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Two distinct superconducting pairing states divided by
the nematic end point in FeSe1−xSx
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Shigeru Kasahara,2 Takasada Shibauchi,3 Yuji Matsuda2

Unconventional superconductivity often competes or coexists with other electronic orders. In iron-based super-
conductors, a central issue has been the relationship between superconductivity and electronic nematicity, sponta-
neous breaking of the lattice rotational symmetry. Using spectroscopic-imaging scanning tunneling microscopy, we
simultaneously investigated the electronic structure and the superconducting gap in FeSe1−xSx, where the nematicity
diminishes above the nematic end point (NEP) at x = 0.17. The nematic band structure appears as anisotropic quasiparticle-
interference patterns that gradually become isotropic with increasing x without anomalies at the NEP. By contrast, the
superconducting gap, which is intact in the nematic phase, discontinuously shrinks above the NEP. This implies that
the presence or absence of nematicity results in two distinct pairing states, whereas the pairing interaction is insen-
sitive to the strength of nematicity.
INTRODUCTION
Iron-based superconductors are characterized by multiple Fermi sur-
face pockets, each of which is composed of multiple Fe 3d orbitals
(1–3). Such a complicated electronic structure leads to spin (2, 4, 5)
and orbital (6–9) fluctuations that are major candidates for the pair-
ing interaction causing superconductivity. Electron interactions re-
sponsible for the pairing often give rise to other ordered phases that
compete or coexist with superconductivity. In iron-based supercon-
ductors, the nematic phase, which is characterized by the broken
lattice rotational symmetry in the electronic states, is regarded as a sister
phase of superconductivity (10). Therefore, the interplay between super-
conductivity and nematicity is the key to clarifying the nature of the
dominant fluctuation responsible for superconductivity.

Iron chalcogenide solid solution FeSe1−xSx is an important model
system for investigating the relationship between superconductivity and
nematicity. The parent material FeSe exhibits tetragonal-orthorhombic
structural phase transition at Ts ~ 90 K, without a subsequent magnetic
order at a lower temperature (11, 12). Angle-resolved photoemission
spectroscopy (ARPES) experiments have revealed that the structural
transition accompanies the lifting of the degeneracy between dxz
and dyz orbitals, of which energy splitting reaches values as large as
~50 meV at low temperatures (13–15). Although details of the inter-
pretation of the ARPES data are still under debate (16–18), it is widely
accepted that such a large energy splitting is difficult to be explained by
the small orthorhombic lattice distortion (~0.2 %) (19), meaning that
the orthorhombic phase is not associatedwith the lattice instability but
nothing other than the electronically driven nematic phase. Super-
conductivity takes place in this nematic phase atTc ~ 9K (11).Nematicity
can be systematically suppressed by isovalent sulfur substitution, andTs
diminishes at the nematic end point (NEP) at x = 0.17 (12, 20), whereas
superconductivity is observedall thewayup tox=1.0 (21,22).High-quality
single crystals are available over a wide x range including the NEP (20),
offering an ideal platform to experimentally examine the electronic-state
evolutions as a function of x, namely, the strength of nematicity.
There are several experiments that have examined the electronic
states of FeSe1−xSx. ARPES (23, 24) and quantum-oscillations (25) ex-
periments have revealed that the size of the Fermi surface increases with
increasing x and in-plane band anisotropy disappears in the tetragonal
phase (24). Superconducting (SC) gap has been detected byARPES (26)
and scanning tunnelingmicroscopy (STM) (27), but x ranges studied so
far are limited. Comparative studies of the band structure and the SC
gap across the NEP have remained unexplored.

To settle this issue, we have performed spectroscopic-imaging STM
(SI-STM) on FeSe1−xSx single crystals over a wide x range 0≤ x≤ 0.25.
Topographic and spectroscopic images gained by SI-STM allow us to
concurrently determine the chemical composition, the band structure,
and the SC gap in the same field of view. By repeating the same mea-
surements and analyses on the samples with different x, we have exam-
ined the systematic evolutions of the electronic states across the NEP
and have provided a spectroscopic evidence of phase transition in the
SC state at the NEP.
RESULTS
Determining the sulfur contents by topographic imaging
First, we characterize the samples by topographic imaging. Figure 1 (A
to E) shows the representative atomic-resolution topographic images
of the cleaved surfaces of FeSe1−xSx single crystals. In the sulfur-
substituted samples, depressions are observed in a regular chalcogen
lattice. These correspond to the sulfur atoms that have a smaller atomic
radius than selenium. By counting the numbers of sulfur and selenium
atoms in a wide field of view (100 nm × 100 nm), the chemical com-
position can be determined with high accuracy. Here, we have mea-
sured nine different samples ranging 0 ≤ x ≤ 0.25. Next, we checked
the spatial distribution of the sulfur atoms by plotting the locations of
the sulfur atoms. As shown in Fig. 1 (F to J), the sulfur atoms are uni-
formly distributed in our fields of view without apparent tendency to
the segregation. Details of the sample characterization by topographic
imaging are given in the Supplementary Materials.

Evolution of the band structure upon sulfur doping
Having the chemical compositions of all the samples, we examine the
systematic x evolution of the band structure by analyzing the electronic
standing waves generated by the quasiparticle interference (QPI) effect.
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We observe the QPI patterns that appear in the energy (E)–dependent
tunneling-conductance map g(r, E = eV) ≡ dI(r, V)/dV, where r is the
lateral position at the surface, e is the elementary charge,V is the sample
bias voltage, and I is the tunneling current.Here, we analyze the normal-
ized conductancemap L(r,E= eV)≡ (dI(r,V)/dV)/(I(r,V)/V) to avoid
the error associated with the feedback loop of the constant-current
scanning (28, 29). Fourier transformation of L(r, E) yields QPI patterns
Lq(q, E) in scattering-vector q space, allowing us to determine the set of
characteristic scattering wave vectors qi(E) that connect two states on
the same constant-energy surface inmomentum k space. The band dis-
persions can be inferred from qi(E).

To study the normal-state characters down to low energies, we sup-
pressed the SC gap by applying a magnetic field of 12 T perpendicular
to the surface. As we will explain later, the SC gap shrinks above the
NEP. Therefore, we analyzed the zero-field data in the tetragonal phase.
Figure 2 shows x-dependent Lq(q, E) at representative energies. In FeSe
(x = 0), QPI patterns exhibit strong in-plane anisotropy, manifesting
itself as the nematic band structure. In the filled state (E < 0), there
are spot- and arc-like features (red and orange arrows, respectively) along
the qb axis, whereas in the empty state (E > 0), a streak-like feature (white
arrow) appears perpendicular to the qa axis. Here, qa ∥ aFe and qb ∥ bFe,
where aFe and bFe are in-plane primitive vectors of the Fe lattice. Here,
we adopt a coordinate system with x ∥ aFe, y ∥ bFe, and bFe ≡ |bFe| ≥
aFe ≡ |aFe|. As we reported previously (30) and will be discussed in
detail below, these QPI signals exhibit electron- and hole-like dispersions
alongqa and qb, respectively, corresponding to the intraband backscatter-
ings in the electron bands at the Brillouin zone corner and in the hole
band at the zone center, respectively.With increasing x, spot-like features
gradually spread out in q space and evolve into almost isotropic QPI pat-
terns above theNEP, as expected from the tetragonal symmetry. Residual
anisotropy observed above the NEP may be associated with an extrinsic
small strain in the sample that would be introduced by the thermal stress,
etc. This couldmatter because of the large nematic susceptibility (20), or
it would be intrinsic in origin, as suggested in other tetragonal iron-
based superconductors (31–33). A QPI data set, including results of
other x and E values, is available in the Supplementary Materials.

Energy-dependent line profiles from Fig. 2 along the qa and qb axes
are shown in Fig. 3 (A to E and F to J, respectively). In the x = 0 sample,
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there is one electron-like branch (qe) along qa (Fig. 3A), which we as-
cribe to the intra–electron-band scattering that connects the flat parts of
the constant-energy surface (Fig. 3K). This is because the flatter the
connected parts are, the more scattering channels become available at
the similar q. Features appearing along qb are rather complicated. There
are four q vectors labeled as qhi (i = 1 to 4) in Fig. 3F. Two of them, qh1
and qh2, cross the Fermi level (E = 0 meV). Because all of these vectors
exhibit hole-like dispersions, they should correspond to the intra–hole-
band scatterings. To clarify the relation between theseQPI branches and
the band structure, we compare our QPI data with the q vectors
expected from the intraband backscatterings (k ↔ −k) in the hole
bands.According to theARPES results (15, 34), there are two concentric
hole bands and the outer one crosses the Fermi level. In contrast to the
strongly two-dimensional electron band (17), the hole bands have
three-dimensionality, and the constant-energy surface is warping along
the kz direction (Fig. 3K). Because of this warping, backscattering q vec-
tors at kz = 0 and kz = p/c are different (c denotes the lattice constant
along the z axis).We calculate various backscattering q vectors from the
ARPES results (15) and plot them in the left half of Fig. 3F. Here, orange
and red lines are for the outer hole band, and green and light blue lines
are for the inner hole band. Solid and dashed lines represent the
backscattering q vectors at kz = 0 and kz = p/c, respectively. QPI
branches crossing the Fermi energy,qh1 andqh2, coincidewith the back-
scatterings in the outer hole band at kz = p/c and kz = 0, respectively,
meaning that theymeasure theminor axes of the elliptical cross sections
of the cylindrical constant-energy surface (Fig. 3K). Here, we note that
qe, qh1, and qh2 all connect the parts of the constant-energy surface with
a dominant dxz character (16, 35, 36). Other branches, qh3 and qh4,
should be associated with the inner hole band because they are close
to the corresponding backscattering q vectors at kz = p/c and kz = 0,
respectively (Fig. 3F).

The above comparison between QPI and ARPES data indicates that
the different kz states of the hole bands are separately captured in the
QPI patterns. This provides a new perspective because most of QPI
studies to date either have been performed on two-dimensional ma-
terials or have implicitly assumed the two-dimensional electronic states.
The microscopic origin of this three-dimensional QPI is unclear at
present. One possible scenario is that extrema in the constant-energy
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Fig. 1. Characterization of FeSe1−xSx single crystals by topographic imaging. (A to E) Constant-current topographic STM images of FeSe1−xSx. Feedback loop for
scanning was established at the setup sample-bias voltage Vs = +20 mV and setup tunneling current Is = 100 pA. For x = 0 sample, Is = 10 pA was used. Local depressions
represent sulfur atoms that replace the selenium atoms. The images were cropped from the larger images of 100 nm × 100 nm (160 nm × 160 nm for x = 0) fields of view,
where all the subsequent SI-STM experiments were performed. Ortho., orthorhombic; Tetra., tetragonal. (F to J) Distributions of sulfur atoms in wider fields of view. Each red
dot denotes the position of a sulfur atom. No tendency to the segregation is observed.
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surface that bring about large density of states may play a role, as in
the case of the quantumoscillations. In particular, if there is a flat part in
the three-dimensional constant-energy surface, then strong QPI signals
perpendicular to the flat part may show up due to electron focusing
(37). Detailed theoretical analyses are indispensable to establish the
condition to observe the kz-dependent QPI.

Besides qe and qhi (i = 1 to 4), there are a couple of features in
Fig. 3 (A and F), but they may not be related to the band structure.
Features near |q| ~ 0.05(2p/aFe) in the filled and empty states along qa
and qb, respectively, do not disperse with energy, being inconsistent
with any band dispersions. Signals near q ~ 0 may be due to the ran-
dom distribution of the defects (see the Supplementary Materials).

Having these assignments of the QPI branches, we examine the x
dependence of the band structure. As shown in Fig. 3 (A to J), the
electron-like branch becomes obscured with increasing x, whereas
the hole-like branches remain observable over the whole x range stud-
ied. For the outer hole band, the relative difference between qh1 and
qh2 becomes smaller with increasing x, and the qh1 branch is not re-
solved for x > 0.14, suggesting that three-dimensionality becomes
weaker with increasing x.

To analyze the evolution of the band structure quantitatively, we
fit dispersions of qh1 and qh2 (right halves of Fig. 3, F to J), from
which Fermi wave vectors qhi(E = 0 meV)/2 and Fermi velocities
ð2=ħÞdE=dqhijE¼0meV can be calculated (i = 1, 2). As shown in Fig. 3L,
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Fermi wave vectors, which correspond to the minor axes of the cross
sections of warped Fermi cylinder at kz = 0 and kz = p/c, increase with
increasing x. Because the increasing rates of the cross-sectional areas of
the Fermi cylinder (25) are almost the same as the increasing rates of the
Fermi wave vectors for the minor axes, it is suggested that the major
axes of the cross sections of the Fermi cylinder are hardly affected by
sulfur doping, meaning that the in-plane anisotropy decreases with
increasing x. Fermi velocities are almost constant or slightly decrease
with x, as depicted in Fig. 3M. The important observation is that both
Fermi wave vector and Fermi velocity evolve smoothly without detect-
able anomalies at the NEP.

Evolution of the SC gap upon sulfur doping
Next, we examine the x dependence of the SC gap. Figure 4A shows a
series of SC gap spectra averaged over the same fields of view used for
the above QPI experiments. The spectrum in the nematic phase (x <
0.17) is apparently unaffected by sulfur doping. The V-shaped spectra
indicate a nodal or highly anisotropic SC gap (38). We take the second
derivative of the tunneling spectra to examine the fine structures of the
gap. As shown in Fig. 4B, there are dips, which correspond to the peaks
in the original spectra, at about ±0.6, ±2.5, and ±4.0 mV. These fine
details of the SC gap are intact as long as the system is in the nematic
phase. The situation changes markedly at the NEP, above which the SC
gap suddenly shrinks. In Fig. 4C, we plot the apparent gap amplitude
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Fig. 2. In-plane QPI patterns of FeSe1−xSx at representative energies. (A to O) Each panel depicts the QPI pattern Lq(q, E) in q space obtained by Fourier-
transforming the normalized real-space conductance map L(r, E ). Tunneling spectra for each L(r, E) map were taken on a grid of 256 × 256 pixels in a 100 nm ×
100 nm (160 nm × 160 nm for x = 0) field of view. Measurement conditions were Vs = +50 mV, Is = 100 pA, and the modulation amplitude for the lock-in detection
Vmod = 0.85 mVrms. For the samples in the nematic phase (x < 0.17), experiments were carried out under 12-T magnetic field perpendicular to the surfaces to suppress
superconductivity. In other samples, no magnetic field was applied. Strongly anisotropic QPI patterns for the x = 0 sample (A, F, and K) reflect the nematic character of
the band structure. White arrow indicates the inter–electron-band QPI signal. Red and orange arrows denote the QPI signals associated with the outer hole band (see
main text for details). The QPI patterns gradually become isotropic with increasing x. aFe ≡ |aFe|, bFe ≡ |bFe|, qa ≡ |qa|, and qb ≡ |qb|.
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Dþ
p þ D�

p and the zero-energy spectral weight normalized by the weights
at the gap-edge energies 2gð0Þ=ðgðDþ

p Þ þ gð�D�
p ÞÞ. Here, Dþð�Þ

p de-
notes the energy of the main peak in the tunneling spectrum g(E)
in the positive (negative) bias side (Fig. 4A). It is clear that there are
abrupt changes in both quantities at the NEP, manifesting the
phase transition in the SC state. Recent specific-heat measurement
shows that tetragonal x = 0.20 sample has Tc ~ 4.5 K that is lower
than Tc = 9 to 11 K in the nematic samples (39), being consistent with
the SC-gap suppression observed in this study.

To obtain the k-space information of this transition, we study
QPI patterns of Bogoliubov quasiparticles observed in the SC-gap en-
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ergy scale. Energy-dependent line profiles of the Fourier-transformed
Bogoliubov QPI (BQPI) patterns along qa and qb are shown in Fig. 4
(D to H and I to M, respectively). In both directions, patterns are al-
most particle hole–symmetric, being consistent with the nature of the
Bogoliubov quasiparticles. In the x = 0 sample, there are two pairs of
V-shaped dispersing branches along qb (Fig. 4I). The lower- and higher-
energy branches terminate at about ±2.5 and ±4.0 mV and are con-
nected to the qh1 and qh2 branches, respectively. This suggests that the
V-shaped dispersions are originated from the SC gap on the outer hole
band, and the dips at ±2.5 and ±4.0 mV in Fig. 4B represent the gap
amplitudes near kz = p/c and kz = 0, respectively. The dip at ±0.6 mV
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Fig. 3. Evolutions of QPI dispersion and band structure upon sulfur doping. (A to E) Energy-dependent line profiles of Fig. 2 along the qa direction. Electron-like QPI
branch qe is identified. This branch becomes obscured with increasing x. (F to J) Energy-dependent line profiles of Fig. 2 along the qb direction. There are four QPI branches as
labeled qhi (i = 1 − 4). To analyze the dispersions of QPI branches that cross the Fermi level (qh1 and qh2), we have determined the peak positions of the constant-energy line
profile (scattering-vector distribution curve) by fitting the data with multiple Gaussian peaks. The obtained peak positions for qh1 and qh2 are plotted by orange and red
open circles, respectively, on the right half of each panel. The obtained qh1(E ) and qh2(E ) data are fitted by quadratic functions of E shown by orange and red solid
lines on the right half of each panel. On the left half of (F), intra–hole-band backscattering vectors expected from the ARPES data (15) are plotted. Orange and red
lines are for the outer hole band, and green and light blue lines are for the inner hole band. Solid and dashed lines represents the backscattering q vectors at kz = 0
and kz = p/c, respectively. (K) Schematic illustration of the constant energy surface in k space (not in scale). Colors on the surface denote different orbital characters:
blue, dxz; green, dyz; red, dxy. The inner hole band is not shown. (L) Evolutions of the Fermi wave vectors as functions of sulfur content x. qh1(E = 0 meV)/2 and qh2(E = 0 meV)/2
correspond to the minor axes of the elliptical cross sections of the outer hole Fermi cylinder at kz = p/c and kz = 0, respectively. Lines serve as visual guides. (M) Evolution
of the Fermi velocity as a function of sulfur content x. Lines serve as visual guides. Anomalies are observed neither in the Fermi wave vector nor in the Fermi velocity at
the NEP at x = 0.17.
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should also represent a feature related to the SC gap, but its location in
k space is unclear at present. We could not observe BQPI signals as-
sociated with the electron band (35).

In general, dispersing BQPI signals mean that the SC gap is aniso-
tropic in k space. In such a case, a constant-energy surface in k space
surrounds the k point where the gap takes a minimum, and the dom-
inant scattering vectorsmay connect the tips of the constant-energy sur-
face that make joint density of states high. This model was developed in
the field of cuprate superconductivity (40–42) and has also been applied
to other unconventional superconductors including FeSe (35). In this
way, dispersing BQPI signals carry information of the gap structure
in k space. In the case of FeSe, if the observed V-shaped dispersions
along qb are associated with the intra–outer-hole-band backscattering,
then the gap minimum should be located along the major axis of the
Hanaguri et al., Sci. Adv. 2018;4 : eaar6419 25 May 2018
elliptical cross section of the Fermi surface. We could not reconstruct
the whole structure of the SC gap because the corresponding disper-
sions along qa are not clear in our data (Fig. 4D). Nevertheless, the
inferred in-plane gap anisotropy is consistent with the previous ARPES
(26) and SI-STM (35) results. Moreover, the observed two BQPI branches
alongqb that come fromkz=0andkz=p/c states exhibit similarV-shaped
dispersions, suggesting that the in-plane gap anisotropy does not de-
pend on kz.

Sulfur doping does not alter the two pairs of V-shaped BQPI branches
as long as the system is in the nematic phase (Fig. 4, I to K). Above the
NEP, however, both branches disappear. This is in accordance with
the disappearance of the ±2.5- and ±4.0-mV features in the averaged
tunneling spectra (Fig. 4, A and B), confirming that they are associated
with the outer hole band. The k-space structure of the SC gap in the
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Fig. 4. Evolutions of SC gap and BQPI pattern upon sulfur doping. (A) Averaged tunneling spectra of FeSe1−xSx showing the SC gaps. Each curve is shifted vertically
by 5 nS for clarity. Spectra before the averaging were acquired on a grid of 256 × 256 pixels in a 100 nm × 100 nm (160 nm × 160 nm for x = 0) field of view. Mea-
surement conditions were Vs = +20 mV, Is = 100 pA, and Vmod = 0.21 mVrms. The same data sets were used to obtain BQPI patterns shown in (D) to (M). (B) Energy second
derivative of averaged tunneling spectra shown in (A). Dips marked by arrows correspond to the peak-like features in the original tunneling spectra. Each curve is shifted
vertically by 12 nS/mV2 for clarity. (C) Evolutions of the apparent gap amplitude Dþ

p þ D�
p and the zero-energy spectral weight normalized by the weights at the gap-

edge energies 2g(0)/(g(Dþ
p ) + g(−D�

p )). In both quantities, there are abrupt changes at the NEP at x = 0.17. Lines serve as visual guides. (D to H) Energy-dependent line
profiles of low-energy Lq(q, E )’s along the qa direction showing BQPI patterns. (I to M) Same as (D) to (H) but along the qb direction. Orange and red lines denote the
fitted dispersions of qh1(E ) and qh2(E ) shown in Fig. 3 (F to J). In the nematic phase, there are two pairs of V-shaped dispersing BQPI branches that are smoothly con-
nected to qh1(E ) and qh2(E ). These BQPI branches disappear above the NEP at x = 0.17.
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tetragonal phase is unclear at present. Recent thermal conductivity
measurement suggests that strong anisotropy in the SC gap remains
in the tetragonal phase (39). It is an interesting future subject to per-
form higher energy-resolution BQPI experiments at lower tempera-
tures to clarify the details of the k-space structure of the SC gap in the
tetragonal phase.
DISCUSSION
Our concurrent study of the band structure and the SC gap in
FeSe1−xSx has revealed novel aspects of the interplay between nema-
ticity and superconductivity. Upon sulfur substitution, the band anisot-
ropy diminishes. This process evolves smoothly over the x range studied;
no anomaly has been detected at the NEP. Within the nematic phase,
the Fermi wave vector changes by several tens of a percent. In sharp
contrast, even fine details of the SC gap are intact in the nematic phase.

The most striking observation is that there is a phase transition in
the SC state at the NEP that accompanies a significant suppression of
the SC gap on the outer hole band in the tetragonal phase. This should
not be a result of enhanced quasiparticle damping, which could be
caused by the strong nematic fluctuations, because residual resistivity
does not exhibit noticeable increase above the NEP (20). Rather, it is
reasonable to assume that the presence or absence of nematicity re-
sults in two distinct pairing states. Because the nematic phase is char-
acterized by the lifting of degeneracy between dxz and dyz orbitals, it is
suggested that the pairing interaction works effectively only on one of
these two orbitals but not on both of them simultaneously. This is
consistent with the orbital-selective pairing scenario suggested by
the analysis of the SC gap structure in k space (35). The insensitivity
of the SC gap to the band structure in the nematic phase indicates that
as soon as the nematicity sets in, the pairing interaction grows rapidly
and saturates immediately.

It is important to compare the effect of isovalent sulfur substitution
with that of hydrostatic pressure. Because sulfur has a smaller atomic
radius than selenium, sulfur substitution may cause chemical pressure
that mimics the application of hydrostatic pressure. The suppression
of the nematic transition temperature is commonly initiated by sul-
fur substitution (12, 20) and external hydrostatic pressure (43, 44).
However, in sharp contrast to the suppressed SC gap in FeSe1−xSx above
the NEP, Tc is largely enhanced under hydrostatic pressure and reaches
about 40K at ~6GPa (12, 43, 44). The key phenomenological difference
between sulfur substitution and hydrostatic pressure is that, whereas
the former keeps the system nonmagnetic all the way down, the latter
induces a magnetic phase (44, 45). The highest Tc ~ 40 K under hydro-
static pressure is achieved at the verge of the magnetic phase (44, 45),
suggesting an important role of spin degrees of freedom for the pairing
interaction. In the case of FeSe1−xSx, however, it is unlikely that the ob-
served phase transition in the SC state at the NEP is related to the spin
degrees of freedom because both nematic and tetragonal phases are
nonmagnetic. Rather, it should predominantly be associated with the
imbalance between dxz and dyz orbitals, as mentioned above. Namely,
pairing interaction in FeSe should be related to both spin and orbital
degrees of freedom. Interplay between spin and orbital may also play
a role (19).

Another interesting observation in this work is that our QPI data
separately capture the electronic states at different kz’s. Although the
condition to observe this kz-dependent QPI remains elusive, this may
expand the application possibilities of SI-STM technique. In the case of
FeSe1−xSx, we find that the SC gap on the outer hole hand near kz = 0 is
Hanaguri et al., Sci. Adv. 2018;4 : eaar6419 25 May 2018
larger than that near kz = p/c, whereas the in-plane gap-anisotropy pat-
tern is similar at both kz’s. We anticipate that these results can act as a
touchstone for the theories of iron-based superconductivity.
MATERIALS AND METHODS
FeSe1−xSx single crystals were prepared by chemical vapor transport
technique using KCl and AlCl3 as the transport agents (20, 46). SI-STM
experiments were carried out using a commercial low-temperature
ultrahigh vacuum STM system (USM-1300, Unisoku), of which STM
unit was replaced with our home-made one (47). Clean and flat (001)
surfaces necessary for SI-STMwere prepared by in situ cleaving at liquid
nitrogen temperature under ultrahigh vacuum (~10− 10 torr). After the
cleaving, samples were immediately transferred to the STM unit kept
below ~10 K. Electrochemically etched tungsten wires were used as
scanning tips. All tips were cleaned by field evaporation with a field-
ion microscope and were checked for the spectra on clean Au(111)
or Cu(111) surfaces. Tunneling spectra were taken with a built-in nu-
merical lock-in detector of a commercial STM controller (Nanonis)
at a modulation frequency of 617.3 Hz. All the SI-STM experiments
were performed at 1.5 K, except for the sample with x = 0.23, which
was measured at 0.45 K. Spectra of the x = 0.23 sample shown in Fig. 4
(A and B) in the main text are numerically convoluted with the Fermi-
Dirac function at 1.5K to compare themwith the results of other samples.
Fourier-transformed spectroscopic image at each energy was calculated
after subtracting the average value (spatially uniform component) and
was symmetrized by assuming the point group symmetry of 2mm to en-
hance the signal-to-noise ratio. Energy-dependent line profiles shown in
Figs. 2 and 4 were taken along the principle axes after the symmetriza-
tion and were averaged over a finite width of 0.025(2p/aFe).
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/5/eaar6419/DC1
Supplementary Text
fig. S1. Evolution of the histogram of the apparent heights at the lattice points in FeSe1−xSx
single crystals.
fig. S2. Analysis of orthorhombic lattice distortion using the twin boundary.
fig. S3. Extended and localized electronic modulations in the spectroscopic maps of FeSe.
fig. S4. A complete set of the in-plane QPI patterns of FeSe1−xSx.
References (48, 49)
REFERENCES AND NOTES
1. D. J. Singh, M.-H. Du, Density functional study of LaFeAsO1−xFx: A low carrier density

superconductor near itinerant magnetism. Phys. Rev. Lett. 100, 237003 (2008).
2. K. Kuroki, S. Onari, R. Arita, H. Usui, Y. Tanaka, H. Kontani, H. Aoki, Unconventional pairing

originating from the disconnected Fermi surfaces of superconducting LaFeAsO1−xFx.
Phys. Rev. Lett. 101, 087004 (2008).

3. S. Graser, T. A. Maier, P. J. Hirschfeld, D. J. Scalapino, Near-degeneracy of several pairing
channels in multiorbital models for the Fe pnictides. New J. Phys. 11, 025016 (2009).

4. I. I. Mazin, D. J. Singh, M. D. Johannes, M. H. Du, Unconventional superconductivity with a
sign reversal in the order parameter of LaFeAsO1−xFx. Phys. Rev. Lett. 101, 057003 (2008).

5. P. J. Hirschfeld, M. M. Korshunov, I. I. Mazin, Gap symmetry and structure of Fe-based
superconductors. Rep. Prog. Phys. 74, 124508 (2011).

6. H. Kontani, S. Onari, Orbital-fluctuation-mediated superconductivity in iron pnictides:
Analysis of the five-orbital hubbard-holstein model. Phys. Rev. Lett. 104, 157001 (2010).

7. H. Kontani, Y. Inoue, T. Saito, Y. Yamakawa, S. Onari, Orbital fluctuation theory in iron-based
superconductors: s++-wave superconductivity, structure transition, and impurity-induced
nematic order. Solid State Commun. 152, 718–727 (2012).

8. Y. Yanagi, Y. Yamakawa, Y. Ōno, Two types of s-wave pairing due to magnetic and
orbital fluctuations in the two-dimensional 16-band d−p model for iron-based
superconductors. Phys. Rev. B 81, 054518 (2010).
6 of 7

http://advances.sciencemag.org/cgi/content/full/4/5/eaar6419/DC1
http://advances.sciencemag.org/cgi/content/full/4/5/eaar6419/DC1


SC I ENCE ADVANCES | R E S EARCH ART I C L E
9. Y. Yanagi, Y. Yamakawa, N. Adachi, Y. Ōno, Orbital order, structural transition, and
superconductivity in iron pnictides. J. Phys. Soc. Jpn. 79, 123707 (2010).

10. R. M. Fernandes, A. V. Chubukov, J. Schmalian, What drives nematic order in iron-based
superconductors? Nat. Phys. 10, 97–104 (2014).

11. F.-C. Hsu, J.-Y. Luo, K.-W. Yeh, T.-K. Chen, T.-W. Huang, P. M. Wu, Y.-C. Lee, Y.-L. Huang,
Y.-Y. Chu, D.-C. Yan, M.-K. Wu, Superconductivity in the PbO-type structure a-FeSe.
Proc. Natl. Acad. Sci. U.S.A. 105, 14262–14264 (2008).

12. Y. Mizuguchi, Y. Takano, Review of Fe chalcogenides as the simplest Fe-based
superconductor. J. Phys. Soc. Jpn. 79, 102001 (2010).

13. T. Shimojima, Y. Suzuki, T. Sonobe, A. Nakamura, M. Sakano, J. Omachi, K. Yoshioka,
M. Kuwata-Gonokami, K. Ono, H. Kumigashira, A. E. Böhmer, F. Hardy, T. Wolf, C. Meingast,
H. v. Löhneysen, H. Ikeda, K. Ishizaka, Lifting of xz/yz orbital degeneracy at the structural
transition in detwinned FeSe. Phys. Rev. B 90, 121111 (2014).

14. K. Nakayama, Y. Miyata, G. N. Phan, T. Sato, Y. Tanabe, T. Urata, K. Tanigaki, T. Takahashi,
Reconstruction of band structure induced by electronic nematicity in an FeSe
superconductor. Phys. Rev. Lett. 113, 237001 (2014).

15. M. D. Watson, T. K. Kim, A. A. Haghighirad, N. R. Davies, A. McCollam, A. Narayanan, S. F. Blake,
Y. L. Chen, S. Ghannadzadeh, A. J. Schofield, M. Hoesch, C. Meingast, T. Wolf, A. I. Coldea,
Emergence of the nematic electronic state in FeSe. Phys. Rev. B 91, 155106 (2015).

16. Y. Suzuki, T. Shimojima, T. Sonobe, A. Nakamura, M. Sakano, H. Tsuji, J. Omachi,
K. Yoshioka, M. Kuwata-Gonokami, T. Watashige, R. Kobayashi, S. Kasahara, T. Shibauchi,
Y. Matsuda, Y. Yamakawa, H. Kontani, K. Ishizaka, Momentum-dependent sign inversion
of orbital order in superconducting FeSe. Phys. Rev. B 92, 205117 (2015).

17. M. D. Watson, T. K. Kim, L. C. Rhodes, M. Eschrig, M. Hoesch, A. A. Haghighirad, A. I. Coldea,
Evidence for unidirectional nematic bond ordering in FeSe. Phys. Rev. B 94, 201107 (2016).

18. A. Fedorov, A. Yaresko, T. K. Kim, Y. Kushnirenko, E. Haubold, T. Wolf, M. Hoesch,
A. Grüneis, B. Büchner, S. V. Borisenko, Effect of nematic ordering on electronic structure
of FeSe. Sci. Rep. 6, 36834 (2016).

19. Y. Yamakawa, S. Onari, H. Kontani, Nematicity and magnetism in FeSe and other families
of Fe-based superconductors. Phys. Rev. X 6, 021032 (2016).

20. S. Hosoi, K. Matsuura, K. Ishida, H. Wang, Y. Mizukami, T. Watashige, S. Kasahara,
Y. Matsuda, T. Shibauchi, Nematic quantum critical point without magnetism in FeSe1−xSx
superconductors. Proc. Natl. Acad. Sci. U.S.A. 113, 8139–8143 (2016).

21. Y. Mizuguchi, F. Tomioka, S. Tsuda, T. Yamaguchi, Y. Takano, Substitution effects on FeSe
superconductor. J. Phys. Soc. Jpn. 78, 074712 (2009).

22. J. Xing, H. Lin, Y. Li, S. Li, X. Zhu, H. Yang, H.-H. Wen, Nodal superconducting gap in
tetragonal FeS. Phys. Rev. B 93, 104520 (2016).

23. M. D. Watson, T. K. Kim, A. A. Haghighirad, S. F. Blake, N. R. Davies, M. Hoesch,
T. Wolf, A. I. Coldea, Suppression of orbital ordering by chemical pressure in FeSe1−xSx.
Phys. Rev. B 92, 121108 (2015).

24. P. Reiss, M. D. Watson, T. K. Kim, A. A. Haghighirad, D. N. Woodruff, M. Bruma, S. J. Clarke,
A. I. Coldea, Suppression of electronic correlations by chemical pressure from FeSe to FeS.
Phys. Rev. B 96, 121103 (2017).

25. A. I. Coldea, S. F. Blake, S. Kasahara, A. A. Haghighirad, M. D. Watson, W. Knafo,
E. S. Choi, A. McCollam, P. Reiss, T. Yamashita, M. Bruma, S. Speller, Y. Matsuda,
T. Wolf, T. Shibauchi, A. J. Schofield, Evolution of the Fermi surface of the nematic
superconductors FeSe1−xSx. arXiv:1611.07424 (2016).

26. H. C. Xu, X. H. Niu, D. F. Xu, J. Jiang, Q. Yao, Q. Y. Chen, Q. Song, M. Abdel-Hafiez,
D. A. Chareev, A. N. Vasiliev, Q. S. Wang, H. L. Wo, J. Zhao, R. Peng, D. L. Feng, Highly
anisotropic and twofold symmetric superconducting gap in nematically ordered
FeSe0.93S0.07. Phys. Rev. Lett. 117, 157003 (2016).

27. S. A. Moore, J. L. Curtis, C. Di Giorgio, E. Lechner, M. Abdel-Hafiez, O. S. Volkova,
A. N. Vasiliev, D. A. Chareev, G. Karapetrov, M. Iavarone, Evolution of the superconducting
properties in FeSe1−xSx. Phys. Rev. B 92, 235113 (2015).

28. Y. Kohsaka, C. Taylor, K. Fujita, A. Schmidt, C. Lupien, T. Hanaguri, M. Azuma, M. Takano,
H. Eisaki, H. Takagi, S. Uchida, J. C. Davis, An intrinsic bond-centered electronic glass with
unidirectional domains in underdoped cuprates. Science 315, 1380–1385 (2007).

29. R. M. Feenstra, J. A. Stroscio, A. P. Fein, Tunneling spectroscopy of the Si(111)2 × 1 surface.
Surf. Sci. 181, 295–306 (1987).

30. S. Kasahara, T. Watashige, T. Hanaguri, Y. Kohsaka, T. Yamashita, Y. Shimoyama, Y. Mizukami,
R. Endo, H. Ikeda, K. Aoyama, T. Terashima, S. Uji, T. Wolf, H. von Löhneysen, T. Shibauchi,
Y. Matsuda, Field-induced superconducting phase of FeSe in the BCS-BEC cross-over.
Proc. Natl. Acad. Sci. U.S.A. 111, 16309–16313 (2014).

31. S. Kasahara, H. J. Shi, K. Hashimoto, S. Tonegawa, Y. Mizukami, T. Shibauchi, K. Sugimoto,
T. Fukuda, T. Terashima, A. H. Nevidomskyy, Y. Matsuda, Electronic nematicity above the
structural and superconducting transition in BaFe2(As1−xPx)2. Nature 486, 382–385 (2012).

32. U. R. Singh, S. C. White, S. Schmaus, V. Tsurkan, A. Loidl, J. Deisenhofer, P. Wahl,
Evidence for orbital order and its relation to superconductivity in FeSe0.4Te0.6. Sci. Adv. 1,
e1500206 (2015).

33. E. Thewalt, I. M. Hayes, J. P. Hinton, A. Little, S. Patankar, L. Wu, T. Helm, C. V. Stan,
N. Tamura, J. G. Analytis, J. Orenstein, Imaging anomalous nematic order and strain in
optimally doped BaFe2(As,P)2. arXiv:1709.04462 (2017).
Hanaguri et al., Sci. Adv. 2018;4 : eaar6419 25 May 2018
34. J. Maletz, V. B. Zabolotnyy, D. V. Evtushinsky, S. Thirupathaiah, A. U. B. Wolter, L. Harnagea,
A. N. Yaresko, A. N. Vasiliev, D. A. Chareev, A. E. Böhmer, F. Hardy, T. Wolf, C. Meingast,
E. D. L. Rienks, B. Büchner, S. V. Borisenko, Unusual band renormalization in the simplest
iron-based superconductor FeSe1−x. Phys. Rev. B 89, 220506 (2014).

35. P. O. Sprau, A. Kostin, A. Kreisel, A. E. Böhmer, V. Taufour, P. C. Canfield, S. Mukherjee,
P. J. Hirschfeld, B. M. Andersen, J. C. S. Davis, Discovery of orbital-selective Cooper pairing
in FeSe. Science 357, 75–80 (2017).

36. A. Kreisel, B. M. Andersen, P. O. Sprau, A. Kostin, J. C. S. Davis, P. J. Hirschfeld, Orbital
selective pairing and gap structures of iron-based superconductors. Phys. Rev. B 95,
174504 (2017).

37. A. Weismann, M. Wenderoth, S. Lounis, P. Zahn, N. Quaas, R. G. Ulbrich, P. H. Dederichs,
S. Blügel, Seeing the Fermi surface in real space by nanoscale electron focusing. Science
323, 1190–1193 (2009).

38. C.-L. Song, Y.-L. Wang, P. Cheng, Y.-P. Jiang, W. Li, T. Zhang, Z. Li, K. He, L. Wang, J.-F. Jia,
H.-H. Hung, C. Wu, X. Ma, X. Chen, Q.-K. Xue, Direct observation of nodes and twofold
symmetry in FeSe superconductor. Science 332, 1410–1413 (2011).

39. Y. Sato, S. Kasahara, T. Taniguchi, X. Xing, Y. Kasahara, Y. Tokiwa, Y. Yamakawa, H. Kontani,
T. Shibauchi, Y. Matsuda, Abrupt change of the superconducting gap structure at the
nematic critical point in FeSe1−xSx. Proc. Natl. Acad. Sci. U.S.A. 115, 1227–1231 (2018).

40. J. E. Hoffman, K. McElroy, D.-H. Lee, K. M Lang, H. Eisaki, S. Uchida, J. C. Davis, Imaging
quasiparticle interference in Bi2Sr2CaCu2O8+d. Science 297, 1148–1151 (2002).

41. K. McElroy, R. W. Simmonds, J. E. Hoffman, D.-H. Lee, J. Orenstein, H. Eisaki, S. Uchida,
J. C. Davis, Relating atomic-scale electronic phenomena to wave-like quasiparticle
states in superconducting Bi2Sr2CaCu2O8+d. Nature 422, 592–596 (2003).

42. Q.-H. Wang, D.-H. Lee, Quasiparticle scattering interference in high-temperature
superconductors. Phys. Rev. B 67, 020511 (2003).

43. S. Medvedev, T. M. McQueen, I. A. Troyan, T. Palasyuk, M. I. Eremets, R. J. Cava, S. Naghavi,
F. Casper, V. Ksenofontov, G. Wortmann, C. Felser, Electronic and magnetic phase
diagram of b-Fe1.01Se with superconductivity at 36.7 K under pressure. Nat. Mater. 8,
630–633 (2009).

44. J. P. Sun, K. Matsuura, G. Z. Ye, Y. Mizukami, M. Shimozawa, K. Matsubayashi,
M. Yamashita, T. Watashige, S. Kasahara, Y. Matsuda, J.-Q. Yan, B. C. Sales, Y. Uwatoko,
J.-G. Cheng, T. Shibauchi, Dome-shaped magnetic order competing with high-temperature
superconductivity at high pressures in FeSe. Nat. Commun. 7, 12146 (2016).

45. K. Matsuura, Y. Mizukami, Y. Arai, Y. Sugimura, N. Maejima, A. Machida, T. Watanuki, T. Fukuda,
T. Yajima, Z. Hiroi, K. Y. Yip, Y. C. Chan, Q. Niu, S. Hosoi, K. Ishida, K. Mukasa, S. Kasahara,
J.-G. Cheng, S. K. Goh, Y. Matsuda, Y. Uwatoko, T. Shibauchi, Maximizing Tc by tuning
nematicity and magnetism in FeSe1−xSx superconductors. Nat. Commun. 8, 1143 (2017).

46. A. E. Böhmer, F. Hardy, F. Eilers, D. Ernst, P. Adelmann, P. Schweiss, T. Wolf, C. Meingast,
Lack of coupling between superconductivity and orthorhombic distortion in
stoichiometric single-crystalline FeSe. Phys. Rev. B 87, 180505 (2013).

47. T. Hanaguri, Development of high-field STM and its application to the study on
magnetically-tuned criticality in Sr3Ru2O7. J. Phys. Conf. Ser. 51, 514 (2006).

48. M. J. Lawler, K. Fujita, J. Lee, A. R. Schmidt, Y. Kohsaka, C. K. Kim, H. Eisaki, S. Uchida,
J. C. Davis, J. P. Sethna, E.-A. Kim, Intra-unit-cell electronic nematicity of the high-Tc
copper-oxide pseudogap states. Nature 466, 347–351 (2010).

49. T. Watashige, Y. Tsutsumi, T. Hanaguri, Y. Kohsaka, S. Kasahara, A. Furusaki, M. Sigrist,
C. Meingast, T. Wolf, H. v. Löhneysen, T. Shibauchi, Y. Matsuda, Evidence for time-reversal
symmetry breaking of the superconducting state near twin-boundary interfaces in FeSe
revealed by scanning tunneling spectroscopy. Phys. Rev. X 5, 031022 (2015).

Acknowledgments: We thank A. I. Coldea, I. Eremin, H. Kontani, M. D. Watson, and
Y. Yamakawa for the valuable discussions and comments. We also appreciate S. Sucharitakul
for the critical reading of the manuscript. Funding: This work was supported by Grants-in-Aid
for Scientific Research from the Ministry of Education, Culture, Sports, Science and Technology
of Japan (grant nos. 25220710, 15H02106, 15H03688, and 16H04024). Author contributions:
T.H. carried out the SI-STM experiments and data analyses with assistance from K.I., Y.K.,
T.M., and T.W. FeSe1−xSx single crystals were grown by T.W. and S.K. T.H., T.S., and Y.M. designed
and supervised the project. T.H. wrote the manuscript. All authors discussed the results and
contributed to finalize the manuscript. Competing interests: The authors declare that they have
no competing interests. Data and materials availability: All data needed to evaluate the
conclusions in the paper are present in the paper and/or the Supplementary Materials. Additional
data related to this paper may be requested from the authors.

Submitted 1 December 2017
Accepted 12 April 2018
Published 25 May 2018
10.1126/sciadv.aar6419

Citation: T. Hanaguri, K. Iwaya, Y. Kohsaka, T. Machida, T. Watashige, S. Kasahara, T. Shibauchi,
Y. Matsuda, Two distinct superconducting pairing states divided by the nematic end point in
FeSe1−xSx. Sci. Adv. 4, eaar6419 (2018).
7 of 7


