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Abstract We performed point-contact Andreev-reflection
measurements in Ba(Fe1−xCox)2As2 single crystals
(x = 0.1, Tc = 24.5 K) and SmFeAsO1−xFx polycrystals
(x = 0.2, Tc = 52 K). The spectra indicate the presence of
two superconducting gaps with no line nodes on the Fermi
surface, but also feature additional structures related to the
electron–boson interaction (EBI). From the spectra, it is pos-
sible to extract the characteristic energy Ω0 of the mediat-
ing boson. In Co-doped Ba-122, we obtain Ω0 = 12 meV
that coincides with the spin-resonance energy observed in
neutron-scattering experiments. In Sm-1111, Ω0 = 20 meV
fulfils the relation Ω0 = 4.65kBTc inferred from neutron-
scattering results on other Fe-based superconductors. The
strong electron–boson coupling may also explain some
anomalies in the PCAR conductance curves (e.g., the ex-
cess conductance at high energy) which sometimes prevent
a good fit of the curves with models based on constant, BCS-
like order parameters.
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1 Introduction

The order parameter (OP) is one of the fundamental quanti-
ties in a superconductor, since it determines how the charge
carriers couple to form Cooper pairs. In the standard BCS
theory for superconductivity, the pairing potential is due to
the interaction between electrons and some kind of medi-
ating bosons (phonons in conventional superconductors), is
always attractive, does not depend on energy, and is isotropic
in space. The constant amplitude of the OP, Δ, is also
the “energy gap” in the superconductor. A generalization
of this model to include an energy dependence of the OP,
as in the Eliashberg theory, allows a proper description of
those superconductors, like Pb, where the electron–boson
interaction is particularly strong. Further generalizations are
needed to account for OPs that are anisotropic or can even
change sign to become negative along some directions in the
k space (as for the d-wave symmetry) or multiple OPs re-
lated to different sheets of the Fermi surface, as in the well-
known MgB2 or probably in high-Tc superconductors under
particular conditions [1].

The Fe-based superconductors are likely to present many
of these complications at the same time. The proposed in-
terband coupling mechanism based on spin fluctuations al-
lows the opening of multiple nodeless gaps, but also in some
cases, the formation of gaps with point nodes or zeros [2],
or even with line nodes [3, 4].

One of the techniques that has been more useful to
study the number, the amplitude and the symmetry of the
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OPs in Fe-based superconductors and in many other ma-
terials is point-contact spectroscopy [5]. Here, we report
on point-contact Andreev reflection (PCAR) measurements
in the electron-doped compounds Ba(Fe1−xCox)2As2 and
SmFeAsO1−xFx , which show multiple gaps without line
nodes (and compatible with a s± symmetry) but also, in the
best cases, clear structures related to the strong electron–
boson coupling from which the characteristic energy of the
boson spectrum can be extracted.

2 Experimental

Here, the point contacts were not made by using the stan-
dard needle-anvil technique (in which a very sharp metallic
tip is pressed against the sample surface) but by putting a
small drop of silver conductive paste on the fresh sample
surface. Though the macroscopic area of the Ag contact is
rather large (more than 2000 µm2), the real current injection
occurs only here and there, in nanoscale contacts between
single Ag grains and the sample surface. Each of these con-
tacts can fulfil the ballistic condition a < (�, ξ) (a = contact
radius, � = electron mean free path, ξ = coherence length),
which is necessary to ensure energy-resolved spectroscopy.

3 Results and Discussion

Figure 1 shows an example of temperature dependence of
raw conductance curves obtained in a Ag/BaFe1.8Co0.2As2

point contact where the current is injected along the c-axis.
Peaks and shoulders are present at about 4 and 9.5 meV,
respectively, suggesting the presence of two superconduct-
ing gaps. However, additional structures are also present at

Fig. 1 Temperature dependence of the raw conductance curves mea-
sured in a c-axis point-contact on a Ba(Fe1−xCox )2As2 single crys-
tal (x = 0.1, Tc = 24.5 K). Inset: low-temperature normalized con-
ductance curve (symbols) compared to the one-band (dashed line) and
two-band (solid line) BTK fit obtained by using BCS-like gaps

higher energies that will be discussed later. The curves show
a slight asymmetry at all temperatures and the normal state
has a large dip at zero bias which gradually fills with increas-
ing temperature up to about 140 K, the temperature at which,
in the parent compound, the magnetic state sets in. The inset
reports the low-temperature normalized conductance (sym-
bols) here shown only for positive bias. The curve was ac-
tually obtained by symmetrization and normalization (i.e.,
division by the normal-state conductance at Tc) of the raw
experimental conductance curve measured at T = 4.2 K.
Dashed line represents the fit performed within the one-gap,
modified [6] Blonder–Tinkham–Klapwijk model [7] gener-
alized to take into account the angular distribution of the
injection current at the N/S interface [8]. Solid line is ob-
tained with the same model but now in the two band case
[9, 10]. It is clearly visible how the two-band model repro-
duces better the curve apart from the additional structure at
about 16–18 mV. This fact, together with the absence of ev-
ident in-plane anisotropy of the spectra [11] and the system-
atic absence of zero-bias peaks, indicates that the gaps have
no line nodes and are presumably almost isotropic (although
the existence of point zeros [2] in some small regions of
the Fermi surface, as suggested by Raman data [12] cannot
be excluded). In the BTK model, gaps are assumed to have
an s-wave symmetry. Notice that PCAR cannot discriminate
between a s++ and a s± symmetry since it is not sensitive
to the sign of the OP (unless a sign change occurs in a region
of the same Fermi surface sheet, giving rise to interference
effects between hole-like and electron-like quasiparticles, as
in the d-wave case).

The parameters of the best fitting curve, shown in the
inset to Fig. 1 are the gaps Δ1 = 4.6 meV and Δ2 =
9.3 meV, the broadening parameters Γ1 = 2.0 meV and
Γ2 = 4.1 meV, the barrier parameters Z1 = 0.167 and Z2 =
0.367 (proportional to the height of the potential barrier at
the interface) and the weight of the band 1 in the conduc-
tance, w1 = 0.4. Similar results were obtained from the fits
of various other conductance curves of c-axis contacts; the
final average gap amplitudes turned out to be Δc

1 = 4.1 ±
0.4 meV and Δc

2 = 9.2 ± 1.0 meV. For ab-plane contacts,
we got Δab

1 = 4.4 ± 0.6 meV and Δab
2 = 9.9 ± 1.2 meV.

These values correspond to gap ratios 2Δ1/kBTc ≈ 4.3 and
2Δ2/kBTc ≈ 9.0, both larger than the BCS value thus sug-
gesting the possibility of moderate- or strong-coupling su-
perconductivity. The small variation in the gap values on
changing the direction of current injection confirms that
the OPs are likely to be isotropic. Interestingly, also the
weight of the two effective bands remains practically the
same for current injection along the c axis or along the ab

plane. This can be taken as an indirect indication of the fact
that the bands in this compound have an almost equal de-
gree of three-dimensionality, as suggested by ARPES [13],
x-ray Compton scattering [14], and first-principles calcula-
tions [15].
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The gap values mentioned above, as well as the critical
temperature can be reproduced within an effective three-
band s± Eliashberg model [16, 17] with a dominant inter-
band coupling between the single hole-like FS sheet around
the Γ point of the Brillouin zone and the two electron-
like sheets around the M point. The electron–boson spectral
function is assumed to be a Lorentzian function peaked at
the energy Ω0. If Ω0 is chosen to coincide with the spin-
resonance energy observed by inelastic neutron scattering
measurements [18, 19], i.e., Ω0 = 12 meV, the model al-
lows obtaining three gaps: Δ1 = 6.1 meV (hole FS), Δ2 =
−3.8 meV (outer electron FS) and Δ3 = −8.0 meV (inner
electron FS). The calculated Tc is Tc,th = 24.9 K, taking into
account the feedback effect [17]. As shown elsewhere [11],
these gap values are compatible with both ARPES [20] and
PCARS results, if one assumes that: (i) the ARPES measure-
ments in Ref. [20] actually probed only one of the two elec-
tron bands, thus measuring |Δ1| = 7 ± 1 meV and |Δ2| =
4.5±0.6 meV; (ii) PCARS measurements, if fitted to a two-
band BTK model, give mainly |Δ2| = 4.35 ± 0.65 meV and
|Δ3| = 9.65 ± 1.45 meV (averaged over all directions) and
do not allow resolving the intermediate gap |Δ1|.

In addition to the gap structures, the curve in Fig. 1(a)
also shows additional features at about 20 meV that are
systematically observed in many PCAR spectra with large
Andreev-reflection signal (and thus large amplitude). Since
they disappear at the critical temperature of the contact,
they must therefore be related to some aspects of super-
conductivity that are not accounted for by the generalized
two-band BTK model [5], based on BCS (i.e., energy in-
dependent) order parameters, used to fit the data. Within
the Eliashberg theory, these structures naturally arise from
the energy dependence of the (complex) order parameter,
which in turn contains the information on the shape of the
electron–boson spectral function α2F(Ω) [5, 11]. Things
work in such a way that the sign-changed derivative of the
conductance, −d2I/dV 2, shows peaks at the typical bo-
son energies, shifted by the energy gap (in our case, the
largest one) [11]. Although in the aforementioned calcula-
tions of the energy gap, we have already used a boson spec-
trum peaked at Ω0 = 12 meV, the analysis of the electron–
boson-interaction (EBI) structures may allow a direct deter-
mination of the characteristic boson energy Ωb . To do so,
we calculated the derivative of some experimental PCAR
spectra: the resulting curves (Fig. 2(a)) clearly show a main
maximum at about Ep

∼= 20 mV. It is, however, even more
interesting to analyze the temperature dependence of such
features, as reported in Fig. 2(b) corresponding to the point
contact of Fig. 1: on increasing temperature, Ep decreases
as shown in Fig. 2(c) (solid symbols). Subtracting the am-
plitude of the larger gap Δ2 = Δmax from Ep gives the en-
ergy Ωb (open symbols) where the electron–boson spec-
tral function is expected to show a peak. Both the low-
temperature value and the temperature dependence of Ωb

Fig. 2 (a) Some examples of sign-changed second derivative
−d2I/dV 2 that shows the peaks associated with the strong electron–
boson coupling. (b) Temperature dependence of the sign-changed sec-
ond derivative reported in (a), bottom curve. (c) Temperature depen-
dence of the energy Ep of the main peak in −d2I/dV 2 (solid sym-
bols) and of the characteristic boson energy Ωb = Ep − Δmax (open
symbols) obtained from the curves in (b) (diamonds) and from another
set of curves (circles)

are very similar to those of the energy of the spin resonance
observed in Ba(Fe1−xCox)2As2 by neutron scattering exper-
iments [18]. This confirms our choice for Ω0 in the Eliash-
berg calculation and strongly supports the s± model of su-
perconductivity in Fe-based compounds, where the dom-
inant interband coupling is mediated by spin fluctuations
[16, 17].

We will now use the same approach for SmFeAsO1−xFx .
Figure 3(a) presents the positive-bias side of a symmetrized
conductance curve measured in an almost optimally-doped
Sm-1111 polycrystals, namely SmFeAsO0.8F0.2. The curve
shows a clear maximum at 5 meV and a shoulder at
about 16 meV. Both these structures can be ascribed to
the presence of two gaps and can indeed be reproduced
by a generalized two-band BTK model. The values of the
gaps that give rise to the theoretical BTK curve shown
in Fig. 2(a) as a dashed line are Δ1 = 6.0 meV and
Δ2 = 19.5 meV. The broadening parameters are very small,
i.e. Γ1 = 0.1 meV and Γ2 = 2.5 meV, while Z1 = 0.20,
Z2 = 0.1 and w1 = 0.6.

Moreover, we can observe that additional structures are
also present in this compound at about 27 and 40 meV,
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Fig. 3 (a) An example of low-temperature normalized conductance
curve measured in a point contact on a SmFeAsO1−xFx polycrys-
tal (symbols) compared to the two-band BTK fit obtained by using
BCS-like gaps (dashed line) and the energy-dependent gaps given
by the solution of Eliashberg equations (solid line). (b) Temperature
dependence of the sign-changed second derivative −d2I/dV 2 that
shows the peaks associated with the strong electron–boson coupling.
(c) Temperature dependence of the energy Ep of the main peak in
−d2I/dV 2 (solid symbols) and of the characteristic boson energy
Ωb = Ep − Δmax (open symbols) obtained from the curves shown
in (b)

which are not reproduced by the BTK model with BCS
gaps. By looking at the temperature dependence of the sign-
changed second derivative (Fig. 3(b)), of the energy peak,
Ep at about 40 meV (solid symbols, Fig. 3(c)) and of
Ωb = Ep − Δmax, we can see that the additional structures
are most probably related to a strong electron–boson inter-
action, which we can try to analyze further in the following.

The values of the gaps are well compatible with those
presented elsewhere [22] and it is possible to try the same
analysis within the three-band s± Eliashberg theory, in
an analogous way as shown above for Co-doped Ba-122
(but here we have two hole-like bands and one electron-
like band) [17]. To the best of our knowledge, no infor-
mation on the possible presence of a spin-resonance energy
is available yet. Nevertheless, if we assume that the rela-
tionship Ω0 = 4.65kBTc, observed in other Fe-based com-
pounds [19], holds in this case, also; it is possible to re-
produce the experimentally observed gap values and Tc re-
markably well, i.e., Δ1 = 6.03 meV, Δ2 = 17.23 meV, Δ3 =

−19.56 meV, and Tc,th = 54.7 K (taking into account the
feedback effect, [17]), using Ω0 = 20 meV. Now, as a fur-
ther analysis, we introduce the obtained energy-dependent
order parameters into the BTK conductance. The result is
shown in Fig. 3(a) as a solid line. The agreement with the ex-
periment is really good. Now, only the additional structure
at 27 meV is not reproduced, probably because the actual
shape of the electron–boson spectral function is more com-
plicated than a simple Lorentzian one. Notice that the con-
ductance is now better reproduced also in correspondence of
the “high-energy tails,” i.e., above 50–60 meV. This could
not be achieved by the model with BCS gaps, and thus this
latter effect could be another manifestation of the strong-
coupling character of this compound. Further investigation
in this regard is therefore desirable.

4 Conclusions

In conclusion, we have shown that PCAR experiments
in BaFe1.8Co0.2As2 single crystals (Tc = 24.5 K) and
SmFeAsO0.8F0.2 polycrystals (Tc = 52 K) show clear ev-
idence for multigap, nodeless superconductivity that can be
interpreted within a three-band s± Eliashberg theory with
dominant interband character of the coupling, and thus in
agreement with proposed models in Fe-based superconduc-
tors [21]. Moreover, additional structures related to strong
electron–boson interactions have been observed in both
compounds. For the 122 compound the characteristic en-
ergy of the mediating boson, Ω0 = 12 meV, extracted from
the measurements, coincides with the spin-resonance energy
observed in neutron scattering experiments. For the 1111
superconductor, the extracted boson energy, Ω0 = 20 meV,
fulfils the relationship Ω0 = 4.65 kBTc, as inferred from
neutron scattering experiments on several Fe-based com-
pounds. The related EBI feature can also be reproduced by
introducing the energy-dependent order parameters in the
BTK conductance. Therefore, these results support a pic-
ture where Fe-based are moderate- or strong-coupling su-
perconductors with a spin-fluctuation-mediated mechanism
of pairing.
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