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We investigate the superconducting-gap anisotropy in one of the recently discovered BiS,-based
superconductors, NdOy 7, F ,9BiS, (T, ~ 5 K), using laser-based angle-resolved photoemission spectros-
copy. Whereas the previously discovered high-T'. superconductors such as copper oxides and iron-based
superconductors, which are believed to have unconventional superconducting mechanisms, have 3d
electrons in their conduction bands, the conduction band of BiS,-based superconductors mainly consists of
Bi 6p electrons, and, hence, the conventional superconducting mechanism might be expected. Contrary to
this expectation, we observe a strongly anisotropic superconducting gap. This result strongly suggests that
the pairing mechanism for NdO, ;Fy,9BiS, is an unconventional one and we attribute the observed
anisotropy to competitive or cooperative multiple paring interactions.

DOI: 10.1103/PhysRevLett.118.167002

Since the discovery of the BiS,-based superconductor
LaO,_,F,BiS, by Mizuguchi et al. [1], this class of super-
conductors has attracted much attention and several new
members were found soon after that [2—-6]. They have several
features similar to those of the previously discovered high-T..
superconductors of copper oxides (cuprates) [7] and iron-
based superconductors [8]; that is, they have a layered crystal
structure, and in LnO;_,F,BiS, (Ln = lanthanoid) super-
conductivity emerges at various Ln contents [9] with electron
doping caused by the substitution of F for O like the iron
pnictide LnFeAsO,_,F, (1111 system). Hence, the mecha-
nism of superconductivity in BiS,-based superconductors
may be expected to resemble that of the iron pnictides.
However, in contrast to the other high-7". superconductors,
the conduction bands of BiS,-based superconductors consist
mainly of Bi 6p electrons [10], which are expected to have
relatively weak electronic correlations, rather than 3d elec-
trons, which have strong correlations that have been con-
sidered as indispensable for high-7'. superconductivity.
Hence, in BiS,-based superconductors, conventional elec-
tron-phonon coupling might be considered to be dominant
for their superconductivity.

However, recent neutron scattering experiments have
indicated that the electron-phonon coupling is much weaker
than expected from the above scenario [11] and suggested
the importance of charge fluctuations to superconductivity
in BiS,-based superconductors [12]. In addition, a large
2A/kyT, suggests that the pairing mechanism is unconven-
tional [13,14], and theoretical studies have suggested uncon-
ventional superconducting (SC) pairing mechanisms on the
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basis of calculations that assume superconductivity driven
purely by electron-electron coupling [10,15-18]. These
studies have indicated that the Fermi surface (FS) topology
and SC gap anisotropy depend strongly on carrier doping;
hence, it is crucial for understanding the superconducting
mechanism to directly observe the band structure and SC gap
anisotropy in these compounds.

Angle-resolved photoemission spectroscopy (ARPES) is
a powerful tool for direct observation of the electronic
structure and SC gap [19], and it has already been used to
reveal the basic electronic structure of BiS,-based super-
conductors [20,21]. For NdO,_,F,BiS,, which has a maxi-
mum 7', of 5.6 K [4], FSs smaller than those expected from
the nominal doping have been reported [20,21]. Direct
observation of the SC gap in low-T'. materials with 7. as
low as ~ 3 K has recently become possible by using a laser-
ARPES apparatus that achieves the maximum energy res-
olution of 70 ueV and the lowest temperature of 1.5 K. Using
this apparatus, we measured the band structure and SC gap
anisotropy of a 29% F-doped sample (NdO7;F,9BiS,,
T. ~5 K) and found highly anisotropic SC gaps. By care-
fully adjusting the focal point of the laser and reducing the
spot size to as small as ~100 ym at the cleaved sample
surface, we can probe a region of few defects and detect a
highly anisotropic and possibly nodal SC gap structure.
We conclude that our result strongly suggests that
NdO 71F(29BiS, is an unconventional superconductor that
has competitive or cooperative multiple pairing interactions.

High-quality single crystals of NdOg;;F,.9BiS, were
grown by a CsCl/KCI flux as described in Ref. [22].
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The amount of F substitution for O was determined from
electron probe microanalysis measurements. Clean surfaces
were obtained by cleaving the sample in situ under ultrahigh
vacuum (better than 5 x 10~!* Torr). ARPES measurements
were performed using the He la (hv = 21.218 eV) reso-
nance line with a VG-Scienta R4000 electron analyzer and
using a vacuum ultraviolet (VUV) laser (hv = 6.994 eV)
with a VG-Scienta HR8000 electron analyzer [23]. To
minimize the space charge effect, the repetition rate of the
VUV laser was raised to 960 MHz. The average power of
the VUV laser is on the order of 10 W and does not affect
the cleanliness of the sample surfaces. The total energy
resolution was set to 15 meV for the measurements using
the He discharge lamp and to ~1.2 and 4 meV for the SC gap
measurements and FS and E — k map measurements, respec-
tively, using the VUV laser. More details of the laser ARPES
apparatus have been described in the literature [23-25].
The SC transition temperature was confirmed by magneti-
zation measurements before the ARPES measurements of
the same samples.

First, we determined the FS topology and the positions
of the Fermi momentum (k) for all the FSs. Figures 1(a)
and 1(c) show the FS maps measured using the He I« line at
10 K and using a VUV laser with circular (¢) polarization at
8 K, respectively, and Fig. 1(d) is the enlarged plot of the
region indicated by the solid square in Fig. 1(c). The kg
positions of the FSs were determined by fitting the
momentum distribution curves (MDCs) to Lorentzians
and are indicated by the symbols on the FS maps in
Figs. 1(a), 1(c), and 1(d). The FS maps were created from
the MDCs integrated within £5 meV of Ej. Figures 1(b)
and I(e) show the E-k maps measured using the He la
line and the VUV laser along cuts 1 and 2 shown in
Figs. 1(a) and 1(c), respectively. The E-k map in Fig. 1(b)
clearly shows that the FSs are composed of an electronlike
band, whereas that in Fig. 1(e) shows that two electron bands
are separated along this momentum cut [26]. Two FSs are
recognized in this region, as indicated by the red and blue
symbols in Figs. 1(c) and 1(d), and we call these FS sheets the
outer and inner FSs, respectively. However, in the region
indicated by the green symbols, two FS sheets are almost
degenerate and cannot be separated. We call this region the
degenerate region. The outer and inner FSs enclose 6.3%
and 5.0% of the Brillouin zone area, respectively, and this
corresponds to electron doping of 22.6% per Bi site. This is
almost consistent with the electron doping expected from the
amount of F substitution determined from electron probe
microanalysis, and in contrast to the observation that the FS
volume was considerably smaller than that expected from the
nominal amount of F substitution for NdO,,F,;BiS, by
Zeng et al. [21] This may be attributable to the better quality
of our samples or bulk sensitivity of our measurements.
Additionally, the shape of the FSs differs somewhat from that
previously observed, and it is winding in the degenerate
region and curved in the separation region. This should also
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FIG. 1. FS and E-k maps of NdOy;Fj.9BiS,. FS maps
measured using (a) He Ia at 10 K and (c) a VUV laser at
8 K. The integration energy window of each FS map is +5 meV
from Ef. Red, blue, and green symbols indicate the positions of
k. The solid square in (a) corresponds to the region displayed in
(c). The definition of the FS angle ¢ is shown in (c), and the open
circle in (c) indicates the k for the temperature-dependent EDC
shown in Fig. 2(a). (b) E-k map along cut 1 in (a) measured using
He I at 10 K. (d) Enlarged plot for the region indicated by the
solid square displayed in (c). (e) E-k map along cut 2 in (c)
measured using the VUV laser at 8§ K.

be originated from the fact that the amount of F substitution
for our samples is larger than that for the samples measured
by Zeng et al.

Next, to reveal the SC gap structure of NdOy 71 F( ,9BiS,,
we measured the SC gaps on the two electron FS sheets using
the VUV laser. The energy distribution curves (EDCs)
symmetrized with respect to Er are shown in Fig. 2 [27].
Figure 2(a) shows the temperature-dependent symmetrized
EDCs at k- indicated by the open circle in Fig. 1(c). A valley
structure at Er indicates the existence of the SC gap, and it
vanishes at a temperature close to 7, within a narrow
temperature range (4.9-5.1 K) reflecting a clear transition
between the normal and superconducting phases. We quan-
tified the SC gap size by fitting the EDCs to the Bardeen-
Cooper-Schrieffer (BCS) spectral function as shown in
Fig. S2 of the Supplemental Material [28], and the deduced
temperature-dependent SC gap size A(7) is shown in
Fig. 2(b). More detailed analyses to ensure the validity of
our evaluation of the SC gap size are described in
Supplemental Material [28]. The solid line indicates the
temperature dependence of the SC gap size based on the BCS
theory for A(0) = 810 weVand T, = 5 K, corresponding to
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FIG. 2. Temperature-and FS-angle-dependent symmetrized
EDCs at ky measured using c-polarized light. (a) Temperature-
dependent EDC symmetrized with respect to E at ky indicated
by the open circle in Fig. 1(c). (b) Temperature dependence
of the SC gap size deduced from the fitting. The solid line
indicates the SC gap size from the BCS theory for A(0) =
810 ueV and T, =5 K. (c)—(e) Symmetrized EDCs at k; (c) in
the degenerate region, and clearly separated region of (d) outer FS
and (e) inner FS. The EDCs were measured at 1.5 and 8 K
(T, ~5 K) for various FS angles ¢, as shown in each panel. Gray
symbols indicate the EDCs above T, and solid lines indicate
the fitting functions using a BCS spectral function. EDCs
before symmetrization are shown in Fig. S2 of Supplemental
Material [28].

the reduced gap size 2A(0)/kzT,. = 3.76. One can confirm
that the temperature dependence of the deduced SC gap
size is in good accordance with that of the BCS theory.
Figures 2(c)-2(e) show the symmetrized EDCs at kf in the
degenerate region and the clearly separated regions of
the outer and inner FSs, respectively, measured at 1.5 K
(below T.) and 8 K (above T,.). Each symmetrized EDC
at k. is identified with a FS angle ¢ for each FS [Fig. 1(c)].
The valley structures at Er observed in the symmetrized
EDCs of both FSs [Figs. 2(c)-2(e)] indicate the opening of
the SC gap, and the flat structure indicates that the SC gap is
quite small. For both FSs, the line shape of the symmetrized
EDC:s at k- depends strongly on the FS angle, indicating that
the SC gap is highly anisotropic.

The SC gap anisotropy deduced from the fitting is shown
in Fig. 3. The right axes of Figs. 3(c) and 3(d) correspond to
2A/kgT,, and its maximum is comparable to the BCS
value of 3.53. This suggests that our results are reliable but
is in contrast to previous reports [13,14]. The open symbols
are plotted after symmetrization, taking into account the
tetragonal crystal symmetry. Around ¢ = 5° for the outer
FS and ¢ = 8° for the inner FS, A shows a cusplike
minimum, whereas it is clearly finite at |¢| > 15°. This is
also clear from the symmetrized EDCs (see also Fig. S5 of
the Supplemental Material [28]). They show flat structures
around ¢p = 5° for the outer FS and ¢ = 8° for the inner FS,
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FIG. 3. SC gap anisotropy of NdOy7;F19BiS,. (a),(b) The kr
positions at which the SC gap was measured plotted on the FS map
image for the outer and inner FSs, respectively. Color scale
corresponds to each SC gap size derived from the fitting. Solid
symbols are derived from the EDCs shown in Fig. 2; open symbols
are plotted after symmetrization, taking into account the tetragonal
crystal symmetry. (c),(d) SC gap sizes derived from the fitting
plotted as a function of FS angle for the outer and inner FSs,
respectively. Error bar denotes the standard deviation of the Er
position (see Supplemental Material and Fig. S6 therein [28]). Solid
lines are fitting functions using a model gap function of A(¢) =
|[Ag[1 4+ Ay cos(2¢)) + Ay cos(4gp) + Ag cos(6¢h) + Ag cos(8¢)]|.
(e),(f) Enlarged plots for the regions indicated by solid squares in
(c) and (d), respectively.

whereas they clearly show valley structures at Ep at
|| > 15°. This indicates the existence of SC gap nodes.
Considering the tetragonal crystal symmetry, the FSs
around the X point have twofold rotational symmetry,
and their SC gap anisotropy should also have twofold
symmetry with respect to the X point. Hence, we can use
the following function to fit the SC gap anisotropy:

A(#) = Bl + Aycos(2) + A cos(dg)
+ Ag cos(6¢) + Ag cos(8)]|, (1)

for each FS. Although fairly high-order terms are needed
for the fitting because the FSs are rectangular rather than
ellipsoidal, this fitting function successfully reproduces the
SC gap anisotropy of both FSs, as shown in Fig. 3.
Here, we focus on the SC gap anisotropy and origin of the
pairing interactions. As shown in Fig. 3, the SC gaps of
the outer and inner FSs show strong anisotropies, and we
determined that they have nodelike minima. According to
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FIG. 4. Schematic illustration of multiple pairing interactions. Positive and negative SC gaps A correspond to those originated from
attractive and repulsive interactions, respectively. (a) Competition of g-independent conventional electron-phonon coupling and
g-dependent repulsive spin fluctuations. (b) Cooperation of g-independent electron-phonon coupling and g-dependent attractive charge
fluctuations. (c) Competition of g-dependent attractive charge fluctuations and g-dependent repulsive spin fluctuations. The attractive
charge fluctuations are assumed to be peaked at ¢ = (0,0), whereas the repulsive spin fluctuations are assumed to be peaked at

q = (7, 7).

random phase approximation calculations, a similar FS
topology can produce a d- or g-wave SC gap symmetry
and, hence, a nodal SC gap anisotropy, and its anisotropy is
similar to our results that the nodes are located at the short
edge of the rectangular FSs [10,18,35]. On the other hand,
magnetic penetration depth measurements and thermal
transport measurements have indicated nodeless supercon-
ductivity in NdO,_,F,BiS, (x = 0.3 and 0.5) [36,37].
These results may seem to be inconsistent with our results.
However, if the SC gap symmetry of NdO,_,F,BiS, is s
wave and the SC gap nodes are accidental ones, the nodes can
be lifted by disorder effects because they are not symmetry
protected in nodal s-wave superconductivity. Such a disor-
der-induced topological change of the SC gap structure from
a nodal s wave to a nodeless s wave has been reported for
iron-pnictide superconductors [38—40]. For NdO,_,F,BiS,,
the existence of bismuth and sulfur defects has been reported
from several experiments [20,21,41], and this could also
change the SC gap structure from the nodal s wave to the
nodeless one in bulk measurements. On the other hand,
ARPES is a surface-sensitive technique, although laser
ARPES using a VUV laser is relatively bulk sensitive,
and the VUV laser can be focused to a spot size of
~100 um at the cleaved sample surface by carefully adjust-
ing the focal point of the laser. With this surface sensitivity
and small spot size, laser ARPES can probe a region of
few defects and detect the highly anisotropic and possibly
nodal SC gap structure [42]. In this work, without careful
adjustment of the focal point of the laser, we observed an
anisotropic but nodeless SC gap, and the sufficiently repro-
duced data could not be obtained. Because the SC gap
anisotropy measured by ARPES is generally suppressed
due to the existence of impurities and/or disorders [45],
the observed anisotropy should reflect the region free from
defects and/or disorders. In addition, if the observed
anisotropy is originated from defects and/or disorders, such
anisotropy cannot be reproduced because defects and/or
disorder should be different for piece-by-piece or sample
positions, and, hence, the obtained reproducibility assures
that the observed anisotropy is intrinsic.

As mentioned above, our results revealed a strong SC
gap anisotropy and suggested the existence of accidental
nodes in nodal s-wave symmetry. This should indicate
competition or cooperation among multiple pairing inter-
actions. First, a strong SC gap anisotropy suggests con-
tributions from unconventional SC pairing interactions that
have a strong g dependence. On the other hand, a finite
g-independent component A can be expected to originate
from the conventional pairing interaction of phonons.
Thus, we assumed competition and cooperation among
three types of SC pairing interactions as the typical
possible origins of superconductivity in NdOg 71 F( ,9BiS,:
(i) g-independent electron-phonon coupling, which produ-
ces conventional superconductivity, (ii) g-dependent repul-
sive spin fluctuations, and (iii) g-dependent attractive
charge fluctuations. As schematically shown in Fig. 4, we
considered competition and cooperation among these three
interactions as the origin of the SC gap anisotropy in
NdO, 71F(19BiS,. Here, positive and negative SC gaps A
correspond to those originated from attractive and repulsive
interactions, respectively. In Fig. 4(a), g-independent elec-
tron-phonon coupling and g-dependent spin fluctuations are
assumed. Whereas electron-phonon coupling is an attractive
interaction, spin fluctuations are originated from a repulsive
Coulomb interaction; thus, these interactions should be
competitive. In this case, depending on the ratio of these
contributions, the SC gap can be nodal. On the other hand,
in Fig. 4(b), g-independent electron-phonon coupling and
g-dependent attractive charge fluctuations are assumed. In
this case, the two interactions are cooperative; thus, the SC
gap can be strongly anisotropic but nodeless. In Fig. 4(c),
g-dependent repulsive spin fluctuations and attractive charge
fluctuations are assumed. Both interactions are anisotropic
and the SC gap likely becomes nodal. We cannot conclude
which case is the most appropriate for NdO 7, F( ,9BiS,, but
in any case, it is strongly suggested that the mechanism of
superconductivity in NdOg 7, F; ,9BiS, is unconventional.

In summary, we investigated the band structure and SC
gap anisotropy of NdOg7;F;,9BiS, by ARPES measure-
ments using a He discharge lamp and a VUV laser.
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We observed two electron FSs and found that their SC
gaps are strongly anisotropic and have nodelike minima.
Whereas the observed SC gap anisotropy is similar to that
of the theoretical results, suggesting the possibility of a d or
g wave for the SC gap symmetry of NdO 7;F,9BiS,, an s
wave with accidental nodes is strongly suggested from the
comparison to the other experimental results. We consid-
ered competition and cooperation of multiple pairing
interactions and concluded that NdOg;F;,9BiS, is an
unconventional superconductor.
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