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Abstract. In this paper, we present detailed analyses of the field-angle dependence of the heat capacity
of the quasi-one-dimensional superconductor (TMEEK), with various models of superconducting gap
structure. We clarify that the superconducting gap structure with line nodgs=at-0.250° is the only
structure that is consistent with our experiment, irrespective of the value of the anion gap. The observed
field-angle dependence of the heat capacity indicates that two of the four nodes mainly contribute to the
quasiparticle excitation.

1. Introduction

In modern researches of superconductivity, investigation of unconventional superconductors, which
have anisotropic gaps with sign reversals, is one of the most important subjects. The “Bechgaard
salts”, consisting of tetramethyl-tetraselena-fulvalene (TMTSF) molecules and anions, are the first
organic superconductors reported in 1980 [1, 2] and are among the longest-studied unconventional
superconductors. The TMTSF family is also unique because they have archetypal quasi-one-dimensional
(Q1D) electronic bands [3, 4, 5, 6]. Interestingly, the superconducting (SC) phase is located next to the
spin-density-wave (SDW) magnetic insulating phase in the pressure-temperature phase diagram. Thus,
the possibility of spin-fluctuation-mediated superconductivity has been proposed. Indeed, the existence
of spin-fluctuation in the vicinity of the SC state has been recently investigated [7, 8, 9, 10].

We recently performed field-angle-resolved calorimetry of the ambient-pressure SC member of the
TMTSF family: (TMTSF)CIO,4 [11]. We observed a peculiar modulation in the in-plane field-angle
dependence of the heat capacitysee Figs. 2(a) and (b)) with clear kinksgat +10°. This modulation
is attributed to the quasiparticle excitation with wavenumbenear SC gap nodes/zeros [12, 13].

The position of the kinks gives us a crucial information on its SC gap structure: The SC gap
nodes or zeros are located fatpoints where the Fermi velocityg(k) points +10° away from the
crystalline a axis. From this information, we proposed that thewedve-like” [14] gap structure

with nodes atk, = +0.250" (structure D in Fig. 1) is most consistent with the experiment. The
identification of the gap structure should provide a solid bases to understand interesting SC phenomena
in the TMTSF family, such as a possible Fulde-Ferrel-Larkin-Ovchinnikov (FFLO)-like state in high
fields [15, 16, 17, 18, 19, 20, 21, 22].

In this paper, we present detailed analyses of the heat capacity data assuming various models of
superconducting gap structures. We clarify that the superconducting gap structure with line nodes at

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1



10th International Conference on Materials and Mechanisms of Superconductivity (M2S-X) IOP Publishing
Journal of Physics: Conference Series 449 (2013) 012032 doi:10.1088/1742-6596/449/1/012032

A: s-wave B: d-wave-like C: d-wave-like D: d-wave-like E: d-wave-like
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Figure 1. Schematic drawings af-wave andi-wave-like superconducting gap structures. The orange
and green colors indicate and — signs of the superconducting gap, respectively. The red solid lines
indicate nodal positions in the SC gap whereas the red broken lines indicate nodes that do not cut the
Fermi surface. The purple lines in B indicate the positions of small gap minima. The first row exhibits
gap structures for the split Fermi surface for (TMT&ED,. The structures in the second row are
corresponding gap structures for the non-split Fermi surface for (TMuFFE) We here defindy and

ky as a set of orthogonal basis in the reciprocal space as shown in the panel A. A ad/dve state.

The three nesting vectors [23], g2, andgs for the folded FS and the nesting vectgrfor the unfolded

FS are also shown with blue arrows. Except the inter-band nesting vectl the others are intra-band
nesting vectors. Bd-wave-like state with small gap minima gt = +0.5l" but without nodes. [24]

B’: d-wave-like state, which turns into the structure B when the Fermi surface is folded due to the anion
order. C.d-wave-like state with gap nodes running parallel tolh¥ line. [25] D: d-wave-like state

with gap nodes at, = +0.255.  E: d-wave-like state with gap nodeslgt = 0 and+0.5l°. For the
structures C—E, no corresponding unfolded SC gap structures have been proposed.

ky = £0.250" is the only structure that is consistent with our experiment, irrespective of the choice of the
value of the anion gagao, which causes the splitting of the quasi-one-dimensional Fermi surface into
two pairs. The observed behavior indicates that two of the four nodes mainly determines the field-angle
¢ dependence of the heat capacity.

2. Possible Nodal Structures of the Superconducting Gap

Generally speaking, when the Fermi surface (FS) is strongly nested with a nesting @agipand
spin-singlet Cooper pairs are formed by the spin fluctuation @iths; the SC gapl(k) and the pairing
interactionV(q) should satisfy the relation [4]

V(Qnespd(k)A(k + Qnes) < 0 (k, k + Qnest€ Fermi Surface) QD

This is a direct consequence of the gap equation with assumptigh{hdithas a large peak gt= Qnes:
For superconductivity near spin-density wave states, the val0g @fes) should be positive. Thus,
Eqg. (1) can be simplified as

A(R)A(k + Qnes) < 0 (k, k + Qneste Fermi Surface). (2)

The Brillouin zone (BZ) and FS of (TMTSEEIO, is folded along theb* direction due to the
orientational order of the tetrahedral Gl@nions. Thus, the FS consists of two pairs of warped sheets as
shown in Fig. 1(a). For this folded FS, three nesting veciarsy», andgs exists [23]; whereas for the
unfolded FS shown in A qq is the only nesting vector.
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For (TMTSF)CIQy4, there are several candidates for its spin-singlet SC gap structure as shown in
Fig. 1. For example, thé-wave-like structure Bwith line nodes, which has been theoretically predicted
for the unfolded FS [26, 27, 28, 4], is folded resulting in the structure B [24]. Thierdince is that the
nodes in B disappear and are replaced by small gap minimg at +0.5b" due to the split of the FS.

Note that both structures B and Batisfy the relation (2) witlQnest = g3 andQnest = qo, respectively.

The structure C is recently predicted by Mizugtal [25] for a certain situation where charge fluctuation
contributes to the Cooper pairing [29]. This structure satisfies Eq. (2)@ith.= g3. We also list other
possible structures D and E. For the structure D, Eq. (2) is satisfied@yithh = g1 andq,. Thus the
intra-band nesting drives the pairing for this state. The structure E is similar to the structure C and the
inter-band nestings is important. We should note that the structures C, D, and E are essentidhgni

from the structure B in the sense that lis not converted to C, D, and E by the FS folding.

For simplicity we only lists-wave andl-wave-like structures in Fig. 1. However, more complicated
structure such ag-wave-like states [30] might also be possible. The present experiment is not phase-
sensitive; thus we cannot distinguish structures with the same nodal positions butfteitardisigns.

3. Anisotropy in the Doppler shift
Within the Doppler shift model, the heat capadyof a Q1D superconductor with line nhogesros on
its SC gap should depend on the field-directowith respect to tha axis as

C(@)/T o« N(g) (rzsm2¢+cosz¢)1/4w/H 5] 2 Aalsin@ =gl (3)

n:nodes

asexplained in Ref. [11]. Herel is the quasiparticle density of states, is the angle between tte

axis and the Fermi velocity at a node, afids Heo(¢p = 0°)/Hea(¢p = 90°) is the in-plane anisotropy

ratio of the upper critical fieldc,. The codficient A, represents the contribution of each node to the
field-angle-dependent heat capacity. For superconductors with higher crystalline symmetry, all nodes
should have the same value&f. In contrast, because (TMTSF)IO,4 has a triclinic crystal as well as

band structures, the valuesAf may be different amongftierent nodesé\, should depend on the details

of the band structure as well as of the SC gap structure near the gap node, e.g. the lineao§kbee

gap around the nodet(k) ~ Ak — knogd-

In Ref. [11], we choseéAn2/An1 = 0.3 in order to demonstrate that the model captures important
features of the experimental result, namely the asymmetry and the kink structuresGyiTthes. ¢
curve. However, as shown in Fig. 2, this choice of the valudgfA,1 is not very essential: as long as
the conditionAn2/An1 < 0.7 is satisfied, the observed behavior is reproduced.

The experimental result is hardly explained without the anisotropyjn This fact strongly
suggest that the triclinic anisotropy in the band structure and the SC gap structure is important in the
superconductivity of (TMTSRIO,4. Investigation of the origin of this anisotropy #,, however,
requires detailed theoretical calculations and is far beyond the scope of this paper.

We should note that recent theory [31] based on the Kramer-Pesch approximation also revealed that
the observed behavior is indeed attributable to the existence of the gap node.

4. Anion-gap-energy dependence of the Fermi surface geometry
In the anion ordered state, there should be an anion gap emgsgwhich corresponds to the difference
in the on-site energy of the neighboring TMTSF chains driven by the anion order. In Ref. [11], we used
the valuedpo = 100 meV deduced from the X-rayftfiaction [23]. However, several transport studies
have suggested smaller valuestap such as 4.5 meV and 25 meV [32, 33]. In addition, a recent first-
principle band calculation claimed thdgo is nearly zero [31]. Within the tight-binding model [23],
when4ao becomes larger, the FS becomes flatter and the angle between the Fermi velocity @and the
axis, ¢, tends to become smaller, as shown in Fig. 3.

This change in the Fermi surface geometry is important when we discuss the SC gap structure based
on the experimental results.
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Figure 2. (a) In-plane field-angle dependence of the heat capacity of a (TMT&HRD, single crystal,
measured at 0.14 K and 0.3 T [11]. The panel (b) is an enlarged viewgneaf°. (c) Normalized
guasiparticle density of states (QDON)¢)/N(90°) for I' = 3.5, (¢n1, ¢n2) = (-10°,+10°), and
An2/An1=0.1,0.3,0.5,0.7, and 1.0. The panel (d) is an enlarged viewgmea*.
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Figure 3. Dependence of the Fermi surface geometry on the anion gap etgsggalculated based
on the tight-binding model. [23] (a) Fermi surfaces foffelient values offao. (b) Anion-gap-energy
dependence af,,. = arctan(y/vy) for the outer Fermi surface of thg > 0 side. (c) Anion-gap-energy
dependence af,, for the inner Fermi surface of the > 0 side.

5. Detailed analysis of the gap structure

Here, we deduce the SC gap structure from the experimental results by comparing nodal structures shown
in Fig. 1. Itis also required to consider the dependence of the Fermi velocity@®mecause there is

some ambiguity in the value afao. In Table 1, we list values o;f”"defor several superconducting gap
structures and for different valuesAfo.

Our experimental results require that node&@ﬁ’ ~ +10° and ofgb”"de —10° mustbothexist. In
Table 1, if we allow error bars of°1there are only two possibilities that satisfy this condition: i.e. the
structure D withdao = 0 meV and withdao = 100 meV; in case ofipo = 0 meV the inner FS has nodes
of ¢>”°de ~ +10° whereas in case ofao = 100 meV the outer FS has such nodes. Thus, irrespective
of the value of4a0, we can conclude that the structure with nodels,at +0.25 is the only possible
nodal structure that is consistent with our experiment.



10th International Conference on Materials and Mechanisms of Superconductivity (M2S-X) IOP Publishing
Journal of Physics: Conference Series 449 (2013) 012032 doi:10.1088/1742-6596/449/1/012032

Table 1. Nodal direction in the velocity space (i.e. the angle between the Fermi velocity at the node
and thea axis,qﬁ?,gde) for different gap structures and the anion gap energy. The valugﬁ%ffor the

outer FS (O-FS) and those for the inner FS (I-FS) are listed separately. P@iﬁg‘i‘ihat are consistent

with our experiment within an error bar efl° are shown with bold letters. The non-foldddvave like

structure Bis also examined in the last column.

¢;‘,‘;"efor nodal structures listed in Fig. 1

Apo (MeV)  structure B structure C structure D structure E structure’B
O-FS/I-FS O-FS/ I-FS O-FS/I-FS O-FS/I-FS
0 +5°/+1° +45°,-12/+9°,-13 +15,-14/+49°, —10° +5° -10°/+1°,+2° +11°,-1&
25 +5°/+1° +5°, -9° / +5°, -1T1° +13, -13 / +8°, =9 +5°, -8/ +1°, O° -
50 +5° / +1° +5°, =7° | +3°, -9° +12°, =12 | +7°, -7° +5°, =7°/+1°, O -
100 +5° /+1° +5°, -6° / +1°, -6° -+10°, —10°/+5°, -5° +5°, =5° / +1°, -1° -

fFor the structure B, which is a fully-gapped state, we list lggeat the gap minima d¢, = +0.5b".
#Values for the non-folded structure B calculated based on the high-pressure band structure in Ref. [23].

6. Contribution from all nodes

We for simplicity calculatedN(¢) by taking into account of only the two nodes sztﬁfgde: +10° in the
preceding discussion. However, as shown in Fig. 1, the structure Dasodes on its SC gap. Below,
we will examine the contribution from the other two nodes.

In Fig. 4, we plotN(¢)/N(90°) for the gap structure D withao = 100 meV (i.e. §n1, ¢n2, dn3, Pna) =
(-10°,+10°,-5°,+5°) anddp0 = 0 meV (i.e. @n1, Pn2, Pn3, dna) = (=107, +9°, —15°, +14°)) with
several sets of4n1, An2, An3, Ana), the strength of nodal contribution to the heat-capacity oscillation. Itis
clear that the additional contributions of the nodes n3 and n4 do not alter the qualitative beha(ipy, of
unlessAnz andAn4 are as large a8,1. Thus, the structure D is still consistent with the experiment. It is
rather dificult to detect the contributions of all nodes even with the present high-resolution calorimeter,
considering the signal-to-noise ratio of the data in Fig. 2(b).

7. Summary

In order to fully evaluate the superconducting gap structure from our calorimetry, we have examined
several superconducting gap structures. We clarified that the superconducting gap structure with line
nodes ak, = 0.250 is the structure that is consistent with our field-angldependence of the heat
capacityC. The simplest example is shown in Fig. 1D, but possibility of a structure with the same nodal
positions but with dierent signs (e.gg-wave-like state) is not excluded. The conclusion on the nodal
position is not altered irrespective of the value of the aniongygp We also demonstrate that the shape

of the C/T-¢ curve is mainly determined by nodes with large contributions to the heat capacity. This
analysis guarantees the validity of the model in Ref. [11] taking into account of contributions from only
two of the nodes.
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