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We report on a combined theoretical and experimental investigation of the superconducting state in the
quasi-two-dimensional organic superconductor κ-ðETÞ2Cu½NðCNÞ2�Br. Applying spin-fluctuation theory
to a low-energy, material-specific Hamiltonian derived from ab initio density functional theory we calculate
the quasiparticle density of states in the superconducting state. We find a distinct three-peak structure that
results from a strongly anisotropic mixed-symmetry superconducting gap with eight nodes and twofold
rotational symmetry. This theoretical prediction is supported by low-temperature scanning tunneling
spectroscopy on in situ cleaved single crystals of κ-ðETÞ2Cu½NðCNÞ2�Br with the tunneling direction
parallel to the layered structure.
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Introduction.—It has been widely accepted that
κ-ðETÞ2X organic charge-transfer salts [where ET denotes
bis(ethylenedithio)tetrathiafulvalene and X a monovalent
anion] share essential features with cuprates regarding their
superconducting state [1]. In both classes of materials, the
electronic structure is quasi two dimensional and super-
conductivity emerges in the vicinity of an antiferromagneti-
cally ordered Mott insulating phase. The transformation of
these Mott insulators into superconductors can be achieved
either by doping (cuprates) or by increasing the bandwidth
(organics) through the application of physical or chemically
induced pressure, see, e.g., Ref. [2]. In view of these
similarities, it is natural to investigate whether a related
couplingmechanism is operative in both classes ofmaterials.
A direct determination of the pairing mechanism is

extremely difficult, if not impossible, and therefore most
efforts have been directed towards the determination of the
symmetry of the superconducting energy gap function. For
the cuprates, thanks to the availability of phase-sensitive
probes, compelling evidence was provided early on that the
gap has predominantly dx2−y2 symmetry [3,4]. The lack of
such probes for the organic charge-transfer salts, rooted in
difficulties in proper material preparation, makes the sit-
uation less clear. There has been a long-lasting controversy
about the gap symmetry in the most widely studied
materials κ-ðETÞ2Cu½NðCNÞ2�Br (for short, κ-Br) and
κ-ðETÞ2CuðNCSÞ2 (κ-NCS), with some results in support
of an s-wave and others consistent with a d-wave scenario
(see the reviews [2,5–7] for the status of the discussion up
until 2006). More recent attempts include magnetocalorim-
etry [8], surface impedance [9], and high-resolution specific

heat measurements [10,11], both in favor of d-wave pairing,
even though earlier results of the specific heat favored s-wave
symmetry [12–14]. On the other hand, by analyzing mea-
surements of elastic constants [15] a mixed order parameter
of either A1g þ B1g or B2g þ B3g has been claimed for κ-Br
following the classification of irreducible representations of
the material’s orthorhombic D2h point group.
In the above-mentioned studies, the gap function could

be determined only indirectly from the temperature depend-
ence of the quantity investigated. By contrast, a direct
examination of the energy gap and its angular dependence
is possible, in principle, through scanning tunneling spec-
troscopy (STS). Such STS studies have been performed by
tunneling either into as grown surfaces for κ-NCS [16] and
κ-Br [17], or into focused-ion-beam-cut surfaces for par-
tially deuterated κ-Br [18]. The results were found to be
consistent with a d-wave order parameter. However, with
the exception of Ref. [18], no surface characterization was
provided in these studies.
In this Letter we report evidence for an anisotropic

superconducting gap structure for κ-Br based on a com-
bined theoretical and STS investigation. By first construct-
ing a two-dimensional Hubbard model of the ET layer from
ab initio density functional theory (DFT) calculations and
subsequently applying spin-fluctuation theory to this
model, we predict the presence of a strongly anisotropic
superconducting gap. As a consequence of the orthorhom-
bicity of the crystal structure and the resulting details of the
electronic structure, the order parameter does not have pure
d-wave symmetry. Instead, an eight-node twofold rotation-
ally symmetric state is realized, which we identify as
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(extended) sþ dx2−y2 . This pairing symmetry results in a
quasiparticle density of states (DOS) with a distinct three-
peak structure. STS measurements performed on well-
defined surfaces obtained from a recently developed in situ
cleaving technique [19] support this theoretical finding.
Theory.—We performed ab initio DFT calculations for

κ-Br on an all-electron full-potential local orbital [20] basis
and subsequently derived a tight-binding model from
projective molecular orbital Wannier functions [21,22].
The resulting low-energy Hamiltonian H0 ¼

P
ijtijðc†i cjþ

H:c:Þ, with hopping parameters tij between ETmolecules at
sites i and j, consists of four bands arising from the highest
occupied molecular orbitals of the ET molecules in the
crystallographic unit cell and is 3=4 filled (see Ref. [22]).
Previous theoretical approaches [23] approximated the

real crystal structure by an anisotropic triangular lattice of
ðETÞ2 dimers [24]. This approximation was shown to be
justified in the insulating phase of κ-ðETÞ2X materials [25],
but not in the superconducting state [26]. Hence, our
method, which is based on an ab initio derived
Hamiltonian with the full symmetry of the ET layer, is
more realistic than previous approaches.
In the following, we take the rigorous viewpoint that

superconductivity in κ-Br is solely driven by electron-
electron interactions, see, e.g., Refs. [2,27,28]. Therefore,
we add an intramolecular Hubbard interaction term Hint ¼
U
P

ini↑ni↓ to H0. In this setup, we calculate the optimal
geometry of the superconducting gap function using
random phase approximation (RPA) spin-fluctuation theory
in the spin-singlet channel [29]. For computational details,
see the Supplemental Material [30]. We stress, however,
that our results do not exclude a contribution from electron-
phonon interactions, indications of which have been found,
e.g., in studies of the isotope effect [41] and phonon
renormalization [42].
From the RPA calculation, we find that the supercon-

ducting order parameter has eight nodes [see Fig. 1(a)], in
contrast to previous reports of pure d-wave states with four
nodes [6,23]. The first set of nodes labeled α in Fig. 1(a)
appears on the quasi-one-dimensional part of the Fermi
surface. The four nodes on the elliptic part of the Fermi
surface, denoted β in Fig. 1(a), are close to the Brillouin
zone diagonals. The full angular dependence of the gap
function is shown in Fig. 1(b). The angles corresponding to
the node positions are φα ∼ 15° and φβ ∼ 58°, all measured
with respect to the kx direction. Nodes at other angles are
symmetry equivalent to α and β. The three maxima of the
superconducting gap magnitude are indicated by A, B, and
C in Fig. 1. The corresponding angles are φA ¼ 90°,
φB ¼ 45°, and φC ¼ 0°. Maxima at other angles are
symmetry equivalent to A, B, and C.
The quasiparticle DOS ρqpðEÞ in the superconducting

state can be calculated from the momentum structure of

the superconducting gap Δð~kÞ, as given in Eq. (1). A small

broadening of the energy spectrum due to finite quasipar-
ticle lifetimes is modeled by the parameter Γ [43]:

ρqpðE;ΓÞ ∝
X

~k

Re
jEþ iΓj

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEþ iΓÞ2 − Δð~kÞ2

q : ð1Þ

The main difference between our formulation [Eq. (1)] and
conventional approaches [16–18] is that we do not assume
the Fermi surface to be a concentric circle. Instead, we
transform the usual angular integration (see Refs. [16–18]
and the Supplemental Material [30]) into a sum over the
discretized ab initio Fermi surface. Our approach can
therefore discriminate between different d-wave solutions
already on the level of the quasiparticle DOS. The
approximations made in the derivation of Eq. (1) are
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FIG. 1. Ab initio calculated results for (a) superconducting gap
Δ on the Fermi surface, (b) absolute value jΔj of the super-
conducting gap as a function of the angle φ in the kxky plane
measured with respect to the kx direction, and (c) quasiparticle
DOS ρqp in the superconducting state of κ-Br. The maxima of the
superconducting gap magnitude are indicated by arrows A, B, and
C, while the positions of nodes are indicated by arrows α and β.
The energy scale is set to Δ0 ¼ 10 meV. A small broadening of
Γ ¼ 0.07 meV is included here.
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detailed in the Supplemental Material [30]. The quasipar-
ticle DOS calculated from Eq. (1), using the gap calculated

fromaRPA forΔð~kÞ, shows three distinct features [Fig. 1(c)]
that correspond to the previously discussed gap maxima A,
B, and C.
Experiment.—Single crystals of κ-Br were grown in an

electrochemical crystallization process [44]. All investiga-
tions were performed with a commercial low-temperature
scanning tunneling microscope (STM) under ultrahigh
vacuum (UHV) conditions with a base pressure of about
5 × 10−11 mbar. In order to obtain a clean surface, as is
essential for high-resolution STM investigations, we cleaved
the crystal surface with a homebuilt cutter in UHV. After
in situ cleaving, the sample was mounted into the precooled
STM stage. Measurements have been performed on three
single crystals, yielding essentially identical results.
By this procedure, the cooling rate of the sample,

relevant at the glasslike ethylene–end group ordering
transition Tg, is estimated to be about −1 K=min at Tg ≈
75–80 K (see Ref. [45]). This implies a residual disorder in
the orientational degrees of freedom of the ET molecules’
terminal ethylene groups on the order of 3% [46,47]. For
details on the STM and STS measurements, see Ref. [19].
Figure 2(a) shows a ð30 × 30Þ nm2 STM image of a κ-Br

crystal cleaved perpendicularly to the molecular layers (for
the parallel topography, see Refs. [19,48]). The STM image
reveals a stripe pattern with an average width of 29.9 Å [see
Fig. 2(b)], which is in good agreement with the lattice
constant of κ-Br in the c direction. One period of the stripe
pattern consists of two ETand two anion layers. For a better
illustration, Fig. 2(b) shows the height profile along the
white shaded area in Fig. 2(a), wherein the position of the
anion layers is marked by red stripes. The height profile is
mainly a mapping of the topographical surface profile, but
it is also influenced by the local density of states. By
analyzing the height profile along a single unit cell we
conclude that the cutting plane is rotated by φab ¼ 60°
about the c axis with respect to the b axis (see Ref. [30]).
Next, we measured the differential conductance dI=dV

of the ET layer and the anion layer in the temperature range
from 5 to 13 K [see Figs. 2(c) and 2(d) for the data at 5 K] in
order to extract information about their DOS. The dI=dV
spectra have been normalized to the tunneling transmission
function TðVÞ, which is almost linear in the measured
energy range and accounts for a small asymmetry observed
in the original spectra [49]. Assuming a constant DOS for
the tip material, (dI=dVÞ=TðVÞ is proportional to the
differential conductance DðVÞ of the sample.
The differential conductance is nonzero at E ¼ EF for the

spectrum measured parallel to the ET layer [Fig. 2(c)]. In
contrast, the differential conductance spectrum measured at
the anion layer [Fig. 2(d)] approaches zero at the Fermi edge
[dI=dVðE ¼ EFÞ ≈ 0] indicating the expected insulating
behavior. The V-shaped feature for jeVj > 15 meV results
from a logarithmic suppression of the density of states at the

Fermi edge described by a function BðVÞ [see Fig. 2(c)],
which has been assigned to electronic disorder [19].
Temperature-dependent measurements up to 13 K (see the
Supplemental Material [30]) show a nearly temperature-
independent function for the DOS BðVÞ as described in
Refs. [19,50].
An important piece of information is obtained from the

second derivative of dI=dV with respect to the voltage, as
presented in Fig. 3(a). This function at T ¼ 5 K shows three
pairs of narrow minima (denoted as A, B, and C), which
correspond to superconducting coherence peaks and will be
discussed further below. The pronounced maximum at EF
reflects the zero-bias anomaly of the normal-state DOS [19].
The conductance spectrum related to the superconduct-

ing phase is given by SðVÞ ¼ ½BðVÞTðVÞ�−1dI=dV. In
Fig. 3(b), SðVÞ measured parallel to the layered crystal
structure is plotted for temperatures between 5 and 13 K.
The two main features in the second derivative [shown by
arrows A and B in Fig. 3(b)] are already visible in the bare
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−
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FIG. 2. (a) ð30 × 30Þ nm2 STM image of the crystal surface
with a tunneling direction parallel to the layered structure of the
κ-Br crystal, revealing a stripe pattern (T ¼ 5 K, I ¼ 60 pA,
Utip ¼ 30 mV). (b) The height profile along the marked area in
(a) reveals an average stripe width of 29.9 Å. The red stripes
indicate the position of the insulating layers. (c) Conductance
spectra dI=dV=TðVÞ at T ¼ 5 K (the black dots) measured at the
ET layer and (d) the Cu½NðCNÞ2�Br layer with −eUtip ¼
eV ¼ E − EF. The function BðVÞ is also plotted in (c) (see
the text for a discussion).
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conductance spectra, whereas feature C becomes discern-
ible only in the second derivative of the spectra.
Discussion.—Our theoretical calculations predict an

anisotropic superconducting order parameter. We note
that a very accurate representation of the calculated gap
on the Fermi surface is given in terms of extended s-
and d-wave functions (see also the Supplemental Material

[30]): Δð~kÞ¼Δ0½cs1ðcoskxþcoskyÞþcd1ðcoskx−coskyÞþ
cs2ðcoskxcoskyÞ�. Although our experiments resolve the
existence of feature C only in the second derivative of the
conductance, the shape of the experimental tunneling
spectra [Fig. 3(b)] bears the essential features predicted
by our theory [Fig. 1(c)]. Features A and B are only slightly
shifted with respect to each other.
In order to connect the calculated quasiparticle DOS

[Eq. (1)] to the measured spectrum SðVÞ, we investigate
whether quantitative agreement canbe reached by fine-tuning
some parameters. In this process, the symmetry of the
superconducting state is kept fixed to the theoretical pre-
diction (mixed extended sþ dx2−y2).We calculate SðVÞ from
Eq. (2) (see the Supplemental Material [30]), where fðEÞ is
the Fermi function, V is the bias voltage, and x is a back-
ground shift, which accounts for parasitic conduction paths:

SðVÞ ¼ 1
BðVÞTðVÞ

dIðVÞ
dV

∝
R∞
−∞ dE½ρqpðEÞð1 − xÞ þ x� −dfðEþeVÞ

dV :
ð2Þ

Using the expression forΔð~kÞ given above, we reevaluate
Eqs. (1) and (2)with parameter sets fΔ0; cs1 ; cd1 ; cs2 ; x; Γg
until optimal agreement with the experimental spectra in the
interval ½−12;þ12� meV is reached. The corresponding
calculated spectra are shown in Fig. 3(b) as solid red lines.
The optimal parameter values listed in Table I are consistent
throughout the investigated parameter range. Only the origin
of the nonmonotonic behavior of Γ is currently unclear.
The nodal positions we find in our study are particularly

appealing because of the ongoing controversy about the
realization of either dxy or dx2−y2 pairing in quasi-2D
organic superconductors. In previous works, a fourfold
rotational symmetry constraint was introduced based on
single-band Hubbard-type models proposed for these
systems with a dimer of molecules per site on an aniso-
tropic triangular lattice [23,25,51–53]. Inspired by recent
ab initio studies [54,55], we, however, went back to the
original κ-type lattice structure and treated all molecules as
entities. As a consequence, we find evidence for a mixed-
symmetry extended sþ dx2−y2 state, which has been
suggested to exist in some parameter regions of various
models for κ-type charge-transfer salts [26,56,57], but
which has so far not been shown to exist in a material-
specific Hamiltonian. Interestingly, a different kind of
eight-node superconductivity has been recently proposed
in the context of Fe-based superconductors [58].
The nodes β correspond to the usually discussed dx2−y2

solution, while the nodes α lie close to the kx direction. In
contrast to the dxy gap found in Ref. [23] there are no nodes
along the ky direction in our results. The twofold rotational
symmetry found in our study is very important because the
analysis of many experiments on κ-ðETÞ2X materials is
based, possibly mistakenly, on the subtraction of a large
twofold symmetric alleged background (see Refs. [8,59])
attributed to other effects, such as phonons.
We note that from a study of the suppression of Tc with

increasing disorder in κ-NCS, a mixed order parameter has
been suggested as an important constraint on models of the
superconductivity [60]. The anisotropic gap should
also appear in related physical properties, such as the
electronic part of the specific heat. Calculations of the
electronic contribution to the specific heat based on
the gap function determined in this work are in favorable
agreement with experimental observations; see the
Supplemental Material [30].
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FIG. 3. (a) Second derivative of the conductance spectrum
dI=dV=TðVÞ at T ¼ 5 K shown in Fig. 2(c). Arrows labeled by
A, B, and C indicate three pairs of minima which are symmetric to
the origin, corresponding to the coherence peaks partially seen in
(b). (b) Conductance spectra SðVÞ ¼ 1=½BðVÞTðVÞ�dI=dV of the
superconducting state as a function of eV ¼ E − EF at different
temperatures measured parallel to the layered crystal structure.
The red lines show mappings of Eq. (2) to the measured data.

TABLE I. Values of the parameters in Eq. (2) obtained by
mapping the calculated SðVÞ to the experimental spectra.

T (K) cs1 cd1 cs2 Δ0 (meV) Γ (meV) x

5 −0.109 −0.276 −0.615 12.218 0.690 0.520
7 −0.128 −0.280 −0.592 10.638 0.641 0.603
9 −0.064 −0.317 −0.620 7.376 0.000 0.466
11 −0.158 −0.200 −0.642 2.984 0.035 0.188
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Summary.—We have studied the organic superconductor
κ-ðETÞ2Cu½NðCNÞ2�Br in RPA spin-fluctuation theory
based on ab initio density functional theory calculations,
as well as low-temperature scanning tunneling microscopy
and spectroscopy with the tunneling direction parallel to the
layered structure. In both theory and experiment, we find
evidence for three coherence peaks in the spectra of the
superconducting state. Our results indicate that the sym-
metry of the superconducting pairing in κ-ðETÞ2X organics
might be neither of the dxy and dx2−y2 states discussed in
previous studies, but rather a mixed extended sþ dx2−y2
type with four nodes located close to the Brillouin zone
diagonals and four nodes located on the quasi-1D sheets.
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