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High-resolution angle-resolved photoemission measurements were taken on FeSei_;S,

(r=0, 0.04, and 0.08)

superconductors. With an ultrahigh energy resolution of 0.4 meV, unusual two hole bands near the Brillouin-zone
center, which was possibly a result of additional symmetry breaking, were identified in all the sulfur-substituted
samples. In addition, in both of the hole bands highly anisotropic superconducting gaps with resolution limited
nodes were evidenced. We find that the larger superconducting gap on the outer hole band is reduced linearly
to the nematic transition temperature while the gap on the inner hole is nearly S-substitution independent.
Our observations strongly suggest that the superconducting gap increases with enhanced nematicity although
the superconducting transition temperature is not only governed by the pairing strength, demonstrating strong

constraints on theories in the FeSe family.
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In iron-based superconductors, the low energy ex-
citation is governed by the five Fe 3d orbits, resulting
in complicated Fermi surface topologies in the Bril-
louin zone.[!] The distribution of the superconducting
gap on each Fermi surface sheet and the scattering of
the Cooper pairs among different Fermi surface sheets
are governed by the electron pairing symmetry,
asking for high-resolution momentum-resolved experi-
mental technique to resolve them. Electronic nematic-
ity is common in high-temperature superconductors,
and the role of the nematic phase played in high-
temperature superconducting pairing is a predomi-
nant topic in studying the superconducting mecha-
nism of the cuprate and pnictide,! the recently dis-
covered Kagome-lattice-based superconductor,® and
the twisted bilayer superconductor.’’ Nematic order
in the iron-based superconductors refers to an elec-
tronic phase with broken rotational symmetry but
preserved translational symmetry.l~1 Since there is
universal nematic phase in the phase diagram of the
iron-based high-temperature superconductors and it
may origin differently in different families, the inter-
play between the nematicity and the superconductiv-
ity is under hot debates in the field.['2:13]

Among the iron-based superconductors, FeSe
holds the simplest crystal structure with the ap-
pearance of nematicity and also superconductivity.
Moreover, the absence of the long-range magnetic or-
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der makes it an ideal system in studying the inter-
play between the nematicity and the superconduct-
ing pairing.[®'4=17] In addition, phases in FeSe can
be tuned effectively by applying physical or chemical
pressure, intercalating or gating method, and growing
monolayer FeSe on suitable substrates. Isoelectronic
substitution, usually by replacing the Se with S, i.e.,
the FeSe;_ .S, system, is favored for tuning the phase
diagram under normal conditions, and has been widely
investigated by transport, photoemission, tunneling,
and so on.'8=24] Tt is generally believed that a hole
band near the Brillouin-zone center and an electron
band near the Brillouin-zone boundary are responsible
for the superconducting state, and a highly anisotropic
energy gap is developed on the hole band although
there is no consensus on a node or nodeless gap.[?l Re-
cently, two hole pockets, which possibly result from an
additional unknown symmetry breaking, are identified
in FeSe.[?’l However, the two-hole electronic structure
and the superconducting gap as a function of the S
substitution are barely studied, possibly limited by
experimental resolution due to the low superconduct-
ing transition temperature (T, ~ 10K), small energy
gap (2-3meV), and the naturally twinned sample.

In this Letter, we report two hole pockets be-
low T, near the Brillouin-zone center in FeSei_,S,
(x =0, 0.04, and 0.08) and the superconducting gap
distribution on each pocket by ultrahigh resolution
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angle-resolved photoemission spectroscopy (ARPES).
In particular, with high energy resolution, we find the
energy gap behaves differently on the two hole bands
that the larger superconducting gap is reduced linearly
to the nematic transition temperature while the other
one is nearly S-substitution independent, although the
superconducting transition temperature is higher with
more S substitution. From the observations, we con-
clude that the appearance of nematicity favors to en-
hance the superconducting paring in FeSe;_,S;.
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Fig. 1. Photoemission data of FeSei_;S; (z = 0,

0.04, 0.08) samples measured along I'-M near the Bril-
louin zone center at 4.5K. (a) Phase diagram, Brillouin
zone, and the I'-M photoemission spectrum of FeSe.
The Tc and Ts are determined by transport measure-
ments and temperature-dependent photoemission exper-
iments [Fig. 3(c)], respectively. We note that the sample
with z = 0.08 is close to superconducting dome in the
phase diagram. (b) High-resolution low energy spectra.
Here, k1 (on the outer Fermi surface sheet) and k2 (on
the inner Fermi surface sheet) denote the Fermi momenta
of the two hole bands near I'. Insets are the constant
energy contours at the Fermi energy. (c) Corresponding
energy distribution curves (EDCs) of the spectra shown in
(b). Red dashed lines denote the dip positions.

Ultrahigh resolution ARPES measurements were
taken on a home-built 7eV laser system cooperating
with the time-resolved function.[26] The overall energy

resolution in the energy gap measurements was opti-
mized to 0.4meV with a beam size of about 30 um
(full width at half maximum, FWHM). High-quality
FeSe;_ .S, single crystals were grown using KCI-AClg
flux under a permanent temperature gradient,[?” and
cleaved under ultrahigh-vacuum conditions with a
pressure of better than 3 x 10~ Torr. Thermal drift
of the sample position was automatically corrected by
a computer with a precision less than 1 um, ensuring
the temperature-dependent measurements to be taken
on a fixed spot of the cleaved surface. The beam spot
was focused mostly on a single detwinned domain in
the experiments.

Three doped samples of FeSe;_,S, with x = 0,
0.04, and 0.08 were measured, and within 100 meV,
four bands are clearly resolved near the Brillouin-
zone center, taking the FeSe as an example [right
panel in Fig.1(a)]. The two below the Fermi en-
ergy are dy./p. (~—20meV) and dg, (~—50meV)
orbits derived bands, consistent with the previous
reports.[28:29 Tt is generally believed that there is only
one hole band of d,.,,
center in FeSe. However, with improved energy and
momentum resolution, two hole bands are identified
crossing the Fermi energy, consistent with a recent re-
port in FeSe,[?”] with an estimated splitting energy of
about 3meV. Such two hole bands are evidenced in all
the S-substituted samples we measured. It could be
understood by the splitting of the d,./,. band due to
an additional symmetry breaking such as a ferromag-
netic order or the Rashba spin-orbit coupling, but still
lack of straightforward evidence.[?’! The anisotropy of
the electronic structure is reduced with more S sub-
stitution [the constant energy contours in the insets
of Fig.1(b)], and interestingly, we find that only the
change of the Fermi momentum component along the
short axis (k;) of the elliptical Fermi surface sheets is
resolvable, suggesting that the nematic phase only af-
fects the electronic structure in one direction (the less
conductive direction).

The electronic states near the Fermi energy within
15meV [photoemission spectra in Fig.1(b) and the
corresponding EDCs in Fig. 1(c)] clearly show the su-
perconducting coherence peaks at the Fermi cross-
ing of k; and ko. With a high energy resolution of
0.4meV, the FWHM of the narrowest peak is about
1.5meV, which is close to the physical limit for the
experimental temperature at 4.5 K. In addition, clear
peak-dip-hump features are resolved, and the super-
conducting peak of the k; extends such a large mo-
mentum region to k, indicates that the observed peak-
dip-hump feature cannot be simply due to a result of
combination of the superconducting peak and the dis-
persion of the inner band. A strong electron-boson
coupling possibly explains the observation. By sub-
tracting the energy gap from the dip energy, the esti-
mated boson energy is around 1meV. Although it is

» orbit in the Brillouin-zone
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hard to determine the origin of this collective mode at
such low energy from the current experiment, there is
a signature of the dip energy moving to lower binding
energy with increasing the S substitution, suggesting
the reduction of the energy gap as well.[30
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Fig. 2. Superconducting gap on the two hole bands of the
FeSei1_zS. at 4.5 K. (a) Symmetrized EDCs at the Fermi
momenta along the outer (upper panels) and inner (lower
panels) Fermi surface sheets. All curves are fitted by a
phenomenological gap function (red and blue curves). (b)
Momentum-dependent energy gaps of outer Fermi surface
sheet (A1) and inner Fermi surface sheet (Ag) extracted
from the EDCs shown in (a). The energy gaps are fitted
to three twofold-symmetrized pairing gap function: s+ d,
extended s + d, and p-wave gap functions.

High-quality data with ultrahigh energy resolution
enables us to track the superconducting gap symme-
tries for the two hole Fermi surface sheets with a high
precision (Fig.2). The symmetrized EDCs clearly
show strongly anisotropic energy gaps for all the dop-
ings of the sample [Fig.2(a)]. Firstly, the maximum
energy gap of the outer hole is about 3meV, which
is about 50% larger than the 2meV gap of the inner
hole in the x = 0 sample. Considering the two Fermi
surface sheets and two superconducting gaps with dif-
ferent sizes observed here, the origins of the multi-
ple superconducting peaks in the tunneling experi-
ments need to be rechecked.l31=33! In addition, within
our energy resolution, no resolvable energy gap is evi-
denced at the Fermi momenta on the long axis of the
elliptical Fermi surface sheets, indicating node gaps
for the two hole bands within the energy resolution
[Fig. 2(b)]. All the energy gaps are twofold symmetry

with resolution limited nodes, consistent with previous
reports, 3134361 and can be captured by both of the
p and s+ d wave gap function within error bars. Such
anisotropic energy gaps are possibly attributed to the
orbital origin and could be a result of the anisotropic
electronic states of the nematic phase.3*3% Exper-
imental energy gap symmetry on sample of more S
substitution with no nematic phase will be important
in determining the origin of the anisotropic energy gap
and also the pairing symmetry. Moreover, it is clear
that the energy gap drops with the increasing x for
the outer Fermi surface sheet but keeps changeless for
the inner one, indicating an anomalous superconduct-
ing gap evolution with S substitution. Although the
residue of the spectral intensity from the other domain
may bring difficulties in determining the size of the en-
ergy gap, the measured sharp superconducting coher-
ence peaks and the apparent coherence peaks between
the k; and ko ensure the above experimental energy
gap evolution.
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Fig. 3. Temperature-dependent energy gaps and band
structural evolution in FeSei_;S;. (a) Symmetrized
EDCs at the gap maximum point (6 = 0) of the outer
Fermi surface sheet, fitted to a phenomenological gap
function (red curves) for z = 0, 0.04, and 0.08. (b)
Temperature-dependent superconducting gap of both the
outer (A1) and inner (Az) Fermi surface sheets at 6 = 0.
Both the A; and Az follow the BCS gap function very
well. (c¢) Temperature-dependent band shifts of both the
dy. /- and dy /. bands for the three different S dopings
of the sample. Grey thick dashed lines are guides to the
eyes.
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The energy gap at zero temperature and the struc-
tural or nematic transition temperature (Ty) are ex-
tracted from the temperature-dependent data (Fig. 3).
The A; and Ay at zero temperature (in Fig. 4) for all
the samples are extracted by fitting the temperature-
dependent energy gaps shown in Fig. 3(b) to the BCS
self-consistent integral of the superconducting gap

/A2 g2
n =/ tanhT—;& \/Ad%-s-gl’

transport measurements. All the fittings show that
the energy gap as a function of temperature follows
the BCS behavior very well, suggesting strong inter-
band coupling between the two holes.[*”) In addition,
there is no resolvable pseudogap in the Brillouin-zone-
center hole bands, suggesting that the claimed pseu-
dogap behavior is possibly in the electronic state at
the Brillouin-zone corner.!*® Clear transitions at the
structural or nematic critical temperature (Ty) are
identified with heating the sample further up to 150 K
[Fig. 3(c)], giving Ty z=0 = 92K, T} y—0.04 = 83K, and
Ts,2—0.08 = 65 K with a precision within 5 K. The ob-
tained Ty and T, match the FeSe;_,S, phase diagram
from the previous report,['8! suggesting the high qual-
ity and precise S substitution of the samples.
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Fig. 4. S-substitution dependent energy gap and the

2A1 /kgTe in FeSe1_4Sz. Inset is the our Fermi surface
gap (A1) as a function of nematic or structural transition
temperature T.

Consistent with the momentum dependent energy
gap shown in Fig.2(b), the superconducting gap at
zero temperature drops by about 50% for the outer
hole pocket from about 3meV but remains a con-
stant at about 1.8 meV for the inner hole pocket from
S-substitution x = 0 to x = 0.08 (Fig.4). How-
ever, in contrast, the superconducting transition tem-
perature is increased from 9K (z = 0) to 105K
(x = 0.08). The calculated 241 max/kpT. drops from
about 7.7 to about 4.6, deviated from the claimed uni-
versal value of 24,5 /ks T = 7.2 in various iron-based
superconductors®! for higher S substitution. Consid-

ering the BCS theory A = eDe_ﬁ, in which ¢y, is
the Debye cut-off energy, V' is the attractive potential,
and py is the density of states at the Fermi energy, the
reduced 2A/k;T. suggests weaker coupling (smaller
V') with higher S substitution in FeSe;_,S,, since the
carrier density is increased in the Brillouin-zone cen-
ter [larger hole pocket with S substitution, insets of
Fig. 1(b)] as was also suggested by the quantum oscil-
lation measurement.'8! Tn contrast, the 2As ax/ksTe
is close to 4 and nearly S-substitution independent,
suggesting unusual interplay between the two holes.
Thus, the negative correlation between the supercon-
ducting gap and transition temperature is possibly
due to smaller density of charge carriers and stronger
coupling strength with less S substitution. Further
experimental and theoretical studies are necessary to
clear this interesting issue.

There may be exotic explanation about the en-
ergy gap suppression with S substitution in FeSe,
since it seems that the energy gap is positively cor-
related with the nematic phase. There are a num-
ber of proposals that the orbit-dependent spin fluc-
tuations coupled with electrons may be the pairing
mechanism in FeSe,*0~42! the orbital selectivity can
be enhanced by the nematic order,[*?! and recent ex-
periment suggests that the nematicity is likely spin-
orbital intertwined** and the strongly anisotropic su-
perconducting gap is possibly orbital origin.*>! From
the above interplay among superconducting gap, ne-
maticity, orbit, and spin fluctuations, we can conclude
that strong electronic nematicity favors to enhance
the pairing strength, as shown in the inset of Fig.4
that the size of the superconducting gap is propor-
tional to the nematic transition temperature, although
the superconducting transition temperature does not
scale to the superconducting gap necessarily. This sce-
nario is consistent with the superconducting gap in
FeSe,_,Te, with z = 0.55, in which the nematic tran-
sition temperature is nearly 0 K, and the measured su-
perconducting gap is even smaller although the T is
higher.[*5] Our observation is also qualitatively consis-
tent with the expected much smaller energy gap from
the transport measurement in FeS, in which there is
no nematic order. %

Now we turn back to the physical origin of the two
holes observed at low temperature in FeSe;_,S,. For
a Rashba spin-orbit band splitting scenario, the the-
oretically estimated superconducting gap variation of
two spin-polarized bands is less than 5%.[4”) However,
the observed energy gap difference between the two
hole bands is about 50%, which is one order larger. In
addition, there is no photoemission circular dichroism
observed by tuning the polarization of the probe beam
in our measurement (data not shown), strongly sug-
gesting that the two hole bands cannot be a result of
Rashba splitting. A ferromagnetic order, which breaks
the time-reversal symmetry, may induce such band
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splitting around 3meV, but no ferromagnetic order
has been identified in FeSe;_,S, so far.*3l Spin po-
larized measurement with high energy resolution and
theoretical study are required to clear this issue.

In summary, we have discovered unusual two hole
Fermi surface sheets near the Brillouin-zone center in
FeSe;_,S, with z up to 0.08, and resolution limited
twofold highly anisotropic gaps on the two hole pock-
ets. The reduction of the energy gap in the outer
hole pocket with S-substitution increment suggests
that the appearance of nematicity enhances the pair-
ing strength possibly due to orbital dependent spin
fluctuation. However, the superconducting transition
temperature does not scale with the size of the energy
gap. The above observations strongly constrains the
theory on the electron pairing mechanism and also the
origin of the observed two hole pockets in FeSe;_,S,,
and study with heavier S-substitution is necessary to
track the unusual band structure and also the super-
conducting gap symmetry further.
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