
PHYSICAL REVIEW MATERIALS 7, 124803 (2023)

Pseudogap formation in organic superconductors

Shusaku Imajo ,1,* Takuya Kobayashi ,2 Yuki Matsumura,3 Taiki Maeda,3 Yasuhiro Nakazawa,3

Hiromi Taniguchi,2 and Koichi Kindo1

1Institute for Solid State Physics, University of Tokyo, Kashiwa, Chiba 277-8581, Japan
2Graduate School of Science and Engineering, Saitama University, Saitama 338-8570, Japan

3Graduate School of Science, Osaka University, Osaka 560-0043, Japan

(Received 7 June 2023; accepted 6 December 2023; published 26 December 2023)

The condensation of paired fermions into superfluid states changes progressively depending on the coupling
strength. At the midpoint of the crossover between Bardeen-Cooper-Schrieffer (BCS) weak-coupling and Bose-
Einstein condensate (BEC) strong-coupling limits, paired fermions condensate most robustly, thereby leading to
the emergence of a pseudogap due to enhanced pairing fluctuations. In the case of electrons in solids, excessively
strong interactions often induce competing electronic orders instead of strong-coupling superconductivity, and
experimental comprehension of the pseudogap remains incomplete. In this study, we provide experimental
evidence demonstrating the opening of a pseudogap, marking the incipient stage of the BCS-BEC crossover in
the organic system κ-(BEDT-TTF)2X . By controlling electron correlations, we investigate the thermodynamic
properties of the BCS-BEC crossover and pseudogap phase. Since the superconductivity of κ-(BEDT-TTF)2X
arises from a simple Fermi liquid that does not exhibit any other electronic orders, our study sheds light on the
inherent nature of the BCS-BEC crossover.
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I. INTRODUCTION

According to the well-established Bardeen-Cooper-
Schrieffer (BCS) theory, fermions undergo the formation of
weakly coupled Cooper pairs below a critical temperature
Tc. On the other hand, Bose-Einstein condensate (BEC) is a
quantum phenomenon observed in bosonic systems, where
bosons condensate into the lowest-energy state as a result
of the overlap of their wave functions at low temperatures.
When the pairing interactions between fermions are enhanced
and the pairing deviates from the weak-coupling BCS regime,
paired fermions can be regarded as a boson. In such case,
fermion pairing into bosons occurs at T ∗ (greater than Tc),
and subsequently, depending on the phase stiffness of the
superfluid, the system exhibits the BEC state below Tc. The
continuous crossover phenomenon from the weak-coupling
BCS regime to the strong-coupling BEC regime is known as
the BCS-BEC crossover [1–8]. Experimental investigations of
the BCS-BEC crossover have been predominantly conducted
in ultracold atomic system, where pairing interactions in a
Fermi gas can be controlled through Feshbach resonance
[4–7]. For the BCS-BEC crossover of superconductivity
in solids, its behavior is modified due to the difference of
the kinetic energy associated with the electron motion in
a underlying crystal lattice [8]. However, its experimental
understanding remains limited due to the difficulty for
the significant enhancement of interactions for electron
pairing.

Since the BCS-BEC crossover is governed by whether
fermion pairs can be viewed as bosons, the spatial size of
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fermion pairs and the average interfermion distance are prin-
cipal parameters. In the case of superconducting Cooper pairs,
these quantities correspond to the coherence length ξ and
the average interelectron distance 1/kF (kF denotes the Fermi
wave number), respectively. The bottom panel of Fig. 1(a)
[3,7,8] depicts a schematic phase diagram illustrating the ba-
sic behavior of the BCS-BEC crossover. It is important to
note that the details of the crossover behavior vary depending
on system parameters, such as pairing symmetry and dimen-
sionality [9]. On the BCS side, characterized by a large pair
size, the relation ξ � 1/kF holds. In contrast, on the BEC
side, where tightly bound fermions are considered as local
bosons, the relation ξ � 1/kF applies. In the vicinity of
the crossover region, ξ ∼ 1/kF (kFξ ∼ 1), referred to as the
unitary regime, the pairs robustly condensate. This results in a
peak structure in the heat capacity jump at Tc as a function of
kFξ , as shown in the upper panel of Fig. 1(a) [5,10,11]. Even
above Tc, the presence of superfluid fluctuations led to the pre-
formation of Cooper pairs at a pairing temperature T ∗, which
suppress low-energy single-particle excitations. This is the
manifestation of a pseudogap. Various superconductors have
been investigated as potential candidates for exploring the
BCS-BEC crossover regime [11–16]. However, in low-carrier
density systems possessing strong electron correlations, other
electronic orderings, or critical phenomena often occur above
Tc. Consequently, superconductivity in these systems does not
arise from a simple Fermi liquid. To observe a pseudogap,
it is essential to observe the suppression of single-particle
excitations in the normal state. Therefore, systems with com-
plex electronic states are not ideal for studying the physics
of the pseudogap. This difficulty in accurately detecting the
pseudogap has hindered detailed discussions regarding the
properties of the BCS-BEC in solid-state systems.
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FIG. 1. (a) Bottom panel: Schematic of pairing temperature T ∗

(blue dotted curve) and condensation temperature Tc (red solid
curve), both reduced by the Fermi temperature (TF) as a function
of dimensionless coupling strength kFξ . At the unitary limit, where
kFξ is of order unity, a pseudogap opens in the temperature range
between Tc and T ∗. Upper panel: Coupling strength dependence
of heat capacity jump at Tc, with schematic �C/T vs T for each
limit in the insets. (b) Electronic phase diagram of the half-filled κ-
(BEDT-TTF)2X . The κ-type salts with different counter anions X are
positioned at different positions on the horizontal axis characterized
by pressure/electron correlations. The number n in the expression
“dn” stands for the number of deuterium atoms in the ethylene group
of each BEDT-TTF molecule.

Half-filled κ-type organic superconductors are strongly
correlated systems that exhibit a superconducting transition
from a simple Fermi liquid, as shown in Fig. 1(b) [17,18].
When the electron correlation U/W is small (or pressure P is
high), the Fermi liquid shows a superconducting transition at
low temperatures. An increase in U/W induces band renor-
malization, leading to enhancement of the effective mass of
electrons and Tc. Further increasing U/W causes the ground
state to discontinuously become the Mott antiferromagnetic
insulator across the first-order Mott phase transition [17,18].
Near the Mott boundary, the value of Tc becomes the max-
imum, and fluctuating superconductivity was observed in a
relatively wide temperature range even above Tc [19–21].
Since these prior studies investigated only strongly correlated
(high U/W ) salts, the fluctuating superconductivity has been
discussed from a perspective of Coulomb penalty associated
with the proximity to the Mott boundary. A recent NMR
study [22] suggests that the predominant origin of the super-
conducting fluctuations should be attributable to pseudogap
formation. Nevertheless, experimental reports of less corre-
lated (low U/W ) salts have been lacking to date, and therefore
it has been challenging to ascertain the origin of the fluctuat-
ing superconductivity.

In this study, we report that in the κ-type BEDT-TTF
system [BEDT-TTF denotes bis(ethylenedithio)-tetrathia-
fulvalene], the increase in coupling strength pushes toward the
unitary regime of the BCS-BEC crossover. We elucidate that
the identity of the fluctuating superconductivity observed near
the Mott boundary is the pseudogap. Given that the present
system is a genuine Fermi liquid showing no other electronic
transitions above Tc, our findings demonstrate that the κ-type
organic system is a suitable research target for a genuine
discussion of the BCS-BEC crossover in strongly correlated

electron systems. We hereafter abbreviate κ-(BEDT-TTF)2X
[X = I3, Ag(CN)2H2O, Cu(NCS)2, and Cu[N(CN)2]Br] as
κ-I3, κ-AgCN, κ-NCS, and κ-Br, respectively. The term, dn
(n = 0−8), represents the number of deuterium atoms present
in the ethylene group of each BEDT-TTF molecule. When n
is not specified, it indicates that the salt is in its pristine form
without any deuteration, namely d0.

II. EXPERIMENTAL METHODS

Single crystals of the κ-type salts were synthesized by
electrochemical oxidation methods. Electrical resistance was
measured by a standard four-terminal ac method. Torque
magnetometry was carried out using a microcantilever. Heat
capacity measurements were performed using a customized
high-resolution calorimeter with single crystals [23]. To de-
termine Hc2, we performed high-field electrical transport
measurements using a 60 T pulse magnet.

III. RESULTS

Figures 2(a) and 2(b) present the comparisons of electrical
resistivity R and diamagnetic torque dMz/dHz as a function
of temperature (see the Appendix for a detailed analysis of
dMz/dHz). Applied fields in the present torque measurements
are only a few percent of in-plane Hc2, and their impact
on Tc is almost negligible. We determine Tc by the onset
temperature of the resistance drop. High-resolution torque
data can provide information on the emergence of fluctuat-
ing superconductivity at T ∗. For example, the diamagnetic
component of κ-Br appears below T ∗ ≈ 18.0 K, which is
much higher than Tc ≈ 11.9 K. The value of T ∗ ≈ 18.0 K for
κ-Br is consistent with the temperature at which fluctuating
superconductivity emerges [19,21,24]. For a full-scale view
of the vertical axis, see the Appendix. Similarly, in κ-d6-Br
and κ-NCS, T ∗ observed in this study corresponds to the
reported values [19,20,24–26] and is significantly higher than
Tc, whereas κ-AgCN and κ-I3 exhibit T ∗ comparable to Tc.
Although fluctuating superconductivity was not observed in
κ-NCS in some previous reports [19,22], given the field ap-
plied for these measurements and the resolution of the data,
these should also be consistent with our present results. Based
on the phase diagram shown in Fig. 1(b), these results imply
that strong correlations lead to a wider temperature range of
fluctuating superconductivity.

Figure 2(c) shows the heat capacity data near Tc for
each salt as �Cele/γ T versus T/Tc with results reported in
Refs. [26–29]. �Cele represents the electronic heat capacity
difference between the superconducting and normal states,
and γ denotes the electronic heat capacity coefficient. Given
the resolution of the present data, the heat capacity is not suit-
able to detect a small fluctuating contribution and determine
T ∗. Correcting the peak broadened by the fluctuation effect,
the height of the jump at Tc in a mean-field approximation
�γ/γ is evaluated as the dashed curves. For a d-wave su-
perconductor in a weak-coupling limit, 2�/kBTc ≈ 4.3 yields
�γ/γ ≈ 1.0 using a gap function �0cos(2φ) in the so-called
α model [30]. The salts with smaller U/W exhibit smaller
values of �γ/γ , while those with larger U/W show larger
values of �γ/γ .
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FIG. 2. (a) Resistivity R and (b) diamagnetic susceptibility dMz/dHz as a function of temperature. The black arrows in (a) and (b) indicate
Tc and T ∗, respectively. The gray shaded areas in (b) represent the diamagnetic component. (c) Heat capacity jump �Cele/γ T vs reduced
temperature T/Tc. The data of κ-I3 are taken from Ref. [27]. The dashed curves are the estimation of mean-field behavior to evaluate the heat
capacity jump at Tc, �γ/γ .

IV. DISCUSSION

The present results indicate that fluctuating superconduc-
tivity appears in the temperature range between T ∗ and Tc,
which widens in larger U/W salts. We discuss here whether
the fluctuating superconductivity corresponds to the forma-
tion of the pseudogap. For opening a pseudogap, the system
must be situated in the vicinity of the unitary limit. At the
unitary limit, the pair condensate is optimally reinforced, and
therefore �γ/γ becomes maximum [10,11,31]. In Fig. 3(a),
we show �γ/γ for each salt with the horizontal axis of

FIG. 3. (a) �γ/γ vs 2�/kBTc (bottom axis) and Rw(μBHP/kBTc)
(top axis). The blue and green symbols are plotted to the top
and bottom axes, respectively. The data of κ-HgBr are taken from
Ref. [33]. The solid and dotted lines indicate the positions of the
BCS limit (2�/kBTc ≈ 4.3) and the unitary limit (2�/kBTc ≈ 6.5),
respectively. The red diamond signifies the calculated value in the
framework of the α model [30] using a simple weak-coupling d-
wave gap function �0cos(2φ), where �0 = 2.14kBTc (2�/kBTc ≈
4.3). The gray curve is a visual guide. (b) 1/kFξ‖ dependence of
T ∗/TF (blue) and Tc/TF (red). The green shaded area corresponds
to the pseudogap region. The inset shows the relation between
Rw(μBHP/kBTc) and 1/kFξ‖.

the coupling strength, 2�/kBTc [27–29,32] for the bottom
axis. We plot here the results of prior reports for non-half-
filled κ-type salt κ-(BEDT-TTF)4Hg2.89Br8 (κ-HgBr) [33],
which will be discussed in detail later. As the top axis,
Rw(μBHP/kBTc) is also shown in this plot, where Rw, μB,
and HP represent Wilson’s ratio, the Bohr magneton, and
the Pauli limit field, respectively. The values of Rw and HP

are taken from Refs. [25,28,29,34,35] or determined by the
high-field transport shown in the Appendix. Since HP in corre-
lated superconductors is determined by � and Rw [25,35,36],
Rw(μBHP/kBTc) is proportional to the coupling strength. This
plot indicates that �γ/γ shows a maximum value around
2�/kBTc = 6–7. The value of 2�/kBTc ≈ 6.5 was recently
proposed as the magic gap ratio, which can be a thermody-
namic indicator of the BCS-BEC crossover that is universally
observed in various superconductors [11]. This consistency
suggests that the unitary region in the κ-type system also
lies close to 2�/kBTc = 6–7, and that the larger U/W salts
in proximity to the unitary region exhibit a pseudogap phase
above Tc.

Although the agreement with the results of the prior studies
suggests the BCS-BEC scenario, we must remember that there
is much controversy about the presence of the BCS-BEC
crossover in cuprates [11,37,38]. To justify the BCS-BEC
scenario in the organic salts, it is crucial to demonstrate that
the superconducting phase diagram can be explained by a
BCS-BEC crossover phase diagram characterized by 1/(kFξ ).
In Fig. 3(b), we show Tc (red) and T ∗ (blue) on the T/TF

versus 1/(kFξ‖) plot. TF and ξ‖ denote the Fermi tempera-
ture and in-plane coherence length, respectively. The values
of TF and ξ‖ are calculated by the superfluid density, heat
capacity, and Hc2 data taken from Refs. [27–29,33,39,40].
The inset shows Rw(μBHP/kBTc) versus 1/(kFξ‖). The positive
correlation identifies the relationship between the coupling
strength and 1/(kFξ‖) [10]. Figure 3(b) indicates that the value
of 1/(kFξ‖) for κ-Br is approximately 0.16, which appears
smaller than 1 for the unitary regime but not negligible. In
the BCS-BEC framework, Tc/TF is approximately 0.2 in the
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FIG. 4. (a) Evolution of the ratio T ∗/Tc depending on 1/kFξ‖.
The Gaussian-fluctuation region (red shaded area) is limited to only
T ∗/Tc ≈ 1.05−1.1 or less, while the pseudogap phase (green area)
covers the higher-temperature region even above T ∗/Tc > 1.1 when
1/(kFξ‖) > 0.05. (b) Schematic U/W dependence of HP (top), γ

(middle), and T ∗/Tc (bottom) of κ-type salts. The curves are visual
guides.

BEC side. However, in the case of κ-Br, Tc/TF ∼ 0.03, which
is much smaller than 0.2. It is worth noting that the BCS-BEC
phase diagram of Fermi gases differs slightly from that of
superconductors due to the kinetic energy degrees of free-
dom associated with the electron motion in a periodic lattice.
For two-dimensional superconductors, Tc/TF in the BEC limit
decreases and approaches approximately 1/8 [41]. Moreover,
Tc/TF depends on the effective mass of fermions and pairing
symmetry. In cases in which the effective mass becomes heav-
ier or the symmetry is d-wave, changes in the BCS-BEC phase
diagram, such as a decrease in Tc/TF, occur [3,7,8]. Given
the d-wave superconducting state and the strongly renormal-
ized effective mass due to large U/W in κ-Br, Tc/TF ∼ 0.03
is reasonable. In the case of LixZrNCl gate-controlled lay-
ered superconductors [15], pseudogap formation occurs when
the Li content x is below 0.05. At x ≈ 0.05, the values of
1/(kFξ ) ≈ 0.1 and Tc/TF ≈ 0.05 yield T ∗/Tc ≈ 1.5. These
values are consistent with the results obtained for κ-Br, which
suggests that fluctuating superconductivity in the κ-type sys-
tem can also be identified as a pseudogap phase.

We note that the superconducting properties of κ-HgBr
[1/(kFξ‖) = 0.3−0.4 and Tc/TF ≈ 0.1] [16,42] can also be
explained in the framework expected from extrapolations of
κ-Br and κ-NCS. κ-HgBr has been considered as a unique
salt that does not share the same electronic phase diagram as
Fig. 1(b) due to its distinct features, such as band filling devi-
ating from half and quantum-spin-liquid-like behavior [42].
The previous studies [16,42] have discussed the BCS-BEC
crossover of κ-HgBr as distinct from superconducting prop-
erties of half-filled κ-type salts. However, the present results
demonstrate that κ-HgBr also shares the same superconduct-
ing phase diagram as the other κ-type superconducting state
from the perspective of the BCS-BEC physics.

These considerations unveil the BCS-BEC physics in the
κ-type superconductors. Nevertheless, we need to evaluate the
effect of thermal fluctuations on the present superconductivity.
To make the fluctuating region clearer, in Fig. 4(a) we show

T ∗/Tc versus 1/(kFξ‖) as a semilogarithmic plot. In the clas-
sical framework, order parameters are fluctuated by thermal
energy, and the behavior in the critical region is described
by Gaussian fluctuations. The Gaussian critical region TG/Tc

is estimated by the equation TG/Tc = 1 + 2(kB/8π�Cξ 3)2,
where �C denotes heat capacity jump at Tc [43]. TG/Tc for
the present κ-type salts is in the range of 1.05–1.1, which
corresponds to the broadened region of the heat capacity data
shown in Fig. 2(c). Nevertheless, it is hard to reconcile the
Gaussian-fluctuation region with the value of T ∗/Tc when
1/(kFξ‖) > 0.05, as shown in Fig. 4(a). Therefore, the wide
fluctuating region for larger U/W salts originates from the
formation of a pseudogap.

Finally, we consider the electron-correlation dependence of
κ-type superconductivity. The exact calculation of the values
of low-temperature U/W is challenging due to the lack of
the structural data at low temperatures near Tc. To estimate
the relative magnitude of U/W roughly, we use HP, which is
strongly influenced by U/W . In the top panel of Fig. 4(b),
we show the relative positions of the measured salts to make
the U/W dependence of HP linear in this plot. Long-standing
experimental studies [17,18] have established the U/W de-
pendence of γ , as shown in the middle panel of Fig. 4(b). In
the low U/W region, γ increases with increasing U/W . This
behavior can be understood within the Brinkman-Rice frame-
work [44], which suggests that electron correlations result
in the renormalization of the electron mass. However, in the
immediate vicinity of the Mott boundary, a significant reduc-
tion in γ is observed for κ-dn-Br (n = 4−8) [18,26]. This is
because the Mott transition is first-order, and the normal state
is eroded with the insulating state by inhomogeneity, leading
to the reduction in γ . Therefore, the abrupt drop in γ should
not relate to the BCS-BEC crossover. On the other hand, the
gradual change in γ , observed in the region where the pseu-
dogap opens [Figs. 4(b) and 4(c)], might be caused by pairing
fluctuations in the normal state in the BEC region [11,31]. To
understand the influence of the BCS-BEC crossover on the
normal state, further future studies are required.

V. CONCLUSION AND PERSPECTIVE

Our comprehensive investigation of the superconducting
state in the κ-type organic system revealed the formation of a
pseudogap near the unitary limit through the tuning of electron
correlations. Given that the normal state of the κ-type salts is
a simple Fermi liquid without any other electronic ordering,
the present findings are crucial for identifying the essential
parameters required to gain an accurate understanding of
BCS-BEC physics. It is worth noting that the crossover behav-
ior of this system can be controlled through external pressure.
Hence, it is desirable to conduct detailed high-pressure studies
of the κ-type system that focus on the pseudogap in the future.
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FIG. 5. A typical example of the angle dependence of magnetic
torque for κ-type superconductors. The inset illustrates the definition
of angle and direction in the present measurements.

APPENDIX

1. Evaluation of the diamagnetic signal derived
from magnetic torque measurements

In Fig. 2 of the main text, we present the tempera-
ture dependence of the perpendicular component of the
diamagnetic susceptibility of superconductivity, dMz/dHz.
To obtain dMz/dHz, we employed angle-resolved magnetic
torque measurements using microcantilevers. As shown in
Fig. 5, we measured the angle-dependent torque of each sam-
ple in a magnetic field at various temperatures. The inset
displays a schematic of the sample setup for the measure-
ments, with the direction parallel to the in-plane direction set
as 0 deg. In the angle range of ±0.5 deg, the torque signal can
be described by the following formula:

dτ

dθ
|θ=0 = −μ0Hx

d (M × H )

dHz
|θ=0

= μ0Hx
d (HxMz − MxHz )

dHz
|θ=0

= μ0Hx
d[HxHz(Mz/Hz − Mx/Hx )]

dHz
|θ=0.

(A1)

Here, we use the relations Hx = Hcosθ and Hz = Hsinθ . In
the mixed state of two-dimensional superconductors, since
|Mz/Hz| is much larger than |Mx/Hx| in this angle range, the

FIG. 6. Temperature dependence of dMz/dHz of κ-Br. Shaded
areas indicate the diamagnetic component.

FIG. 7. Magnetoresistance of (a) κ-d4-NCS and (b) κ-d6-Br in
an in-plane field at 1.5 K. Arrow indicates Hc2, which corresponds to
HP. The inset of (b) shows an enlarged view around Hc2.

formula can be rewritten as

dτ

dθ
|θ=0 ≈ −μ0H2

x

dMz

dHz
|θ=0 ∝ dMz

dHz
|θ=0 (A2)

in a constant field. Therefore, the slope of the angle-dependent
torque near the in-plane configuration is proportional to the
perpendicular component of the diamagnetic susceptibility of
superconductivity.

2. Temperature dependence of dMz/dHz

In Fig. 2(b) in the main text, we show enlarged plots of
dMz/dHz to emphasize the emergence of the diamagnetic
component below T ∗. In Fig. 6, we plot dMz/dHz versus
T of κ-Br at various scales. From the left full-scale view,
the onset temperature of the emergence of the diamagnetic
component appears to be more Tc than T ∗, which corresponds
to the resistivity data shown in Fig. 2(a). Nevertheless, from
the center and right figures, which are enlargements of the
left figure, we can find that the diamagnetic component is
present even above Tc, as discussed in the main text. Thus,
the fluctuation (pseudogap) region between Tc and T ∗ can
be determined from the difference between the resistivity and
torque data, respectively.

3. High-field measurement for determining Hc2

In the main text, we evaluate the coupling strength us-
ing the dimensionless ratio Rw(μBHP/kBTc), as shown in
Fig. 3(a), as HP in correlated superconductors is determined
by � and Rw [35,36]. For κ-Br, κ-NCS, κ-AgCN, κ-I3, and κ-
HgBr, HP was reported in Refs. [25,28,29,33,34]. In this study,
we obtained HP of κ-d4-NCS and κ-d6-Br using a high-field
transport measurement with a 60 T pulse magnet. Figure 7
displays the in-plane magnetic field dependence of the elec-
trical resistance of κ-d4-NCS and κ-d6-Br at 1.5 K. In the
case of these salts, HP corresponds to Hc2, as the orbital pair
breaking effect is quenched when a field is applied parallel to
the two-dimensional conducting plane. Since we determine Tc

from the onset of the resistance drop, as shown in Fig. 2(a),
Hc2 is also determined by the onset position indicated by the
arrow.
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