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Shallow pockets and very strong coupling
superconductivity in FeSexTe1−x
Y. Lubashevsky, E. Lahoud, K. Chashka, D. Podolsky and A. Kanigel*

The celebrated Bardeen–Cooper–Schrieffer (BCS) theory has
been successful in explaining metallic superconductors, yet
many believe that it must be modified to deal with the newer
high-temperature superconductors. A possible extension is
provided by the BCS–Bose–Einstein condensate (BEC) theory1,
describing a smooth evolution from a system of weakly
interacting pairs to a BEC of molecules of strongly bound
fermions. Despite its appeal, spectroscopic evidence for the
BCS–BEC crossover has never been observed in solids. Here
we report electronic structure measurements in FeSexTe1−x

showing that these materials are in the BCS–BEC crossover
regime. Above the superconducting transition temperature, Tc,
we find multiple bands with remarkably small values for the
Fermi energy εF. Yet, in the superconducting state, the gap ∆
is comparable to εF. The ratio ∆/εF ≈ 0.5 is much larger than
found in any previously studied superconductor, resulting in
an anomalous dispersion of the coherence peak very similar to
that found in cold Fermi gas experiments2, in agreement with
the predictions of the BCS–BEC crossover theory.

The BCS–BEC theory is based on the observation that the BCS
wave function can describe both a system of weakly interacting
pairs and a BEC of molecules of strongly bound fermions, provided
that the fermion chemical potential is allowed to change sign with
increasing interaction strength3,4. The crossover is governed by the
interplay between pairing interaction, represented by the energy gap
∆, and kinetic energy, represented by the Fermi energy εF.

Cold Fermi gasses provide the most direct way to see the
BCS–BEC crossover5,6—the Feshbach resonance offers a way to
tune the interaction between atoms continuously. As the interaction
strength is increased one can observe the change in the chemical
potential, µ. It has been shown2 that the fermion momentum dis-
tribution changes in theway predicted by the BCS–BEC theory1,3,4.

Many authors have predicted similar physics in the under-
doped cuprates because of their large gaps and low carrier
concentration7–9. It was suggested that many of their unconven-
tional properties could be explained by the BCS–BEC crossover, but
spectroscopic evidence of a change in µ has never been found. In
this paper we look instead at the iron chalcogenide FeSexTe1−x and
present evidence for BCS–BEC crossover physics in this system.

We have performed angle-resolved photoemission spectroscopy
(ARPES) measurements to map the band structure, both above
and below Tc. We find a band structure similar to the one
reported in previous ARPES work10–12. A sketch of the Fermi
surface of FeSexTe1−x, together with a measured intensity map at
εF is shown in Fig. 1.

ARPES data taken above Tc, at 15 K, around the 0 point can be
seen in Fig. 2. The different orbital character of the bands leads to a
strong polarization and orientation dependence of the intensity12.
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Figure 1 | Fermi surface of FeSexTe1−x. a, Intensity map at the Fermi level
integrated over 4 meV. b, Magnetic moment versus temperature, showing a
sharp superconducting transition at 12.5 K. c, A sketch of the Brillouin zone
of FeSexTe1−x.

In Fig. 2a and b we show ARPES data and the corresponding
momentum distribution curves (MDCs) taken parallel to the 0–M
direction and the 0–X direction, respectively. Three bands can be
identified; we use the notation α1, α2 and α3 following ref. 10. We
extract the masses and the Fermi crossing points of the different
bands by taking many cuts covering a large region around 0,
see Fig. 2c and d. For each cut we use the MDCs to map out
the dispersion. We fit the entire data set using three circular
paraboloids. The fit to the data is excellent, see Fig. 2e and f, allowing
us to extract the Fermi crossing points and the value of εF for
the various bands.

We find that only α2 and α3 cross the Fermi energy and create
hole pockets. α1 ends about 25meV below the Fermi surface. The
two bands that form the Fermi surface are strongly renormalized in
comparison with the calculated band structure. The two pockets are
very shallow; based on the fit we estimate εF to be 4±2.5meV for
both pockets. For the electron-pocket around the M-point we find
εF to be 10±1meV (see Supplementary Fig. S1). This is a surprising
result: a metal with such a small Fermi energy cannot be considered
a degenerate Fermi gas even at room temperature.

Our values for εF are in close agreement with transport
measurements13 which infer a TF of 150K from the Seebeck
coefficient. The remarkable agreement (taking into account that the
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Figure 2 |0 point data. a,b, ARPES data and the corresponding MDCs for a cut taken in the 0–M (a) and 0–X (b) directions. c, ARPES data for 10 different
cuts taken parallel to the 0–X direction. d, Second derivative with respect to energy of the data shown in c. e, The two-dimensional fit results, the three
paraboloids are the best-fit to the data representing the three hole-like bands. We find that α1 does not crossing the Fermi level. For both α2 and α3 we find
small pockets with εF=4±2.5 meV. We find the following masses for the different bands: m?α1

= 1.0±0.3me,m?α2
= 3.4±0.5me and m?α3

= 14±3me.
These values are in good agreement with previous work10. f, Intensity maps at three different binding energies, with solid lines taken from the fit.
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Figure 3 | Coherence peak. a, Detector images from ARPES data going through the 0 point taken at 8 K (right) and 15 K (left). b, A direct comparison of
EDCs above and below Tc, the coherence peak is clearly visible. The line shape in the superconducting state is similar to the line shape found in the
cuprates (see Supplementary Fig. S2). c, A comparison of the EDC above and below Tc at the 0 point (left) and the EDC below Tc at a momentum point
between the two hole pockets (right).

single-band model used in ref. 13 provides an upper limit of TF)
between a bulk-sensitive transport measurement and our ARPES
results indicates that our results are representative of the bulk.

When we lower the temperature below Tc, we find surprising
results. In Fig. 3a (right) we show the raw ARPES data of a cut going
through the 0 point taken below Tc. In contrast to the data taken
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Figure 4 |Dispersion below Tc and the BCS–BEC crossover model. a, Dispersion of the coherence-peak as extracted from the EDCs shown in Fig. 3b.
b, Dispersion of the α3 band. The red points represent MDC peak positions, they are found to be the same above and below Tc. The black squares
represent the coherence peak position. The red line is from the two-dimensional fit. The error bars represent the uncertainty in the MDC peak position
obtained by fitting a Gaussian to the MDC peaks. c, A sketch of the quasiparticle dispersion for the case ε̃F∼ εF (BCS limit). d, A sketch of the quasiparticle
dispersion for the case ε̃F=0 (BCS–BEC crossover regime).

above Tc (Fig. 3a (left)), one can see the emergence of a coherence
peak below Tc. In Fig. 3b we show a direct comparison of the energy
distribution curves (EDCs) measured at 20 K and at 8 K, the new
peak is very sharp, its width is about 3meV and it is probably
resolution-limited. The coherence peak can be found over a large
portion of the zone centred around the 0 point. In Fig. 3c (left)
we compare the EDC at the 0 point above and below Tc. There is
an ‘hump’ peaked around 25meV whose origin is the α1 band, the
hump position and shape does not depend on temperature. Below
Tc there is an extra sharp peak. For comparison we show in Fig. 3c
(right) the EDC below Tc at a momentum point which lies between
the two Fermi pockets (see inset), where it is possible to identify
both α1 and α2 in addition to the sharp coherence peak. It is possible
to follow the coherence peak even beyond kF of theα3 band.

The coherence peak position disperses as one moves from the
0 point, as shown in Fig. 4a. In Fig. 4b we show the dispersion
of the α3 band and of the coherence peak. The dispersion of the
α3 band was extracted from the MDC peak positions. We can
follow the band up to 12meV from εF, the same dispersion is

found above and below Tc within the error bars shown in the
figure. The signal is very weak when approaching εF, and it is
unlikely that this is attributed to a matrix-element effect because
the intensity depends on the binding energy very strongly. This
is a pseudogap, which is expected in the normal state when the
interaction is strong enough14. The strong interactions broaden all
the features, making it impossible to follow the dispersion in the
pseudogap state up to εF.

The dispersion below Tc was extracted by following the peak
position in the EDCs. Remarkably, the minimal gap is found
exactly at the 0 point, and not around kF. In fact, nothing special
happens at kF, as can be seen in Fig. 4a. The coherence peak
dispersion reveals a very flat dispersion below Tc, and to relate the
dispersion of the coherence peak to that of α3 we must conclude
that the effective mass is strongly renormalized when the sample
becomes superconducting.

The gap size at the 0 point is ∆ = 2.3± 0.3meV; the zero
temperature gap should be slightly larger. Comparing that to εF, we
get ∆/εF ∼ 0.5. This is a large number, indicating strong-coupling
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superconductivity in FeSexTe1−x. For comparison ∆/εF ∼ 0.1 in
optimally doped Bi2212.

In the BCS theory, below Tc the quasiparticle dispersion is
given by Ek = ±

√
ξ 2k +∆2

k, where ∆k is the gap function and
ξk=±(εk− ε̃F) is the band dispersion measured relative to a band-
dependent shift ε̃F. Here, εk = k2/2m∗, and the sign of ξk depends
on whether the band is electron-like or hole-like. For a single band,
it is conventional to replace ε̃F by the chemical potential µ within
the crossover mean-field theory. In the current context, however,
we prefer to use ε̃F, as each band has its own Fermi energy, and to
allow for the independent renormalization of the Fermi energy of
the bands, for example due to self-energy effects belowTc (ref. 15).

To find ε̃F and ∆k one needs to solve the BCS gap and
number equations self-consistently16. In the weak-coupling limit
ε̃F = εF to an excellent approximation and we get the Bogolyubov
dispersion with the characteristic back-bending of the occupied
branch. The dispersion is given by Ek = −

√
ε2k+∆2, where the

energy is measured relative to εF. The weak-coupling situation for a
hole-like band is shown in Fig. 4c. In this case the minimum of the
energy gap occurs at kF and its value is∆. At k= 0 the quasiparticle
energy is

√
ε2F+∆2. This characteristic dispersion was measured

using ARPES in the cuprates17 and in the pnictides18.
On the other hand, when the interaction is strong enough, there

is a significant shift in ε̃F. As ε̃F becomes smaller, the position where
the gap minimum is found shifts away from the normal state kF to-
wards k= 0. In the extreme case, where ε̃F reaches zero (or changes
sign), the minimum of the gap moves to the 0 point and its value
becomes E0 =−

√
ε̃2F+∆2 (ref. 1). This quasiparticle dispersion as

predicted by the model in the case where ε̃F is exactly zero is shown
in Fig. 4d. The similarity to our data, shown in Fig. 4b, is striking.

We find ∆/εF = 0.6 ± 0.4. This estimate is based on the
assumption that ε̃F is close to zero. Although we cannot determine
∆ and ε̃F independently, our data is inconsistent with a very
negative ε̃F, as that would lead to amuch larger binding energy at the
0 point than the normal state εF. On the other hand, if the change in
ε̃F were small, the minimum of the binding energy below Tc would
be at kF instead of at the 0 point. This indicates that our sample
does not lie deep in either the BCS or BEC regimes, but lies instead
in the crossover regime.

In its simplest form, the BCS–BEC crossover theory is in good
qualitative agreement with our data, although it does not give a
full quantitative description. In particular, the mean-field theory
predicts that for a two-dimensional system the gap must be twice as
large as εF in order for ε̃sF to change sign on crossing Tc (ref. 19). To
get quantitative agreement onemay need to includemultiple bands,
momentum-dependent interactions, and self-energy corrections,
which play an important role in renormalizing the band structure.

Methods
For the ARPES experiments we have grown high-quality single crystals of
FeSexTe1−x using the ‘self-flux’ method20. Energy-dispersive spectroscopy shows a
uniform composition with x = 0.35. Tc of these crystals is 12.5 K, as found using
superconducting quantum interference device (SQUID) magnetometry (Fig. 1b).
The transition is sharp (∆Tc< 1K) and the magnetic moment size indicates a large
superconducting volume fraction of about 100% at low temperatures.

The ARPES measurements were done at the Technion, using a Scienta R4000
and the HeIα line (21.218 eV) from a He lamp. Crystals of typical size of 1×1mm2

were cleaved in situ at a pressure lower than 5×10−11 torr. The samples were
cleaved at 8 K, and measured below and above Tc.
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