials with short coherence length:
The s-wave and #-wave phases study. Supercond. Sci. Technol. 2015, 28, 045022. [CrossRef]

14. Tokiwa, Y.; Movshovich, R.; Ronning, F; Bauer, E.D.; Papin, P; Bianchi, A.D.; Rauscher, ].E,; Kauzlarich, S.M.;
Fisk, Z. Anisotropic Effect of Cd and Hg Doping on the Pauli Limited Superconductor CeColns. Phys. Rev. Lett.
2008, 101, 037001. [CrossRef]


http://dx.doi.org/10.1103/PhysRevLett.9.266
http://dx.doi.org/10.1063/1.1777362
http://dx.doi.org/10.1103/PhysRev.135.A550
http://dx.doi.org/10.1143/PTP.31.945
http://dx.doi.org/10.1103/PhysRevLett.16.996
http://dx.doi.org/10.1143/JPSJ.76.051005
http://dx.doi.org/10.1103/PhysRevB.75.184515
http://dx.doi.org/10.1103/PhysRevB.78.054501
http://dx.doi.org/10.12693/APhysPolA.118.420
http://dx.doi.org/10.1088/0953-2048/28/4/045022
http://dx.doi.org/10.1103/PhysRevLett.101.037001

Crystals 2018, 8, 183 11 of 13

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

Movshovich, R.; Tokiwa, Y.; Kurita, N.; Ronning, F.; Bauer, E.D.; Bianchi, A.; Papin, P; Fisk, Z. Possible
Fulde-Ferrel-Larkin-Ovchinnikov Inhomogeneous Superconducting State in CeColns: Cd- and Hg-doping
Studies. J. Supercond. Nov. Magn. 2009, 22, 291-293. [CrossRef]

Tokiwa, Y.; Movshovich, R.; Ronning, F,; Bauer, E.D.; Bianchi, A.D.; Fisk, Z.; Thompson, ].D. Anomalous effect
of doping on the superconducting state of CeColns in high magnetic fields. Phys. Rev. B 2010, 82, 220502.
[CrossRef]

Ptok, A. The influence of the dimensionality of the system on the realization of unconventional
Fulde-Ferrell-Larkin-Ovchinnikov pairing in ultra-cold Fermi gases. J. Phys. Condens. Matter 2017, 29, 475901.
[CrossRef] [PubMed]

Wosnitza, J. FFLO states in layered organic superconductors. Ann. Phys. 2018, 530, 1700282. [CrossRef]
Sheehy, D.E.; Radzihovsky, L. BEC-BCS crossover, phase transitions and phase separation in polarized
resonantly-paired superfluids. Ann. Phys. 2007, 322, 1790-1924. [CrossRef]

Casalbuoni, R.; Nardulli, G. Inhomogeneous superconductivity in condensed matter and QCD. Rev. Mod. Phys.
2004, 76, 263-320. [CrossRef]

Zwierlein, M.W.,; Schirotzek, A.; Schunck, C.H.; Ketterle, W. Fermionic superfluidity with imbalanced spin
populations. Science 2006, 311, 492. [CrossRef] [PubMed]

Partridge, G.B.; Li, W.,; Kamar, R.L; Liao, Y.; Hulet, R.G. Pairing and phase separation in a polarized Fermi
gas. Science 2006, 311, 503-505. [CrossRef] [PubMed]

Soto, S.M.D.; Slichter, C.P; Kini, A.M.; Wang, H.H.; Geiser, U.; Williams, ].M. 13C NMR studies of the normal
and superconducting states of the organic superconductor x-(ET),Cu[N(CN);]Br. Phys. Rev. B 1995, 52,
10364-10368. [CrossRef]

Mayaffre, H.; Wzietek, P.; Jérome, D.; Lenoir, C.; Batail, P. Superconducting State of x-(ET),Cu[N(CN),]Br
Studied by 3C NMR: Evidence for Vortex-Core-Induced Nuclear Relaxation and Unconventional Pairing.
Phys. Rev. Lett. 1995, 75, 4122—4125. [CrossRef] [PubMed]

Elsinger, H.; Wosnitza, J.; Wanka, S.; Hagel, J.; Schweitzer, D.; Strunz, W. x-(BEDT-TTF),Cu[N(CN),]Br:
A Fully Gapped Strong-Coupling Superconductor. Phys. Rev. Lett. 2000, 84, 6098-6101. [CrossRef]
Wosnitza, J. Superconductivity in Layered Organic Metals. Crystals 2012, 2, 248-265. [CrossRef]

Lang, M.; Miiller, ]. Organic Superconductors. In Superconductivity; Bennemann, K.H., Ketterson ].B., Eds.;
Springer: Berlin/Heidelberg, Germany, 2008; Volume II, pp. 1155-1223.

Ishiguro, T.; Yamaji, K.; Saito G. Organic Superconductors; Springer: Berlin/Heidelberg, Germany, 1998.
Wosnitza, J. Superconducting properties of quasi-two-dimensional organic metals. Physics C 1999, 317-318,
98-107. [CrossRef]

Wosnitza, J. Perspectives on the Nature of Superconductivity in Organic Metals. J. Low Temp. Phys. 1999, 117,
1701-1710. [CrossRef]

Tanatar, M.; Ishiguro, T.; Tanaka, H.; Kobayashi, H. Magnetic field-temperature phase diagram of
the quasi-two-dimensional organic superconductor A-(BETS);2GaCly studied via thermal conductivity.
Phys. Rev. B 2002, 66, 134503. [CrossRef]

Uji, S.; Terashima, T.; Nishimura, M.; Takahide, Y.; Konoike, T.; Enomoto, K.; Cui, H.; Kobayashi, H.;
Kobayashi, A.; Tanaka, H.; et al. Vortex Dynamics and the Fulde-Ferrell-Larkin-Ovchinnikov State in a
Magnetic-Field-Induced Organic Superconductor. Phys. Rev. Lett. 2006, 97, 157001. [CrossRef] [PubMed]
Uji, S.; Iida, Y, Sugiura, S.; Isono, T.; Sugii, K., Kikugawa, N.; Terashima, T Yasuzuka, S.;
Akutsu, H.; Nakazawa, Y.; et al. Fulde-Ferrell-Larkin-Ovchinnikov superconductivity in the layered organic
superconductor B”-(BEDT-TTF)4[(H30)Ga(Cy04)3]C¢HsNO,. Phys. Rev. B 2018, 97, 144505. [CrossRef]
Cho, K,; Smith, B.E.; Coniglio, W.A.; Winter, L.E.; Agosta, C.C.; Schlueter, J.A. Upper critical field in the
organic superconductor p”-(ET),SFsCH,CF,SO3: Possibility of Fulde-Ferrell-Larkin-Ovchinnikov state.
Phys. Rev. B 2009, 79, 220507(R). [CrossRef]

Coniglio, W.A.; Winter, L.E.; Cho, K.; Agosta, C.C.; Fravel, B; Montgomery, L.K. Superconducting phase
diagram and FFLO signature in A-(BETS),GaCly from rf penetration depth measurements. Phys. Rev. B 2011,
83, 224507. [CrossRef]

Agosta, C.C.; Jin, J.; Coniglio, W.A.; Smith, B.E.; Cho, K.; Stroe, I.; Martin, C.; Tozer, S.W.; Murphy, T.P;
Palm, E.C.; et al. Experimental and semiempirical method to determine the Pauli-limiting field in
quasi-two-dimensional superconductors as applied to x-(BEDT-TTF),Cu(NCS),: Strong evidence of a
FFLO state. Phys. Rev. B 2012, 85, 214514. [CrossRef]


http://dx.doi.org/10.1007/s10948-008-0419-8
http://dx.doi.org/10.1103/PhysRevB.82.220502
http://dx.doi.org/10.1088/1361-648X/aa928d
http://www.ncbi.nlm.nih.gov/pubmed/29019340
http://dx.doi.org/10.1002/andp.201700282
http://dx.doi.org/10.1016/j.aop.2006.09.009
http://dx.doi.org/10.1103/RevModPhys.76.263
http://dx.doi.org/10.1126/science.1122318
http://www.ncbi.nlm.nih.gov/pubmed/16373535
http://dx.doi.org/10.1126/science.1122876
http://www.ncbi.nlm.nih.gov/pubmed/16373534
http://dx.doi.org/10.1103/PhysRevB.52.10364
http://dx.doi.org/10.1103/PhysRevLett.75.4122
http://www.ncbi.nlm.nih.gov/pubmed/10059820
http://dx.doi.org/10.1103/PhysRevLett.84.6098
http://dx.doi.org/10.3390/cryst2020248
http://dx.doi.org/10.1016/S0921-4534(99)00049-0
http://dx.doi.org/10.1023/A:1022592522487
http://dx.doi.org/10.1103/PhysRevB.66.134503
http://dx.doi.org/10.1103/PhysRevLett.97.157001
http://www.ncbi.nlm.nih.gov/pubmed/17155350
http://dx.doi.org/10.1103/PhysRevB.97.144505
http://dx.doi.org/10.1103/PhysRevB.79.220507
http://dx.doi.org/10.1103/PhysRevB.83.224507
http://dx.doi.org/10.1103/PhysRevB.85.214514

Crystals 2018, 8, 183 12 of 13

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Lortz, R.; Wang, Y.; Demuer, A.; Bottger, PH.M.; Bergk, B.; Zwicknagl, G.; Nakazawa, Y.; Wosnitza, J.
Calorimetric Evidence for a Fulde-Ferrell-Larkin-Ovchinnikov Superconducting State in the Layered Organic
Superconductor x-(BEDT-TTF),Cu(NCS),. Phys. Rev. Lett. 2007, 99, 187002. [CrossRef] [PubMed]

Bergk, B.; Demuer, A.; Sheikin, I.; Wang, Y.; Wosnitza, J.; Nakazawa, Y.; Lortz, R. Magnetic torque evidence for
the Fulde-Ferrell-Larkin-Ovchinnikov state in the layered organic superconductor x-(BEDT-TTF),Cu(NCS),.
Phys. Rev. B 2011, 83, 064506. [CrossRef]

Agosta, C.C,; Fortune, N.A.; Hannahs, S.T.; Gu, S.; Liang, L.; Park, J.; Schlueter, J.A. Calorimetric
Measurements of Magnetic-Field-Induced Inhomogeneous Superconductivity Above the Paramagnetic
Limit. Phys. Rev. Lett. 2017, 118, 267001. [CrossRef]

Beyer, R.; Bergk, B.; Yasin, S.; Schlueter, J.A.; Wosnitza, ]. Angle-Dependent Evolution of the
Fulde-Ferrell-Larkin-Ovchinnikov State in an Organic Superconductor. Phys. Rev. Lett. 2012, 109, 027003.
[CrossRef] [PubMed]

Beyer R.; Wosnitza, ]. Emerging evidence for FFLO states in layered organic superconductors. Low Temp. Phys.
2013, 39, 293-300. [CrossRef]

Werthamer, N.R.; Helfand, E.; Hohenberg, P.C. Temperature and Purity Dependence of the Superconducting
Critical Field, H,. III. Electron Spin and Spin-Orbit Effects. Phys. Rev. 1966, 147, 295-302. [CrossRef]
Wosnitza, ].; Wanka, S.; Hagel, ].; Reibelt, M.; Schweitzer, D.; Schlueter, ].A. Thermodynamic properties of
quasi-two-dimensional organic superconductors. Synth. Met. 2003, 133-134, 201-203. [CrossRef]

Wosnitza, J.; Wanka, S.; Hagel, J.; Balthes, E.; Harrison, N.; Schlueter, J.A.; Kini, A.M.; Geiser, U.; Mohtasham, J.;
Winter, R W.; et al. Two-dimensional Fermi liquid with fixed chemical potential. Phys. Rev. B 2000, 61, 7383-7387.
[CrossRef]

Wosnitza, J.; Hagel, J.; Qualls, J.S.; Brooks, J.S.; Balthes, E.; Schweitzer, D.; Schlueter, J.A.; Geiser, U.;
Mohtasham, J.; Winter, RW.; et al. Coherent versus incoherent interlayer transport in layered metals.
Phys. Rev. B 2002, 65, 180506(R). [CrossRef]

Wosnitza, J. Quasi-Two-Dimensional Organic Superconductors. J. Low Temp. Phys. 2007, 146, 641-667.
[CrossRef]

Wosnitza, J.; Wanka, S.; Qualls, ].S.; Brooks, J.S.; Mielke, C.H.; Harrison, N.; Schlueter, J.A.; Williams, J.M.;
Nixon, PG.; Winter, RW.; et al. Fermiology of the Organic Superconductor f”-(BEDT-TTF),SFsCH,CF,SOs.
Synth. Met. 1999, 103, 2000-2001. [CrossRef]

Zwicknagl, G. TU Braunschweig, Braunschweig, Germany. Private Communication, 2017.

Croitoru, M.D.; Houzet, M.; Buzdin, A I. In-Plane Magnetic Field Anisotropy of the Fulde-Ferrell-Larkin-Ovchinnikov
State in Layered Superconductors. Phys. Rev. Lett. 2012, 108, 207005. [CrossRef]

Wright, ].A.; Green, E.; Kuhns, P; Reyes, A.; Brooks, J.; Schlueter, J.; Kato, R.; Yamamoto, H.; Kobayashi, M.;
Brown, S.E. Zeeman-Driven Phase Transition within the Superconducting State of x-(BEDT-TTF),Cu(NCS),.
Phys. Rev. Lett. 2011, 107, 087002. [CrossRef]

Mayalffre, H.; Kramer, S.; Horvatié, M.; Berthier, C.; Miyagawa, K.; Kanoda, K.; Mitrovic, V.F. Evidence of
Andreev bound states as a hallmark of the FFLO phase in x-(BEDT-TTF),Cu(NCS),. Nat. Phys. 2014, 10,
928-932. [CrossRef]

Koutroulakis, G.; Kiithne, H.; Schlueter, J.A.; Wosnitza, J.; Brown, S.E. Microscopic Study of the Fulde-Ferrell-Larkin-
Ovchinnikov State in an All-Organic Superconductor. Phys. Rev. Lett. 2016, 116, 067003. [CrossRef]

Shimahara, H. Structure of the Fulde-Ferrell-Larkin-Ovchinnikov State in Two-Dimensional Superconductors.
J. Phys. Soc. Jpn. 1998, 67, 736-739. [CrossRef]

Wang, Q.; Chen, H-Y,; Hu, C-R; Ting, CS. Local Tunneling Spectroscopy as a Signature of the
Fulde-Ferrell-Larkin-Ovchinnikov State in s- and d-Wave Superconductors. Phys. Rev. Lett. 2006, 96, 117006.
[CrossRef]

Zhou, T,; Ting, S. Phase diagram and local tunneling spectroscopy of the Fulde-Ferrell-Larkin-Ovchinnikov
states of a two-dimensional square-lattice d-wave superconductor. Phys. Rev. B 2009, 80, 224515. [CrossRef]
Bianchi, A.; Movshovich, R.; Capan, C.; Pagliuso, P.G.; Sarrao, J.L. Possible Fulde-Ferrell-Larkin-Ovchinnikov
Superconducting State in CeColns. Phys. Rev. Lett. 2003, 91, 187004. [CrossRef] [PubMed]

Radovan, H.A.; Fortune, N.A.; Murphy, T.P.; Hannahs, S.T.; Palm, E.C.; Tozer, SSW.; Hall, D. Magnetic
enhancement of superconductivity from electron spin domains. Nature 2003, 425, 51-54. [CrossRef] [PubMed]


http://dx.doi.org/10.1103/PhysRevLett.99.187002
http://www.ncbi.nlm.nih.gov/pubmed/17995428
http://dx.doi.org/10.1103/PhysRevB.83.064506
http://dx.doi.org/10.1103/PhysRevLett.118.267001
http://dx.doi.org/10.1103/PhysRevLett.109.027003
http://www.ncbi.nlm.nih.gov/pubmed/23030197
http://dx.doi.org/10.1063/1.4794996
http://dx.doi.org/10.1103/PhysRev.147.295
http://dx.doi.org/10.1016/S0379-6779(02)00406-X
http://dx.doi.org/10.1103/PhysRevB.61.7383
http://dx.doi.org/10.1103/PhysRevB.65.180506
http://dx.doi.org/10.1007/s10909-006-9282-9
http://dx.doi.org/10.1016/S0379-6779(98)00920-5
http://dx.doi.org/10.1103/PhysRevLett.108.207005
http://dx.doi.org/10.1103/PhysRevLett.107.087002
http://dx.doi.org/10.1038/nphys3121
http://dx.doi.org/10.1103/PhysRevLett.116.067003
http://dx.doi.org/10.1143/JPSJ.67.736
http://dx.doi.org/10.1103/PhysRevLett.96.117006
http://dx.doi.org/10.1103/PhysRevB.80.224515
http://dx.doi.org/10.1103/PhysRevLett.91.187004
http://www.ncbi.nlm.nih.gov/pubmed/14611309
http://dx.doi.org/10.1038/nature01842
http://www.ncbi.nlm.nih.gov/pubmed/12955136

Crystals 2018, 8, 183 13 of 13

58.

59.

60.

61.

62.

63.

64.

65.

66.

Kakuyanagi, K.; Saitoh, M.; Kumagai, K.; Takashima, S.; Nohara, M.; Takagi, H.; Matsuda, Y. Texture in the
Superconducting Order Parameter of CeColns; Revealed by Nuclear Magnetic Resonance. Phys. Rev. Lett.
2005, 94, 047602. [CrossRef]

Kenzelmann, M.; Strissle, T.; Niedermayer, C.; Sigrist, M.; Padmanabhan, B.; Zolliker, M.; Bianchi, A.D.;
Movshovich, R.; Bauer, E.D.; Sarrao, J.L.; et al. Coupled Superconducting and Magnetic Order in CeColns.
Science 2008, 321, 1652-1654. [CrossRef] [PubMed]

Kenzelmann, M.; Gerber, S.; Egetenmeyer, N.; Gavilano, J.L.; Stréssle, T.; Bianchi, A.D.; Ressouche, E.;
Movshovich, R.; Bauer, E.D.; Sarrao, J.L.; et al. Evidence for a Magnetically Driven Superconducting Q Phase
of CeColns. Phys. Rev. Lett. 2010, 104, 127001. [CrossRef] [PubMed]

Raymond, S.; Lapertot, G. Ising Incommensurate Spin Resonance of CeColns: A Dynamical Precursor of the
Q Phase. Phys. Rev. Lett. 2015, 115, 037001. [CrossRef] [PubMed]

Mierzejewski, M.; Ptok, A.; Maska, M.M. Mutual enhancement of magnetism and Fulde-Ferrell-Larkin-Ovchinnikov
superconductivity in CeColns. Phys. Rev. B 2009, 80, 174525. [CrossRef]

Ptok, A.; Maska, M.M.; Mierzejewski, M. Coexistence of superconductivity and incommensurate magnetic
order. Phys. Rev. B 2011, 84, 094526. [CrossRef]

Hosoya, K.; Ikeda, R. Possible triplet superconducting order in a magnetic superconducting phase induced
by paramagnetic pair breaking. Phys. Rev. B 2017, 95, 224513. [CrossRef]

Cho, C.; Yang, J.H.,; Yuan, N.EQ.; Shen, ]J.; Wolf, T,; Lortz R. Thermodynamic Evidence for the
Fulde-Ferrell-Larkin-Ovchinnikov State in the KFe, As, Superconductor. Phys. Rev. Lett. 2017, 119, 217002.
[CrossRef] [PubMed]

Piazza, F; Zwerger, W.; Strack, P. FFLO strange metal and quantum criticality in two dimensions: Theory
and application to organic superconductors. Phys. Rev. B 2016, 93, 085112. [CrossRef]

@ (© 2018 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).


http://dx.doi.org/10.1103/PhysRevLett.94.047602
http://dx.doi.org/10.1126/science.1161818
http://www.ncbi.nlm.nih.gov/pubmed/18719250
http://dx.doi.org/10.1103/PhysRevLett.104.127001
http://www.ncbi.nlm.nih.gov/pubmed/20366558
http://dx.doi.org/10.1103/PhysRevLett.115.037001
http://www.ncbi.nlm.nih.gov/pubmed/26230821
http://dx.doi.org/10.1103/PhysRevB.80.174525
http://dx.doi.org/10.1103/PhysRevB.84.094526
http://dx.doi.org/10.1103/PhysRevB.95.224513
http://dx.doi.org/10.1103/PhysRevLett.119.217002
http://www.ncbi.nlm.nih.gov/pubmed/29219397
http://dx.doi.org/10.1103/PhysRevB.93.085112
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	FFLO Evidence in Layered Organic Superconductors
	Thermodynamic Data and Phase Diagrams
	Microscopic Evidence

	Other FFLO Candidate Materials
	Conclusions and Outlook
	References

