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We report magnetic-field and angular-dependent high-resolution specific-heat measurements of the
organic superconductor B”-(BEDT-TTF),SFsCH,CF,SO;. When the magnetic field is aligned precisely
within the conducting BEDT-TTF layer, at low temperatures a clear upturn of the upper critical field
beyond the Pauli limit of 9.73 T is observed, hinting at the emergence of a Fulde-Ferrell-Larkin-
Ovchinnikov state. This upturn disappears when the field is oriented out of plane by more than
~0.5 deg. For smaller out-of-plane angles, the specific-heat anomaly at T sharpens and a second peaky
phase transition appears within the superconducting state.
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In 1964, Fulde and Ferrell (FF) [1] as well as Larkin and
Ovchinnikov (LO) [2] predicted independently the exis-
tence of novel inhomogeneous superconducting states at
high magnetic fields and low temperatures. These FFLO
states, having a spatially modulated superconducting order
parameter, are relevant not only in condensed-matter phys-
ics, but as well for ultracold atoms, nuclear matter, and
dense quark systems [3].

Here, we focus on the Cooper pairing of conduction
electrons in metals. In type-II spin-singlet superconducting
materials, the FFLO state may occur when the orbital
critical field, woH.y,, is sufficiently larger than the Pauli
paramagnetic limit, uoHp = Ag/(v2up), with wp the
Bohr magneton and A, the superconducting energy
gap at T = 0 [4]. More precisely, the Maki parameter,
a = ~2H,,/Hp [5], should be larger than 1.8 [6]. In
addition, the superconductor must be in the clean limit
with a mean free path, €, much larger than the coherence
length, £. These rigorous conditions are fulfilled only by a
few superconducting materials. Indeed, not many super-
conductors were reported to show manifestations of FFLO
states. A number of these claims later had to be revised or
are inconclusive. For a recent overview see Ref. [3].

Prime candidates for exhibiting the FFLO state are the
quasi-two-dimensional (2D) organic superconductors.
These are spin-singlet [7] and mostly, clean-limit super-
conductors, and when the magnetic field is aligned parallel
to the conducting planes, the orbital critical field is greatly
enhanced, much beyond the Pauli limit. Indeed, in some of
the 2D organic superconductors indications for the exis-
tence of the FFLO state have been reported [3]. Recently,
some of us could give true thermodynamic evidence for an
upturn of the upper critical field, H.,, beyond the Pauli
limit and for the existence of a narrow superconducting
phase below H,, in k-(BEDT-TTF),Cu(NCS), (BEDT-
TTF stands for bisethylenedithio-tetrathiafulvalene) [8].
Assigning these features to the existence of the FFLO state
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was further supported by our magnetic torque data [9,10]
and by recent nuclear magnetic resonance experiments [11].

In this Letter, we present specific-heat results for the
organic superconductor 8”-(BEDT-TTF),SFsCH,CF,SO;
that shows an ideal 2D electronic structure with unresolv-
able interlayer coupling [12]. The modest critical tempera-
ture of 7. = 4.3 K and the concomitant low Pauli limit
(9.73 T) allowed for a thorough investigation of the ther-
modynamic phase diagram as a function of temperature,
magnetic field, and angle. The interesting region of the
phase diagram can easily be reached by commercial super-
conducting magnets. As predicted for the FFLO state, the
upturn of the critical field beyond the Pauli limit appears
only for an almost perfect in-plane alignment of the mag-
netic field, when orbital effects are suppressed. A second
phase transition within the superconducting state appears
for a slight out-of-plane magnetic-field alignment.

The investigated single crystal was prepared by a well-
known electrochemical process described in more detail in
Ref. [13]. The crystal with a mass of 2.242 mg and ap-
proximate dimensions of 4 X 0.7 X 0.4 mm?® was mounted
by use of a small amount of Apiezon N grease on a
sapphire platform that was firmly fixed by Nylon wires
[see inset of Fig. 1(b)]. The specific heat was measured
using the relaxation technique, similar as described in
Ref. [8]. After heating up the sample and platform by
50 to 100%, this technique has the advantage to provide
a large number of data points during a short (typical 5 to
10 s) relaxation time interval. For better statistics, we
performed about 40 relaxation sweeps for each tempera-
ture range resulting in the high data point density visible in
Figs. 1, 2, and 4. The calorimeter was mounted in a ‘He
cryostat equipped with a 20-T superconducting magnet.
The thermometer was carefully calibrated in zero and
applied magnetic fields. Reliable specific-heat data were
obtained down to about 0.7 K, below which the fast re-
laxation times limited the accuracy. The calorimeter was
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FIG. 1 (color online). (a) Specific heat of B”-(BEDT-TTF),
SFs;CH,CF,S0; at 0 and 10 T applied perpendicular to the layers
as a function of temperature in a double-logarithmic scale. The solid
line is a fit of the form C = yT + BT for the data up to 2 K.
(b) Difference between the specific heat for selected in-plane
magnetic fields and the normal-state specific heat, i.e., the 10-T
data from panel (a), divided by temperature, measured as a function
of temperature. The inset shows the investigated sample on the
platform with a mm scale to the right.

mounted on a piezoelectric drive that allowed a precise
in situ rotation with angular resolution of better than
0.02 deg. The accurate in-plane orientation was identified
by finding the maximum transition temperature when
rotating the sample in small steps in applied magnetic
fields (see also Fig. 2). As becomes clear below, such an
accurate alignment is a prerequisite for the observation of
the FFLO state.

We first measured the specific heat for magnetic fields
aligned perpendicular to the conducting planes. In Fig. 1(a),
we show the data for uoH = 0 and 10 T. With the latter
magnetic field, superconductivity is completely suppressed.
We used the 10-T data set, representing the normal state
specific heat, to determine the specific heat differences, AC,
shown in Figs. 1(b), 2, and 4. Below 2 K, these data can be
well described by C = yT + BT?, yielding a Sommerfeld
coefficient y = 19.0(5) mJ mol ™! K~2 and a Debye contri-
bution with 8 = 12.8(4) mJmol ! K~* in very good agree-
ment with previous results [14].
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FIG. 2 (color online). Specific heat differences, AC, divided
by the temperature of B"-(BEDT-TTF),SFsCH,CF,SO; at
(a) 9.5 and (b) 10 T for different angles close to in-plane field
orientation. The data are plotted offset for clarity.

Additional low-field specific-heat data for H aligned
perpendicular to the planes (not shown) allow us to esti-
mate an extrapolated zero temperature upper critical field
of uoH. = 1.4 T for this field orientation. The corre-
sponding coherence length is about 15 nm. This critical
field is much lower than was previously estimated from
magnetization [15] and earlier, less accurate, specific-heat
data [14]. Although we did not measure the mean free path
for this particular sample, numerous measurements of
quantum oscillation for many other samples showed con-
sistently scattering rates of 77! = 5 X 10! s7! [15,16].
Together with the known Fermi energy of about 12 meV
and the effective mass of 1.9 free-electron masses, a mean
free path of € = 100 nm can be assumed for the studied
specific-heat sample. Consequently, the superconductor is
in the clean limit with €/& = 7.

In search for the expected FFLO state, we measured the
specific heat for accurate in-plane orientation of the mag-
netic field. The differences between the specific heat for
selected in-plane fields and the normal-state specific heat is
shown in Fig. 1(b). The data for H = 0 allow us to deter-
mine the coupling strength and the superconducting gap,
Ay, with good precision. AC can be well described, except
for the data close to T,, when assuming a BCS-like tem-
perature dependence of the gap scaled with the adjustable
parameter « = Ay/kgT., which in the weak-coupling limit
is 1.76. In the present case, the best fit is obtained with a
moderate strong coupling of @ = 2.18 which nicely agrees
with our previous result & = 2.15 [14]. From that, we now
can extract the Pauli-limiting field woHp = Ay/(V2ump) =
9.73(3) T quite accurately.

The field-dependent superconducting transition tempera-
tures were determined from data as shown in Fig. 1(b) by
using an equal-entropy (or equal-area) construction. Starting
at T.=43K, the specific-heat anomaly first shifts
only slightly with increasing field (see Fig. 3). From
the initial slope of the critical field, —uodH,/dT =
25 T/K, we obtain the orbital critical field woH.y =
—0.7u¢T.dH.,/dT =75 T. This, obviously, is much
larger than poHp. Consequently, in the spin-singlet super-
conductor B”-(BEDT-TTF),SFsCH,CF,SO; the limiting
effect on superconductivity at higher magnetic fields be-
comes the Zeeman energy. Indeed, the steep initial slope
quickly levels off at higher fields upon reaching the Pauli
limit. However, below about 1.6 K (above 9.3 T), H,, rises
steeply to much larger values than expected for a Pauli-
limited superconductor (dashed line in Fig. 3). This is a clear
indication for the emergence of the FFLO phase.

When comparing the present data with the specific-heat
results obtained for k-(BEDT-TTF),Cu(NCS), [8], we find
remarkable differences. First, the anomaly from the normal
to the superconducting state becomes very sharp (first
order) for the x-phase material; whereas, it remains rather
broad in the present case. Moreover, in the data shown in
Fig. 1, no indication for a second phase transition is found,
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FIG. 3 (color online). Phase diagram of B"-(BEDT-TTF),
SFsCH,CF,S0; for fields aligned parallel to and by 0.23 and
0.31 deg out of the superconducting layers. The data of the second
anomaly observed at 0.23 deg (Fig. 4) are labeled by T* (open
blue triangles). The dashed line is a rough extrapolation of the data
between 2 and 3 K to the Pauli limit of 9.73 T. The inset shows the
angular dependence of 7, and T* at 9.5 and 10 T.

contrary to the sharp first-order transition in the k-phase
compound.

The highly accurate rotation mechanism allowed us, for
the present sample, to carefully investigate the angular
dependence of the FFLO phase. By rotating the sample
in small steps at constant magnetic fields around in-plane
(® =90 deg) alignment, we measured the specific heat
close to the phase transition. At 9.5 T [Fig. 2(a)], the
specific-heat anomaly moves towards lower temperatures,
but sharpens when rotating away from ® = 90 deg. When
being off by merely 0.4 deg from in-plane orientation, no
clear anomaly is discernible anymore down to 0.7 K. This
means the upturn of the H,, line, indicating the FFLO
state, is absent when the magnetic-field alignment is less
accurate than about half a degree. At 10 T [Fig. 2(b)], a
similar rapid reduction of 7. and sharpening of the phase
transition is seen. However, in addition, a second sharp
anomaly, just below T, appears when the magnetic field is
rotated out of plane by just =0.2 deg. Both anomalies
move out of the temperature window for slightly larger
angles. The angular dependences of the observed anoma-
lies for the two magnetic fields are shown in the inset of
Fig. 3. The second anomaly below T, is labeled T* [17].

In order to investigate this second anomaly in more
detail, we measured the specific heat for a number of
different fields close to and above the Pauli limit at an
out-of-plane angle of 0.23 deg (Fig. 4). Starting at about
9.4 T, the T* anomaly appears. With increasing magnetic
field, the two anomalies move in parallel to each other to
lower temperatures keeping a distance of about 0.3 K. At
10.5 T, the lower, T*, anomaly is moved out of the acces-
sible temperature window.

These data at 0.23 deg closely resemble the specific heat
anomalies observed in «-(BEDT-TTF),Cu(NCS), [8].
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FIG. 4 (color online). Specific-heat differences, AC/T, for
different magnetic fields aligned 0.23 deg out of the conducting
plane. The data are plotted offset for clarity.

This strongly points towards a small out-of-plane compo-
nent of the magnetic field for the latter case. There, the
sample was mounted in a fixed orientation and no in situ
rotation was possible. The temperature difference between
the two anomalies showed a similar value of about 0.2 K
(see Fig. 3 in [8]).

Figure 3 comprises all phase-transition points that we
determined by use of our specific-heat data. In order to
visualize the hypothetical low-temperature upper critical
field without the appearance of an FFLO state, we ex-
trapolated the data between 2 and 3 K to the Pauli limit of
9.73 T at T = 0. For the precise in-plane field alignment
(0 deg), the strongest upturn of the critical-field line
appears. A less strong upturn starting at somewhat lower
temperature, together with the 7* anomaly, is measured for
90 deg—® = 0.23 deg. For an offset angle of 0.31 deg
(data not shown), the upturn is further reduced and shifted to
lower temperatures without any discernible second specific-
heat anomaly in our temperature window. For out-of-plane
angles larger than about 0.5 deg, no upturn of H,., beyond
the Pauli limit, i.e., no FFLO state, appears. Obviously,
already such small out-of-plane angles induce orbital cur-
rents that prevent the emergence of the FFLO state.

In a recent report, a possible FFLO state in
B"-(BEDT-TTF),SFsCH,CF,SO; was already suggested
[18]. This was based on in-plane penetration-depth mea-
surements by use of a tunnel diode oscillator technique.
The observed features, however, are tiny and only visible in
the second derivative of the frequency changes. The shape
of the phase-transition line in [18] is qualitatively in line
with our results (Fig. 3), but quantitatively considerable
discrepancies are found. Nevertheless, our thermodynamic
data allow us to extract a much more robust and reliable
phase diagram.

In our specific-heat measurements for accurate in-
plane field alignment, we could not resolve any feature
signaling the expected transition from the FFLO state to
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the homogeneous superconducting state. However, in case
this transition would follow the dashed line in Fig. 3, as
some theories [3] and other experiments [10,18] suggest,
our specific-heat measurements are not well suited for its
detection. Since we are sweeping the temperature at con-
stant magnetic field, we either would run parallel to, or
would cross at a very shallow angle, the transition line. A
better way to detect this transition, obviously, is to cross
the line perpendicular, i.e., at constant temperature while
sweeping the magnetic field. The proper thermodynamic
technique for that are magnetocaloric-effect experiments.
Indeed, we performed such kind of measurements.
However, due to the fast relaxation times of our calorimeter
we could not resolve any reliable magnetocaloric-effect
data [19].

For precise in-plane field alignment, all observed phase
transitions from the normal to the superconducting state,
whether homogenous or FFLO-type, are second order; i.e.,
no latent heat could be resolved in our experiments.
Indeed, the question whether the transition from the normal
to the inhomogeneous state is first or second order appears
somewhat controversial. However, to answer this question
theoretically, as well as performing an explicit evaluation
of the full phase diagram, requires the calculation of the
free energy for general inhomogeneous order parameters
which is a formidable task [3]. Experimentally, our
specific-heat data for small out-of-plane angles show a
prominent sharpening of the phase transition when enter-
ing the FFLO phase. The transition at 7* as well reflects a
sharp anomaly. Although this may indicate first-order-type
transitions for offset angles, we could not resolve any latent
heat or hysteresis within our resolution.

The origin of the T* anomaly is unclear so far. It most
probably is not related to the transition from the FFLO to
the homogeneous state since that is expected to appear at
the Pauli-limiting field (dashed line in Fig. 3). One might
speculate that this anomaly signals a transition between
possible different types of periodic structures within the
FFLO state, such as predicted theoretically for an s-wave
two-dimensional superconductor [20]. In the theory, how-
ever, such a narrow FFLO phase running parallel to H,, is
not expected. Probably, the T* anomaly indicates the ap-
pearance of some kind of vortex phase in the inhomoge-
neous superconducting state.

In summary, we presented high-resolution angular-
dependent specific-heat measurements in high magnetic
fields. Our data show a pronounced upturn of the upper-
critical-field line when the Pauli-limiting field is reached at
low temperatures. This behavior is most prominent for
precise in-plane field alignment. It disappears rapidly for
small out-of-plane orientation of the magnetic field; i.e.,
when orbital effects become important. This is strong
thermodynamic evidence for the emergence of the FFLO
phase. The appearance of a second phase transition within
this phase for small out-of-plane angles indicates a

possible vortex phase of unknown character. Microscopic
measurements, such as NMR or neutron scattering, are the
obvious next step for gaining better knowledge on the
FFLO state, especially since only modest magnetic fields
are needed in B"-(BEDT-TTF),SFsCH,CF,S0j;.
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