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Abstract Scanning tunneling spectroscopy has been used
to investigate the superconducting gaps of FeSe1−xSx sin-
gle crystals and to reveal signatures of a bosonic mode in the
quasiparticle density of states. We find that both supercon-
ducting gaps residing on different pockets of the Fermi sur-
face are anisotropic. Moreover, the bosonic mode appears
in the quasiparticle density of states as a redistribution of
states at energy �/e, measured with respect to the supercon-
ducting gap. The energy of the boson mode � is found to
scale with the superconducting gap, and it can be estimated
to be in the range 2.6 ÷ 3.8 meV in agreement with a recent
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observation of a resonance spin excitation in neutron scat-
tering. This suggests that quasiparticle interactions with this
mode are important for superconductivity.
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1 Introduction

FeSe has the simplest crystal structure among the Fe-based
superconductors. It exhibits a structural transition from
tetragonal to orthorhombic at Ts ∼90 K [1] and a super-
conducting critical temperature at Tc ∼9 K [2]. Below Ts,
a strong electronic anisotropy of the Fermi surface has been
observed by angle-resolved photoemission spectroscopy [3]
that cannot be explained in terms of the difference in the lat-
tice parameters (only 0.1 %). Therefore, this phase is driven
by an electronic degree of freedom, namely the electronic
nematic order [4]. The origin of this symmetry breaking is
currently one of the most intensely debated issues in the lit-
erature. It has been proposed that nematicity could be driven
either by orbital ordering of the Fe d electrons or by spin
fluctuations. Furthermore, orbital ordering would favor a
sign preserving s-wave superconducting order parameter [5,
6] while spin fluctuations would favor a sign changing s±
or d-wave pairing [7]. Different from Fe-based pnictides,
no long-range order magnetic phase has been observed in
this material, which provides the opportunity to study the
nematic phase down to the superconducting state.

Tunneling spectroscopy is a powerful technique that not
only allows to reveal the superconducting gap but also
provides important information on the symmetry of the
order parameter through the changes of the local density
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of states at defect sites [8, 9], while superconducting gaps
on different portions of the Fermi surface can be detected
by directional tunneling [10]. The superconducting gaps
in this material have been measured by scanning tun-
neling microscopy and scanning tunneling spectroscopy
(STM/STS) on thin films [11] and single crystals [9, 12],
planar junction [13], and point contact spectroscopy [14].
Some of the features in the tunneling spectra have been
observed in all experiments, while others have appeared
with different strengths depending upon the sample, geom-
etry of the experiment (planar vs STM), and tempera-
ture, making, therefore, the interpretation of these features
still controversial. Moreover, different from other Fe-based
superconductors, with higher Tc and bigger gaps, angle-
resolved photoemission cannot adequately resolve these
small gaps on different portions of the Fermi surface. Only
a recent report on the angle-resolved photoemission study
of FeSe0.93S0.07 shows a pronounced twofold anisotropy of
the superconducting gap at the hole pocket, while no gap
was observable on the electron pocket [15].

Furthermore, tunneling experiments can reveal a sig-
nature of the boson mode that couples electrons in the
superconducting state from the deviation of the tunneling
spectrum from the Bardeen-Cooper-Schrieffer (BCS) the-
ory of superconductivity, and therefore provide important
information on the pairing mechanism. Indeed, soon after
Giaever succeeded in experimentally revealing the energy
gap in the quasiparticle density of states of superconduct-
ing Pb in a tunneling experiment [16], he also observed
additional fine structure outside the coherence peaks [17,
18]. The deviations from the smooth BCS shape reflect
the energy-dependent gap function affected by the phonons
as consistently described by the Eliashberg strong-coupling
theory [19]. The most prominent features produced by a
single phonon mode at � in the quasiparticle density of
states of a superconductor is a strong decrease very close
to � + �, symmetrically for occupied and unoccupied
states. Furthermore, since the strong-coupling phonon fea-
tures arise from the energy-dependent gap function, their
intensity is expected to decrease as the temperature is raised
and to vanish at the critical temperature. In recent years,
reports on the observation of dip-hump features outside the
gap in tunneling spectra obtained by STM/STS and break
junction measurements on different cuprates [20–23] and
iron-based superconductors [24] were published. They have
been interpreted as a manifestation of a bosonic mode simi-
lar to strong-coupling effects in conventional superconduc-
tors [25–27]. In the case of unconventional superconductors,
it is usually supposed that the origin of the bosonic mode
is spin excitations rather than phonons. This hypothesis is
based on the agreement of the mode energy extracted from
the tunneling spectrum with the energy of spin excitation
measured by inelastic neutron scattering.

In this paper, we report scanning tunneling microscopy
and spectroscopy measurements performed on FeSe1−xSx

single crystals and we provide the first directional tunneling
that shows the presence of two anisotropic gaps. Moreover,
we clearly observe the boson mode feature in tunneling
spectra of FeSe1−xSx with different S contents, where vari-
ations of the gaps with tunneling direction, in proximity of
twin boundaries and in samples with different S substitu-
tion levels, allow to correlate the strength of the boson mode
with the superconducting gap.

2 Samples

FeSe1−xSx single crystals were grown in evacuated quartz
ampoules using the AlCl3/KCl flux technique in a temper-
ature gradient (from 400 to ∼50 ◦C) for 45 days [28]. The
chemical composition of crystals was studied with a digi-
tal scanning electron microscope (TESCAN Vega II XMU)
[28]. The standard deviation of the average S concentra-
tion gives an indication of the homogeneity of S within the
crystals. Therefore, the composition and, in particular, the S
concentration level were obtained by averaging over several
different points of each single crystal. The analysis showed
that the approximate chemical compositions are FeSe1 − δ

(x = 0), Fe(Se0.96 ± 0.01S0.04 ± 0.01)1 − δ (x = 0.04), and
Fe(Se0.91 ± 0.01S0.09 ± 0.01)1 − δ (x = 0.09) (δ represents
the Se vacancies naturally present in these samples) and
that the samples are of high-quality tetragonal β-FeSe phase
as described in detail elsewhere [13]. The superconducting
critical temperatures are 8.5, 9.6, and 10.1 K for x = 0,
0.04, and 0.09, respectively [9].

3 Results

Lowtemperature STM/STS measurements were performed
at T = 1.5 K, using the Unisoku UHV STM system, with a
base pressure of 4 × 10−11 Torr. All samples were cleaved
in UHV at room temperature and, after, were soon trans-
ferred to the STM at low temperature. Pt-Ir tips were used
in all measurements.

In the limit of low temperature and voltages, the tunnel-
ing conductance (dI/dV vs V ) between a normal tip and
a sample is proportional to the local electronic density of
states of the sample. Tunneling spectroscopy was performed
using the standard lock-in technique with an ac modulation
of 0.2 mV at 373 Hz. The atomically resolved topographic
images were acquired in the constant current mode.

Figure 1a–c shows the representative atomic resolu-
tion STM topography images acquired at the surface of
FeSe1−xSx crystals with different S contents. The S atoms
are associated with dark spots in the images, consistent with
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Fig. 1 a–c Representative atomic resolution STM topography images
acquired on the surface FeSe1−xSx single crystals with x = 0,
x = 0.04, and x = 0.09, respectively. Scanning conditions are
V = 20 mV and I = 100 pA. The scan areas for all images are
19.6 nm × 19.6 nm. d–f Representative tunneling spectra for the sam-
ples x = 0, x = 0.04, and x = 0.09, respectively. All spectra were

acquired at T = 1.5 K, and they were normalized by the tunneling
conductance at V = −10 mV. The arrows point at the main coher-
ence peak (higher energy feature) and at a kink observed in all spectra
(at lower energy). The circled region highlights the deviations from the
BCS that will be discussed in Fig. 3

the nominal S content. Representative tunneling spectra for
pure (x = 0), x = 0.04, and x = 0.09 samples acquired at
T = 1.5 K are shown in Fig. 1d–f. The spectrum acquired
on the pure sample (Fig. 1d) is V-shaped (consistent with
nodes in the gap) and shows clear coherence peaks at ±
2.3 meV. These peaks can be tracked in temperature up to
the critical temperature Tc = 8.5 K. The obtained values of
� and Tc yield 2�

kBTc
≈ 6.3 much higher than the BCS ratio

and place this material in the strong-coupling limit. Other
two features appear symmetrically at ±1.3 meV, and they
are more evident at 0.4 K [9]. Since tunneling integrates
the gap in momentum space, it is difficult from these data
alone to establish the origin of this feature. It might arise 162
from a strongly anisotropic gap on the � pocket, or it could
be related to the gap on the M pocket. Based on the den-
sity functional theory, these tunneling spectra are consistent
with different explanations of their origin [29, 30]. Without
a clear model, it is not possible to determine the tempera-
ture dependence of the low-energy features since they are
not clearly visible from the tunneling spectra already at 2 K.
The temperature dependence of the two gaps is governed by
the interband coupling that is supposed to be quite weak in
FeSe [31]. Finally, a third feature appearing symmetrically
at energy above the gap has been associated with a boson
mode feature [32] and it will be discussed in detail in Fig. 3.

The same features are also present in the tunneling spectra
acquired on the sample with x = 0.04. In this case, the main
pair of symmetric peaks moves at ±2.6 meV consistent with
an increase of Tc to 9.6 K and the low-energy feature moves
at 0.7 meV. In the case of x = 0.09, the main pair of peaks
moves at lower energy ±2 meV and it anti-correlates with
Tc = 10.1 K. The simultaneous decrease in the gap and
increase in Tc are only possible in a multigap scenario. It can
indeed be related either to an increase of interband scatter-
ing or to a change in band structure with consequent changes
in holes and electron concentration.

In Fig. 2a, a topographic image acquired at the surface of
a pure FeSe crystal (without S substitution) is reported. The
image shows a step with the atomic lattice continuous along
the step and no indication of a twin boundary or a stressed
lattice. In Fig. 2b, a sequence of tunneling spectra recorded
across the step is shown. The position labeled as x = 0 indi-
cates the middle of the step. The tunneling spectra change
across the step. In the middle of the step, a clear two-gap
feature emerges (Fig. 2e) that is not present when tunnel-
ing along the c-axis (Fig. 2d) of the crystal structure of the
sample. In order to explain these results, details of the band
structure need to be taken into account and the signature of
the band structure effects in a tunneling experiment needs
to be addressed. According to angle-resolved photoemission
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Fig. 2 a STM topography image acquired on the surface of a pure
FeSe (x = 0) single crystal and showing a step-like feature. The
defects in the image correspond quite likely to Se deficiencies in the
crystal. The image has been acquired at V = 20 mV and I = 100
pA. The scan area is 312.5 nm × 312.5 nm. b Sequence of tunneling
spectra acquired across the step (line in a) at T = 1.5 K. Tunneling
parameters are V = 10 mV and I = 100 pA. c Plot of the gaps as
a function of the distance from the center of the step (x = 0). The
filled circles are the large energy peaks, the triangles are the features

that appear as kinks in the tunneling spectra when tunneling along the
c-axis (Fig. 2d, kinks at low energy are indicated by arrows), while the
open circles are the low-energy peaks that appear clearly on the step
(Fig. 2e). The triangles have been obtained from the first derivative of
the dI/dV. d Typical tunneling spectrum acquired on the c-axis regions.
The arrows indicate the features that are summarized in c with filled
and open circles, respectively. e Typical tunneling spectrum recorded
on the step. The black and red arrows indicate the features summarized
in c with black and red dots, respectively

measurements, the Fermi surface of FeSe consists of one
hole pocket at the � point and one electron pocket at the
M point [3]. Theory and quantum oscillation experiments
reveal a second pocket at the M point as well [33]. Two dif-
ferent energy gaps might exist on different portions of the
Fermi surface. To understand how such a highly anisotropic
band structure can manifest itself in a tunneling experi-
ment, the tunneling matrix element has to be considered.
Indeed, although the tunneling matrix element is considered
to be constant in the conventional treatment of tunneling,
there is a factor D(k) that is proportional to the quasiparti-
cle’s group velocity (νg) and the directionality function that
needs to be taken into account. The tunneling matrix ele-
ment can be written as

∣
∣T 2

∣
∣ = νgD(k) where νg is the

quasiparticle group velocity (vg = |∇kεk · n|) and D(k) is
the directionality function. The directionality function has
the form [34]

D(k) = exp

(

k2 − (k · n)2

(k · n)2	2
0

)

where n defines the tunneling direction perpendicular to the
surface of the sample and 	0 is the tunneling cone spread

in k space of the quasiparticle momenta with non-negligible
tunneling probability with respect to n. For 	0 � 1, only
the quasiparticle with momenta very close to the direction
of n has significant tunneling probability; i.e., the theory
of tunneling strongly favors transitions with k perpendic-
ular to the surface, into a cone with an opening angle of
5◦±10◦. In the case of FeSe, similar to the case of MgB2

[10, 35–37] due to the highly anisotropic band structure,
different tunneling directions should probe different bands
at the Fermi surface with corresponding weights depending
upon the tunneling direction. In particular, tunneling along
the c-axis direction of the crystalline structure of FeSe tun-
neling should selectively probe preferentially the � pocket,
while tunneling at different angles increases the probability
of tunneling into the M pocket.

Moving the tip across the step corresponds to tunneling
at an angle 	0 with the c-axis crystallographic direction
increasing then the probability to tunnel into the M pocket.
In Fig. 2c, the summary of the peak position as a func-
tion of location is reported. The filled circles represent the
values of the higher energy gap, the open circles represent
the values of the low-energy gap in spectra like those in
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Fig. 3 a Characteristic
tunneling spectrum acquired at
T = 1.5 K, with V = 10 mV
and I = 100 pA, shown
together with the curve to which
the spectrum has been
normalized to. The result of the
normalization is reported in b. c
The first derivative of the dI/dV
spectrum. The two dashed lines
describe the two methods used
to determine the � + � feature
from the tunneling spectra. d
Dependence of the
superconducting gap on the
bosonic mode energy � at
T = 1.5 K. e �/2� plotted as a
function of �. Note that �/2�

remains below 1 for the
collected data

Fig. 2e, while the triangles represent the position of the kink
at lower energy in spectra like those in Fig. 2d (derived from
the first derivative of the dI/dV). This summary plot clearly
shows the existence of two anisotropic gaps on both hole
and electron pockets in FeSe.

In Fig. 3, we focus on the boson mode revealed by tun-
neling spectra. The spectra acquired along the step and in
samples with different S contents provide a wide range of
gap values and allow us to correlate the energy of the boson
mode with gap values.

Figure 3a shows the tunneling spectrum acquired on a
pure sample at T = 1.5 K.

To analyze the tunneling spectra, we first normalize it as
shown in Fig. 3a, and b. The normalization curve is either
the normal state conductance curve acquired at a tempera-
ture higher than Tc or the polynomial fit of the conductance
curve in the superconducting state that excludes the part
of the spectrum close to the Fermi level. The value of the
energy gap � is chosen at the energy corresponding to the
main coherence peaks. The position of � + �, where �

is the boson mode, in a single-band Eliashberg theory, is at
the minimum of the dip for a d-wave order parameter and
at the inflection point for an s-wave order parameter [38].
The inflection point is determined by taking the derivative
of the dI/dV curve. The maximum at positive bias and the
minimum at negative bias outside the coherence peaks in
the d2I/dV 2 spectrum represent the location of ±(� + �)
(Fig. 3c). To determine � correctly, one would need to fit
the data with a two-gap Eliashberg theory for strongly cou-
pled superconductors. Here, we determine this position by
determining both the minimum and inflection point and then
by plotting the average between the two. The error on the
determination of � has been estimated to vary between 0.2

and 0.5 meV. In Fig. 3d, we plot the obtained values of �

as a function of � and we show that � correlates with �.
The points in Fig. 3d have been obtained either on differ-
ent samples or on the same sample at different locations,
where changes of the gap value are due to different tun-
neling directions or defects. The energy of the boson mode
� ranges between 2.6 and 3.8 meV in our data and yield
a �/kBTc ≈ 4 ÷ 5 similar to other Fe-based supercon-
ductors [39]. According to the Eliashberg theory, the energy
of such excitation should remain below the pair-breaking
energy, namely �/2� < 1 [40]. In Fig. 3e, we demonstrate
that this ratio is always below 1 in our data.

4 Discussion and Conclusions

We have investigated the aspects of the multiband super-
conductivity in FeSe single crystals and the boson mode in
tunneling spectra.

Different gap amplitudes can be present on different por-
tions of the Fermi surface similar to the case of MgB2 [41].
With tunneling spectroscopy, it is possible to probe different
pockets by tunneling into different crystallographic direc-
tions of the sample. We found that a larger anisotropic gap
(accessible when tunneling along the c-axis of the sam-
ple) resides on the � hole pocket of FeSe while a smaller
anisotropic gap on the electron pocket at the M point. The
main results are summarized in Fig. 2. In particular in
Fig. 2c, there is a summary of the different features observed
while tunneling in FeSe from different directions.

Moreover, a feature in the tunneling spectrum at energy
higher than the gap has been associated to either a boson
mode [32] or a signature of another gap [12]. We have
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analyzed the tunneling spectra with different values of the
energy gap (due to tunneling in different directions and dif-
ferent sulfur substitution levels), and we have observed that
this feature scales with the energy gap. This feature that dis-
appears with Tc is similar to structures ascribed to a phonon
mode interacting with quasiparticles in conventional super-
conductors and suggest that the electrons are coupled to
some type of collective excitation of energy �. More impor-
tantly, we find that the energy scale of this feature in the
tunneling spectra is comparable to a spin resonant mode
found in neutron scattering [42]. Therefore, this strongly
suggests that spin fluctuations play an important role in the
pairing mechanism of FeSe.
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31. Komendová, L., Chen, Y., Shanenko, A.A., Milošević, M.V.,
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