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Bose-Einstein condensation superconductivity induced
by disappearance of the nematic state
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The crossover from the superconductivity of the Bardeen-Cooper-Schrieffer (BCS) regime to the Bose-Einstein
condensation (BEC) regime holds a key to understanding the nature of pairing and condensation of fermions. It
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has been mainly studied in ultracold atoms, but in solid systems, fundamentally previously unknown insights may be
obtained because multiple energy bands and coexisting electronic orders strongly affect spin and orbital degrees of
freedom. Here, we provide evidence for the BCS-BEC crossover in iron-based superconductors FeSe; _ Sy from
laser-excited angle-resolved photoemission spectroscopy. The system enters the BEC regime with x=0.21, where the
nematic state that breaks the orbital degeneracy is fully suppressed. The substitution dependence is opposite to the
expectation for single-band superconductors, which calls for a new mechanism of BCS-BEC crossover in this system.

INTRODUCTION

Weak-coupling Bardeen-Cooper-Schrieffer (BCS) pairing and strong-
coupling Bose-Einstein condensation (BEC) are connected contin-
uously through the BCS-BEC crossover regime as canonically shown
in Fig. 1A (1). This regime holds a key to understanding the nature
of pairing and condensation of particles. To tune across the BCS-BEC
crossover, it is necessary to control attractive interaction between
two fermions. In ultracold atomic systems, this tuning is achieved
by applying an external magnetic field via Feshbach resonance. Re-
alization of the BCS-BEC crossover in an electron system of a solid
is desired for several reasons: (i) The phase diagram may be strongly
modified by the underlying properties of solids, for example, multi-
ple energy bands and other electronic degrees of freedom such as
orbitals and spins. (ii) The ratio of the superconducting (SC) critical
temperature T to the Fermi temperature Ty, T/ Ty (~A/egp, where A
and &g are the SC gap and the Fermi energy, respectively) is expected
to be large (A/er ~ 1) in this regime. BEC superconductivity can be
regarded as “high-temperature” superconductivity in the sense that
T is comparable to Tg. (iii) The electronic structure in the SC state
is expected to be different from the usual Bogoliubov quasiparticle
(BQP) band dispersion. In the weak-coupling BCS regime, the dis-
persion of the BQP shows the characteristic back-bending near kg,
which is downward convex around k = 0 in the case of a hole band
below Ep, as shown in Fig. 1B, where k is the crystal momentum of
electrons. On the other hand, in the strong-coupling BEC regime,
the dispersion with a minimum gap at k = 0 is expected, which is
upward convex around k = 0 in the case of a hole band below E, as
shown in Fig. 1D. In the crossover regime, the BQP dispersion is
intermediate between two extreme cases and the flat dispersion ap-
pears. Despite interest in the subject, identifying the BCS-BEC cross-
over in a solid has been elusive, because it is difficult to control the
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pairing interaction between electrons. To investigate the realization
of the BCS-BEC crossover, A/er can be used as a measure of the
pairing strength: A/ep increases as a system approaches the BEC re-
gime, and it becomes unity in the crossover regime, where a
pseudogap is expected to open at a temperature higher than T. as a
result of preformed bosonic pairs, as shown in Fig. 1A.

Several Fe-based superconductors have been proposed as candidate
materials that exhibit the BCS-BEC crossover. In Ba; _ K, Fe,As,,
flat band dispersion and A/e ~ 1 have been observed around the M
point in the Brillouin zone (2), and in LiFe; _ ,Co,As, A/eg ~ 1 has
been reported (3). In Fe; , ,Se Te; _,, it has been reported that the
BQP band dispersion changes from downward convex as in the
BCS regime to a flat band as in the crossover regime, and A/eg in-
creases by changing the concentration of excess Fe (4, 5). Although
Alep ~ 1 and flat bands have been observed in these compounds, it
is not clear whether all the bands at Er exhibit the same behavior,
and systematic evidence together with the observation of a pseudogap
is still absent.

Among iron-based superconductors, FeSe; _,S, is one of the
most promising systems to investigate the BCS-BEC crossover. A
parent compound FeSe (6) exhibits superconductivity at T, ~ 10 K.
Its A/ep has been reported to be close to unity at all the bands at E,
suggesting that FeSe is in the BCS-BEC crossover regime (7). How-
ever, there are disagreements in the behaviors expected from the
BCS-BEC crossover regime. Whereas one group has reported that
strong SC fluctuations are observed, which may be related to the
presence of preformed pairs (8), another group has reported the ab-
sence of such strong fluctuations (9). The existence of a pseudogap,
which is a signature of preformed pairs, has been reported using
nuclear magnetic resonance (8, 10) and scanning tunneling spectros-
copy (STS) measurements (11), but its absence has been reported
using STS recently (12). In a substituted system FeSe, _,S,, as x in-
creases, the structural transition (from a tetragonal phase to an ort-
horhombic phase) is suppressed, and the quantum critical point (QCP)
of the nematic (unidirectional) electronic fluctuation is observed at
Xc ~ 0.17 according to elastoresistivity measurements (13). At this
QCP, an abrupt change of the SC state has been observed (14, 15).
However, it is not understood how BCS-BEC crossover develops as
x increases or how nematicity is related in the FeSe; _ .S system.
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Fig. 1. Phase diagram of the BCS-BEC crossover and BQP band dispersions.
(A) Canonical phase diagram of BCS-BEC crossover. Tcand T" are condensation and
pairing temperatures, respectively. As the pairing strength increases, T* and T, be-
come separate, and a pseudogap is expected at T* > T > T. (B to D) BQP band dis-
persions in the BCS regime, the crossover regime, and the BEC regime, respectively.
The dispersion is downward convex around k = 0 for the BCS regime, becomes flat
in the crossover regime, and then becomes upward convex in the BEC regime, be-
cause of the chemical potential shift (4, 20). A/eg is referred to as a measure of the
pairing strength for single-band superconductors.

In this study, we have performed laser-excited angle-resolved
photoemission spectroscopy (ARPES) on FeSe; _,S, (where x =0
to 0.21) around the Brillouin zone center and systematically inves-
tigated the band dispersions in the SC state, the existence of a
pseudogap above T, and the values of A/e to obtain complete and
systematic evidence of the BCS-BEC crossover in an electron sys-
tem in a solid. We observe that BQP dispersion in the SC state ex-
hibits a systematic change from a downward convex shape to an
upward convex one as x increases. Also, we observe a pseudogap
above T, for x = 0.21, whereas it is absent for x = 0 and 0.13. This
systematic variation of the band structure and the existence of a
pseudogap should be regarded as complete evidence that FeSe; _,S,
can be controlled from the BCS regime to the BEC regime by in-
creasing x. However, in contrast to the expectation from the single-
band calculation, the estimated value of A/eg decreases as the system
moves toward the BEC regime. We point out a possibility that the
system enters the BEC regime as a result of the interband coupling
between the BQP band and a hole band below Eg, which is con-
trolled by nematicity.

RESULTS

Band dispersions in the SC state

First, we show the sulfur substitution dependence of the band dis-
persions in the SC state. Figure 2 (A to E) shows the ARPES inten-
sity plots of FeSe; _,Se, (where x = 0, 0.04, 0.13, 0.16, and 0.21)
taken in the SC state with s-polarized light. The detailed band as-
signments and the effect of nematicity are described in fig. S1. To
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see the BQP band dispersions more clearly, we show enlarged plots
around Eg in Fig. 2 (F to J). We have plotted the BQP band disper-
sions determined from the energy distribution curves (EDCs) of
each composition as indicated by red markers. From these plots, we
can see that the BQP band dispersion, which is downward convex at
x = 0, systematically changes and becomes flat at x = 0.16; it then,
eventually, becomes upward convex at x = 0.21. This systematic
change is consistent with that expected from the chemical potential
shift in the BCS-BEC crossover, as shown in Fig. 1 (B to D), and
thus strongly suggests that FeSe; _ .Sy is tuned from the BCS-BEC
crossover regime (x = 0) to the BEC regime (x = 0.21). Note that the
BQP band dispersion at x = 0 is much flatter than in the case for the
BCS regime, which shows that it is already in the crossover regime
(see fig. S2 for details).

Emergence of the pseudogap

To obtain complete evidence for the BCS-BEC crossover, we have
investigated the existence of a pseudogap. Figure 3 shows the
temperature-dependent EDCs at kg and the EDCs symmetrized with
respect to Eg for x =0, 0.13, and 0.21. To see the temperature depen-
dence more clearly, the symmetrized EDCs have been divided by
that at 25 K. For x = 0 and 0.13, one can see that SC coherent peaks
grow below T ~ 10 K, as shown in Fig. 3 (A to D), and this demon-
strates that the samples are sufficiently cooled to observe the SC
states and that the energy resolution is high enough. In contrast to
x = 0and 0.13, for x = 0.21, one can recognize that the intensity of
the EDCs around Eg starts to decrease from T"~ 15 K with decreas-
ing temperature, although T¢ of this composition is as low as ~4 K.
Because the amount of sulfur substitution is relatively large, impu-
rity scattering may be substantial for this composition (x = 0.21).
However, because the scattering rate resulting from impurities
should be independent of temperature, the decreasing intensity at
Ep above T, strongly suggests that a pseudogap definitely exists for
x = 0.21. We note that the pseudogap could emerge as a correlated
electronic state independent from the BCS-BEC crossover, and sev-
eral exotic phases have been proposed for the pseudogap state in
underdoped cuprates (16). In the present case with the BEC-like
dispersion in the SC state, however, it should be more natural to
associate it with the BCS-BEC crossover because the phase diagram
shown in Fig. 1A implies the deviation of pairing temperature from
the actual T.. Whereas T is aslow as ~ 4 K for x = 0.21, the pseudogap
appears at T~ 15 K. This means that T" is almost a factor of 4
greater than T.. This may suggest that x = 0.21 is located deep inside
the BEC regime in the phase diagram shown in Fig. 1A. The sig-
nature of the flat band appears below T”, corresponding to the
pseudogap (see fig. S5 for details).

Substitution dependence of A/s

We have confirmed that the BQP dispersion changes from a down-
ward convex to an upward convex shape with increasing x of
FeSe) _,Sy, and that the pseudogap appears at T" ~ 4T, for x = 0.21.
These observations strongly suggest that, as x increases, the system
approaches the BEC regime. We next discuss the substitution depen-
dence of A/eg, a conventional measure of the pairing strength. As
discussed in Fig. 1, A/eg is expected to get close to unity at the BCS-
BEC crossover regime. We evaluate e from the dispersions of each
sample. We show the ARPES intensity plots of FeSe (x = 0) taken
with s- and p-polarized light at 25 K (T > T) in Fig. 4 (A and B, re-
spectively). These images show the hole-like dispersions at different
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Fig. 2. ARPES intensity plots of FeSe;_,Sy along the I'-M direction measured in the SC state. (A to E) ARPES intensity plots of x=0, 0.04,0.13,0.16, and 0.21 along the

I' — M direction taken at 2 K with s-polarized incident light. (F to J) Enlarged plots of (A
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Fig. 3. EDCs of FeSe;_,Sy at k = k¢ taken with p-polarized light. (A, C, and E) Temperature dependence of the raw EDCs at k = kg for x=0, 0.13, and 0.21, respectively.
(B, D, and F) EDCs in (A), (C), and (E) symmetrized at £ = Er and divided by that at 25 K, respectively. Each EDC has been equally offset for clarity.

momentum positions around Eg. As described in fig. S1, two elliptical
Fermi surfaces (FSs) are overlapped as a result of twinning of the
orthorhombic crystal (17). The dispersions along the minor and ma-
jor axes of the elliptical FS can be observed with s- and p-polarized
light [labeled o and o’ in Fig. 4 (A and B, respectively)]. To evaluate
€p, we have fitted a parabola to the dispersions of the o and o’ bands,
and the top positions of the dispersions as e have been estimated to
be ~ 8 meV for both bands of FeSe (x = 0), which demonstrates the
reliability of the value of €p. The band top of the other hole band
labeled B is located at 18 meV below Eg for x = 0. In Fig. 4C, we have
plotted the substitution dependence of e and the top positions of
the B band.
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The SC gap A has been determined from the raw EDCs at k = + kg
and by fitting of the EDCs to a BCS spectral function (18). Justifica-
tion for use of a BCS spectral function in the crossover region has
been confirmed for the case of an ultracold atomic system (19). The
fitting to the BCS spectral function has been conducted for x = 0 to
0.13, because the coherent peak becomes broader as x increases and
the fitting becomes more difficult. The averaged values of A for k =
+ kg are plotted in Fig. 4D, in which the twofold symmetry of the
electronic structure is taken into account. The values of A deter-
mined from both procedures show a similar substitution depen-
dence, that is, they increase from x = 0 to x = 0.04 and decrease as x
increases further. The substitution dependence of A/ep is shown in
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Fig. 4. Mechanism of the multiband BCS-BEC crossover in FeSe;_,Sy. (A) ARPES intensity plot of FeSe along the I' — M direction taken at 25 K with s-polarized light. The
red markers are peak positions of the momentum distribution curves (MDCs) and EDCs corresponding to the dispersions of the o and f bands. The red curves are the
results of parabola fitting. (B) Same as (A) but taken with p-polarized light. The red markers indicate the peak positions of the MDCs corresponding to the o’ band.
(€) Substitution dependence of the top positions of the o and B bands determined from the fittings in (A) and (B). The sign-inverted one for the o band is also plotted.
(D) Substitution dependence of A obtained from the raw EDCs at k¢ and fitting by a BCS spectral function. (E) Substitution dependence of A/e¢ obtained in two ways as in
(D). (F) Schematic image of the multiband BCS-BEC crossover in FeSe; _,Sy. The solid red and blue curves represent the o and B bands in the SC state, respectively. The
dashed red curve represents the o band inverted at E = E¢. The dotted curve represents the dispersion of the a band in the normal state.

Fig. 4E. A downward trend with increasing x can be recognized for
both A curves determined from the raw EDCs and the fitting. For
the electron band at the M point, the substitution dependence of
Al/eg should be similar to that of the hole band at the I point, be-
cause the substitution of S for Se is isovalent, and any carrier is not
doped. In addition, taking account of the thermal conductivity, spe-
cific heat, and STS measurements (14, 15), the SC gap at the elec-
tron band at the M point is expected to be very small for x > 0.18.
Hence, A/e for the electron band at the M point should be smaller
than that of the hole band at the I point in this region.

DISCUSSION

As discussed in Figs. 2 and 3, the BQP band dispersions and the
temperature dependence of the EDCs show the systematic evolu-
tions to the BEC regime as x increases, and the system enters the
BEC regime at x = 0.21. However, although two-dimensional mean
field theory for a single-band system predicts that, when A/eg in-
creases, the system moves toward the BEC regime (20), the experi-
mental results for the substitution dependence of A/er show that it
decreases as x increases, as shown in Fig. 4E. This means that our
results contradict the theory for a single-band system. Two possibil-
ities to explain the BCS-BEC crossover in FeSe; _,S, are discussed in
the following.
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The first possibility is the interband coupling between the hole
band at the I" point (o band) and the electron band at the M point.
It has been proposed that, if the interband coupling between the
hole and electron bands is strong enough, the hole band becomes
BCS-like even if A/eg is close to unity (21). The present results may
be explained if the strong interband coupling causes the BQP dis-
persion to exhibit a downward convex shape for x = 0 to 0.13, and
this coupling becomes weak as x increases and the BQP dispersion
becomes upward convex. However, we consider that the interband
coupling between the hole and electron bands should be expected to
be stronger for x = 0.21, because, in the nematic phase, the direction
of the major axes is orthogonal between the elliptical hole and elec-
tron FS, and the nesting condition between the hole and electron FS
becomes better for x = 0.21 owing to the absence of nematicity.
Therefore, the substitution dependence of the interband coupling
between these two bands at the I' and M points is an unlikely expla-
nation for the origin of the discrepancy.

The second and most plausible possibility is the interband cou-
pling between the o and B bands in the SC state, which is tuned by
nematicity. In case of x = 0 at low temperature, the energy dif-
ference between o and B band (d../d,.) is due to nematicity and
spin-orbital coupling (22). As shown in Fig. 4C, as x increases, the
energy difference between the o and B bands decreases. This is due
to suppression of nematicity, because the o and p bands are mainly
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contributed from the Fe 3d orbitals, and thus spin-orbit coupling in
these bands should not change as x increases. In Fig. 4C, we have
also plotted the sign-inverted value of the top position of the o
band. The dispersion of the BQP band in the SC state can be regarded
as the raw o band and its hypothetical inverted band with respect to
Ep being hybridized by the particle-hole mixing. As schematically
shown in Fig. 4F, whereas the inverted a band and the B band do
not cross each other for x = 0, as x increases, they get to cross each
other at x = 0.16, around the nematic QCP. When the inverted a
and B bands are crossing, the interband coupling between these
bands can be expected to become strong. As a result, the BQP band
dispersion becomes upward convex, and the system enters a BEC
regime. The sudden change of the SC state is observed at the nem-
atic QCP (14, 15), which is the same point as we observed in the
BEC-like electronic structure. Theoretically, in a two-band model,
when the interband coupling is weak, the preformed pairing region
is suppressed compared to the single-band case, while it increases
when the interband coupling becomes strong (23). We conclude
that the suppression of nematicity controls the interband coupling
of the a and B bands and the BCS-BEC crossover in the FeSe; _,S,
system, realizing the BEC state at x = 0.21.

MATERIALS AND METHODS

High-quality single crystals were grown by the chemical vapor
transport method using KCI/AICl; as the transport agent as de-
scribed in (24). ARPES data were collected using a laser ARPES ap-
paratus at ISSP with 6.994 eV, the sixth harmonics of an Nd:YVO,
quasi-continuous-wave (repetition rate, 960 MHz) laser, and a
VG-Scienta HR8000 electron analyzer as described in (25). This ap-
paratus achieves a maximum energy resolution of 70 ueV and a
lowest cooling temperature of 1.5 K, which enables direct measure-
ment of the SC gap of FeSe, _,S,. The overall energy resolution was
set to ~1.3 meV and the angular resolution was 0.1°. The Fermi
edge of an evaporated gold film was measured to calibrate Ep energy
positions. The error bars of the SC gap size were determined from
the stability of the Ep position and were evaluated to be 200 peV.
More details on the accuracy of the measured gap size are described
in previous reports (25, 26). Polarization of the incident excitation
laser was adjusted using half-wave (A/2) and quarter-wave (A/4)
plates. Samples were cleaved in situ under ultrahigh vacuum and
measurements were conducted at pressures of < 5 x 10! torr. The
measurements were limited to the hole FS at the zone center owing
to the relatively low excitation energy of 6.994 eV, with which the
momentum around the electron FS at the zone corner cannot be
accessed.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/45/eabb9052/DC1
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