
crystals

Article

Fermi Surface Structure and Isotropic Stability of
Fulde-Ferrell-Larkin-Ovchinnikov Phase in Layered Organic
Superconductor β′′-(BEDT-TTF)2SF5CH2CF2SO3

Shiori Sugiura 1,*,† , Hiroki Akutsu 2 , Yasuhiro Nakazawa 2, Taichi Terashima 3 , Syuma Yasuzuka 4,
John A. Schlueter 5,6 and and Shinya Uji 3,*,†

����������
�������

Citation: Sugiura, S.; Akutsu, H.;

Nakazawa, Y.; Terashima, T.;

Yasuzuka, S.; Schlueter, J.A.; Uji, S.

Fermi Surface Structure and Isotropic

Stability of Fulde-Ferrell-Larkin-

Ovchinnikov Phase in Layered

Organic Superconductor

β′′-(BEDT-TTF)2SF5CH2CF2SO3.

Crystals 2021, 11, 1525. https://

doi.org/10.3390/cryst11121525

Academic Editor: Andrej Pustogow

Received: 20 November 2021

Accepted: 1 December 2021

Published: 7 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

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 (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
2 Department of Chemistry, Graduate School of Science, Osaka University, Toyonaka 560-0043, Japan;

akutsu@chem.sci.osaka-u.ac.jp (H.A.); nakazawa@chem.sci.osaka-u.ac.jp (Y.N.)
3 Institute for Materials Science, Tsukuba 305-0003, Japan; TERASHIMA.Taichi@nims.go.jp
4 Research Center for Condensed Matter Physics, Hiroshima Institute of Technology,

Hiroshima 731-5193, Japan; yasuzuka@cc.it-hiroshima.ac.jp
5 Materials Science Division, Argonne National Laboratory, Argonne, IL 60439, USA; JASchlueter@anl.gov
6 Division of Materials Research, National Science Foundation, Alexandria, VA 22314, USA
* Correspondence: shiori.sugiura.c5@tohoku.ac.jp (S.S.); UJI.shinya@nims.go.jp (S.U.);

Tel.:+81-22-215-2028 (S.S.); +81-29-863-5512 (S.U.)
† These authors contributed equally to this work.

Abstract: The Fermi surface structure of a layered organic superconductor β′′-(BEDT-TTF)2SF5CH2CF2SO3

was determined by angular-dependent magnetoresistance oscillations measurements and band-structure
calculations. This salt was found to have two small pockets with the same area: a deformed square hole
pocket and an elliptic electron pocket. Characteristic corrugations in the field dependence of the interlayer
resistance in the superconducting phase were observed at any in-plane field directions. The features were
ascribed to the commensurability (CM) effect between the Josephson vortex lattice and the periodic nodal
structure of the superconducting gap in the Fulde–Ferrell–Larkin–Ovchinnikov (FFLO) phase. The CM
effect was observed in a similar field region for various in-plane field directions, in spite of the anisotropic
nature of the Fermi surface. The results clearly showed that the FFLO phase stability is insensitive to the
in-plane field directions.

Keywords: organic superconductor; resistance; FFLO phase; vortex dynamics

1. Introduction

The discovery of superconductivity has led to breakthroughs in a wide range of
fields from fundamental research and applications [1]. In particular, since the discovery of
high-temperature superconducting cuprates in 1980s, the search for new superconducting
mechanisms has been one of the major trends in superconductivity basic research. Among
the various superconductors, organic superconductors in the vicinity of metal-insulator
transitions have brought about significant progress in basic research.

Organic conductors based on BEDT-TTF molecules are characterized by a stacked
structure with anion molecule (insulating) layers and BEDT-TTF molecule (conducting)
layers. These conductors have attracted significant interest because of the presence of vari-
ous ground states, a dimer-Mott insulating phase, a charge-ordered phase, a density wave
phase, and a superconducting phase, where the degree of dimerization of the BEDT-TTF
molecules, the Fermi surface instability, and the strong electron correlation play impor-
tant roles. In particular, the possibility of unconventional superconductivity, mediated by
antiferromagnetic spin and/or charge fluctuations, is a central concern.

When the orbital effect is suppressed and the critical field (Hc2) is Pauli-limited, a
unique superconducting phase, namely, the Fulde–Ferrell–Larkin–Ovchinnikov (FFLO)
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superconducting phase is expected to emerge at high fields [2,3]. In conventional super-
conductors, the spin-singlet Cooper pairs formed by up and down spins are destroyed
in a magnetic field by the Zeeman effect. This pair-breaking effect gives the Pauli limit,
HPauli = ∆0/

√
2µB = 1.86Tc, where ∆0 is the superconducting energy gap at 0 K, and µB

is the Bohr magneton [4]. In the FFLO phase, the Cooper pairs are formed between up
and down spins on the polarized Fermi surface. Therefore, the Cooper pairs have a finite
center-of-mass momentum q and show a spatial modulation of the order parameter in
real space; ∆(r) = ∆cos(qr), as shown in Figure 1a. As a result, the superconductivity
can be stabilized even above HPauli. In recent years, experimental results suggesting its
existence have been obtained in heavy fermion superconductors [5,6], oxide layered su-
perconductors [7], ion-based superconductors [8], and organic superconductors [9–16]. In
organic superconductors, the FFLO phase transition was first observed by a tuned-circuit
differential susceptometer experiment for κ-(BEDT-TTF)2Cu(NCS)2 [10], and, since then,
various measurements [17–24] have been performed to confirm the FFLO transition.

Figure 1. (a) Schematic illustration of the order parameter oscillation ∆(r) for a single q case in a
FFLO phase and JV lattice in a layered superconductor. The JVs are easily driven by the Lorentz
force in an interlayer current I, leading to nonzero interlayer resistance even in the superconducting
phase. (b) Temperature dependence of the interlayer resistance of the β′′-SF5 salt. The onset of
the superconducting transition can be defined as Tc ≈ 4.8 K, consistent with the specific heat
measurement [23]. Inset: crystal structure of β′′-SF5 salt.

Highly two-dimensional (2D) layered superconductors can be modeled as Josephson-
coupled multi-layer systems. In such superconductors, magnetic flux lines penetrating
the sample can be decomposed into two parts; the pancake vortices (PVs) penetrating
the superconducting layers and the Josephson vortices (JVs) penetrating the insulating
layers. The JVs are pinned more loosely than the PVs, since the order parameter vanishes
in the insulating layers. Therefore, the JVs are easily driven by the Lorentz force in an
interlayer current, and, consequently, nonzero interlayer resistance is observed even in the
superconducting phase. In the FFLO phase, periodic nodal lines of the order parameter
are formed by the finite center-of-mass momentum q of the Cooper pairs as depicted in
Figure 1a. When the nodal lines are parallel to the JVs, they will work as pinning sites of
the JVs. The wavelength of the order parameter oscillation is given by λFFLO = 2π/q, and
the JV lattice spacing is l = Φ0/sH, where s is the interlayer spacing and Φ0 is the flux
quantum. It is expected that JVs are relatively strongly pinned by the nodal line structure
for a commensurate condition l/λFFLO = N (N : integer). Since λFFLO is also expected to
decrease with an increasing field [25,26], the commensurate condition in the FFLO phase
will be periodically satisfied, leading to fine structures in the interlayer resistance curves.
This commensurability (CM) effect was first predicted by Bulaevskii et al. [27]. Thus far,
the CM effect has been observed in the FFLO phases for various organic superconductors,
λ-(BETS)2FeCl4 [15], β′′-(BEDT-TTF)4[(H3O)Ga(C2O4)3]C6H5NO2 (β′′-Ga salt) [28], and
β′′-(BEDT-TTF)2SF5CH2CF2SO3 (β′′-SF5 salt) [29]. Among them, the highly 2D nature of
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the β′′-Ga and β′′-SF5 salts with the large anion layers would provide an excellent platform
for the FFLO studies, since JV dynamics play an essential role in the CM effects.

The β′′-SF5 salt with Tc ≈ 4.8 K is composed of the conducting BEDT-TTF molecular
layer and the large insulating SF5CH2CF2SO3 layer (inset of Figure 1b). A highly 2D elec-
tronic state has been realized, which is characterized by a large ratio of the intralayer to that
of interlayer critical fields H‖c2/H⊥c2 ≈ 11.5. The specific-heat measurements show strongly
coupled BCS-like behavior with a full gap given by ∆0/kBT = 2.18 [30]. In a magnetic
field parallel to the conducting layers, the critical field Hc2 significantly exceeded the Pauli
limit HPauli ≈ 10 T, above which the FFLO superconductivity is realized [31–35]. Opti-
cal measurements of isostructural β′′-(BEDT-TTF)2SF5RSO3 (R = CH2, CHFCF2, CH2CF2,
and CHF) compounds revealed that the superconducting phase is adjacent to a charge-
ordered insulating phase [36]. This could indicate superconductivity mediated by charge
fluctuations, which is another reason for the interest in the β′′ salts.

In our previous studies, we clarified the FFLO phase boundary in terms of the mag-
netocaloric effect, torque [35], and resistance measurements [29]. We also observed the
CM effect in fields almost parallel to the a-axis in the FFLO phase, above ∼9 T. The λFFLO
values, ranging from ∼40 nm to ∼210 nm, were obtained under the assumption of a single
q vector perpendicular to the field. The stability of the FFLO phase is closely related to the
nesting instability of the Fermi surface, and the q vector leading to a large nesting part is
favorable for the FFLO phase. Therefore, the optimum q vector depends on the anisotropic
structure of the Fermi surface. Meanwhile, the orbital effect stabilizes the q vector parallel
to the field. This situation can lead to complicated field-direction dependencies of the
optimum q vector. Even multi-q-vector phases are theoretically predicted depending on
the field strength and temperature [37].

In this study, we focused on the stability of the FFLO phase in the β′′-SF5 salt, with an
anisotropic Fermi surface. Firstly, we clarify the Fermi surface structure from the measure-
ments of angular-dependent magnetoresistance oscillations (AMROs), and then we report
the CM effect in various in-plane field directions. The CM effect was surprisingly observed
in a similar field region for various in-plane field directions, despite the anisotropic Fermi
surface structure. Possible scenarios for explaining these results are presented.

2. Materials and Methods

Single crystals of the β′′-SF5 salt were synthesized using a standard electrochemical
method [38]. Two gold wires of 10 µm diameter were attached to both sides of the single
crystal using carbon paste. The interlayer resistance with an electric current perpendic-
ular to the superconducting layers was measured using a conventional four-probe AC
technique. The single crystals were mounted on a two-axis rotator in a 3He cryostat with
a 15 T superconducting magnet and cooled down to ∼0.5 K at a rate of ∼1 K/min. All
measurements were performed at the Tsukuba Magnet Laboratories, NIMS.

3. Results

Figure 1b shows the temperature dependence of the interlayer resistance for the β′′-SF5
salt. The resistance decreased monotonically with decreasing temperature. At ∼4.8 K, a
sudden drop in resistance was observed due to the superconducting transition. Below
∼4 K, the resistance was zero within the noise level. To investigate the 2D Fermi surface
structure, we first measured the AMROs in various rotation planes. Typical AMRO data
are presented in Figure 2a. The angles θ and ϕ are defined in the inset. The characteristic
θ dependence of the interlayer resistance is shown in the upper part of Figure 2a. In
the negative second derivative curves, we can observe AMROs, which are periodic with
tan(θ), as shown in the lower part of Figure 2a. The AMRO period δ directly yields the
reciprocal lattice vector k‖, δ(r) = π/sk‖(ϕ) values. Figure 2b shows the polar plot of k‖
obtained from the AMRO measurements at various ϕ. We can draw the cross-section of the
2D Fermi surface, inscribed in the k‖(ϕ) curves, by a solid curve, assuming an elliptical
shape. The cross-section of the Fermi surface is very elongated, whose area was ∼6% of
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the first Brillouin zone. The AMRO results were almost consistent with those of previous
reports [39].

Figure 2. (a) Typical AMRO data and their negative second derivative curves at 1.5 K for 14 T.
(b) Polar plot of k‖ obtained from the AMRO measurements. The red solid curve shows the 2D Fermi
surface obtained from the AMRO measurements.

In Figure 3a, we present the band calculations by an extended Huckel method [40],
using lattice parameters obtained from X-ray crystallography [38]. The calculated 2D Fermi
surface is depicted in Figure 3b. The results are different from the reported Fermi surface
structure, with a pair of 1D Fermi surface and a closed Fermi surface [38,41], in which
the Brillouin zone is apparently wrong. In our calculations, there were two pockets with
different carriers: a deformed square electron pocket and an elliptic hole pocket. The areas
were equal to each other, and a compensated metal was formed. This is consistent with
a single frequency of the quantum oscillation [42–44]. For comparison, the Fermi surface
obtained from the AMRO measurements is indicated by a red dotted curve, which is almost
consistent with the electron pocket. In the AMRO measurements, the hole pocket was not
observed. The reason for this is not clear at present.

Figure 3. (a) Band structure by an extended Huckel method and (b) 2D Fermi surface structure for
the β′′-SF5 salt. Deformed square hole and elliptic electron pockets were formed. The red dotted
curve indicates the 2D Fermi surface determined by the AMRO measurements.

Figure 4a shows the magnetic field dependence of the interlayer resistance at various
temperatures. The field was applied parallel to the b axis, in the superconducting a′–b
plane, within the accuracy of 0.1°. At 0.5 K, the resistance increased with the field above
6.5 T, defined as Honset. Characteristic corrugation was evident. The corrugation was
reduced with increasing temperature. The critical field was determined as Hc2 ≈ 13 T at
0.7 K from the specific-heat measurements [23]. The finite resistance in the wide field region
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below Hc2 can be ascribed to the motion of the JVs in the insulating layers, as has been
observed in various organic superconductors [15,28,29]. To clearly see the corrugations in
detail, negative second-derivative curves of the resistance are plotted in Figure 4b. At 0.5 K,
we see a broad dip at ∼6.5 T, corresponding to the resistance increase from the noise level.
Above ∼8 T, we see a quasi-periodic dip structure, which is most pronounced at ∼10 T.
This structure can be ascribed to the CM effect, which is observable only in the FFLO phase,
as discussed in the previous reports [29]. At higher fields, the CM effect is reduced and
vanishes above ∼12 T, which corresponds to the melting transition of the JV lattice. As
temperature increases, the dip structure is suppressed and shifts to a lower field region.
Above 2.1 K, such astructure is not evident. As has been discussed [27,29], the dips mean
relatively strong pinning of the JV lattice, ascribed to the CM effect between the JV lattice
and the periodic nodal structure of the gap ∆(r).

Figure 4. (a) Magnetic field dependence of the interlayer resistance at various temperatures. The
field was applied parallel to the b axis in the superconducting a′–b plane within an accuracy of 0.1°.
(b) Negative second-derivative curves of the resistance. Each curve was shifted for clarity.

From the above results, we obtained the temperature–field phase diagram shown in
Figure 5. The blue squares indicate the dip fields Hdip, and the solid curve indicates Hc2,
which was determined from specific-heat measurements [23]. The FFLO phase appears in
a wide region above ∼8 T and below ∼2 K. The phase diagram is very similar to that for
the H ‖ a-axis [29], although the Fermi surface was anisotropic.

Figure 6a shows the magnetic field dependence of the resistance at various field angles
θ. For θ = 0°(H ‖ b-axis), the resistance increased with the field above µ0Honset = 6 T, which
is indicated by an arrow. Figure 6b shows the negative second-derivative curves of the
resistance. The low Honset value for θ = 0°, denoted by an arrow, indicates that only JVs
were formed (no PVs), which were pinned very weakly in the insulating layers. When
the field was tilted from the superconducting layer, Honset increased. This behavior is
explained by the stronger pinning of the flux lines in the superconducting layers, where
PVs are formed. As the field was further tilted, Hc2 was steeply reduced, leading to a
decrease in Honset. For θ = 0°, small dips due to the CM effect can be seen above ∼9.5 T. As
the field was tilted from the layer, the CM effect was suppressed, and no CM effect was
observed for |θ| & 0.6°. The stability of the FFLO phase in such a small angle region is
consistent with the results for the field almost parallel to the a axis [29].
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Figure 5. Temperature–field phase diagram for H ‖ b axis. Hc2 determined by the specific-heat
measurements is indicated by a solid curve [23].

Figure 6. (a) Magnetic field dependence of the resistance at various field angles θ. Definition of θ is
in the inset. (b) Negative second-derivative curves of the resistance. Each curve is shifted for clarity.

Figure 7a shows the field dependence of the negative second-derivative curves at
various in-plane field directions ϕ, as shown in the inset of Figure 7b. For ϕ = 0°, we
see the onset field µ0Honset = 6 T (black arrow). The Honset value had a nonmonotonic
ϕ dependence. It should be noted that Honset is the depinning field of the JV lattice [29],
determined by the pinning strength at the sample edges and/or some other (impurity or
defect) pinning sites, which is not related to the FFLO phase transition. The anisotropic
behavior of Honset is possibly due to the shape effect of the sample. In contrast, we observed
many dips above ∼9 T, owing to the CM effect in a similar field region at any ϕ. This
suggests that the FFLO phase stability was insensitive to the in-plane field direction. An
important feature is that the largest dip was evident at µ0H∗dip ≈ 9 T (red arrow) in a wide-
angle region, except for ϕ = 0°–45°. This ϕ dependence of the dip amplitude suggests some
differences in the JV dynamics in the FFLO phase. The largest dip field H∗dip corresponds to
the strongest CM effect and is plotted as a function of ϕ in Figure 7b. We note that H∗dip is
almost isotropic, despite the anisotropic Fermi surface structure as presented in Figure 3b.
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Figure 7. (a) Magnetic field dependence of the negative second-derivative curves at various in-plane
field directions ϕ defined in the inset of (b). Each curve is shifted for clarity. The onset field Honset

and the largest dip field H∗dip are indicated by black and red arrows, respectively. (b) Hdip as a
function of ϕ. The dotted curve indicates the expected value for the CM condition Hdip ∝ 1/cos(ϕ)
with a single q vector.

4. Discussion

We observed the CM effect in various in-plane field directions, which is recognized
as strong evidence of the FFLO phase characterized by the q vector. As pointed out, the
q vector leading to a large nesting part is favorable for the FFLO phase, as schematically
depicted in Figure 8a, where the largest number of Cooper pairs can be formed by the
q vector, perpendicular to the flat part of the Fermi surface. On the other hand, in the
presence of the orbital effect, the q vector parallel to the field is favorable for an isotropic
Fermi surface, leading to no CM effect. The observation of the CM effect at any ϕ indicates
that the q vector is not parallel to the field.

Figure 8. (a) Spin-polarized 2D Fermi surface in a magnetic field. Up and down Fermi surfaces are
indicated by red and blue curves, respectively. (b) Schematic nodal line structure of a FFLO phase
and JV lattice in a tilted field for the CM condition l/λFFLO = 1.

The largest dip at H∗dip in Figure 7a suggest the strongest CM effect, l/λFFLO = 1, where
all the flux lines can fit into the nodal lines completely. Assuming that the q vector is fixed to
a certain direction (for instance, a′-axis), the JV lattice spacing is given by l = Φ0/sHcos(ϕ)
as depicted in Figure 8b. This leads to large ϕ dependence of H∗dip as indicated by the dotted
curve in Figure 7b, which is inconsistent with the experimental result. This inconsistency
requires another factor on the stability of the FFLO phase. At the nodal lines, the order
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parameter vanishes in the superconducting layers. Therefore, the most stable condition
of the vortex structure will be that all the flux lines are almost parallel to the nodal lines;
the q vector is almost perpendicular to the field. This suggests that the direction of the q
vector changes with the field direction. In the anisotropic Fermi surface, the q vector length
should also be anisotropic, depending on the energy dispersion. Although it is difficult to
know the ϕ dependence of the q vector, this scenario could explain the lack of significant ϕ
dependence of H∗dip in Figure 7b.

Recent specific-heat measurements show that Hc2 is the same at a few different in-
plane field directions in a low temperature range [23]. The fact shows that the FFLO
stability is independent of ϕ, and seems to be consistent with our results: no significant ϕ
dependence of H∗dip. Theoretically, the in-plane anisotropies of Hc2 are led by Fermi surface
structure and orbital effects in the FFLO phase [45]. Therefore, no in-plane anisotropy of
Hc2 in the specific-heat measurements suggests that the orbital effect is almost negligible,
and the q vector is most likely pinned to an optimal direction independent of the in-plane
field direction. The inconsistency with our results remains an open question.

Another possible scenario that could explain our results is that multi-q vectors [37]
are formed in the β′′-SF5 salt, since the two different Fermi pockets are present as shown
in Figure 3b. In this case, the q-dependent anisotropic stability of the FFLO phase could
be smeared out; the FFLO phase may appear in a similar field range, independent of the
in-plane field direction. This scenario may also explain the lack of a significant in-plane
anisotropy of H∗dip and Hc2.

Finally, we briefly mention the results for another FFLO superconductor λ-(BETS)2FeCl4,
which had a pair of 1D and a 2D Fermi surfaces [15]. In this salt, the CM effect was first
observed in the field-induced superconducting phase. The CM effect was clearly observed
for H ‖ c but not for H ‖ a. The results show that a single q vector was fixed to the a-axis
in the whole FFLO phase. The different behavior of the CM effect between β′′-SF5 salt
and λ-(BETS)2FeCl4 will be closely related to the Fermi surface structure. More detailed
measurements of the CM effect in other FFLO superconductors will be required to clarify the
correlation between the Fermi surface structure and the q vector.

5. Conclusions

The AMRO measurements and band-structure calculations in the β′′-SF5 salt show
that the Fermi surface is composed of two small pockets, a deformed square electron
pocket, and an elliptic hole pocket, which are different from the previous report. The CM
effect in the interlayer resistance was observed in a similar field region at any in-plane field
directions. This indicates that the stability of the FFLO phase is almost isotropic, which
is consistent with the observations of precious specific-heat measurements. Two possible
scenarios are proposed: (1) a single center-of-mass momentum q of the Cooper pairs, which
changes with the in-plane field direction, and (2) multi-q vectors, originating from the two
anisotropic Fermi surfaces.
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