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Abstract We study optical properties of the multiband su-
perconductors with an s± order parameter symmetry. By
comparing results of our theory with experimental data on
optical conductivity for Ba0.68K0.32Fe2As2 single crystals,
we show that satisfactory description of the novel supercon-
ductors can be obtained only considering a strong electron-
boson coupling. We reexamine the effect of disorder and
demonstrate that multiband superconductors are more robust
with respect to it than naively expected by simple analogy
with paramagnetic impurities in single-band superconduc-
tors. Moreover, disorder may give rise to new effects, in par-
ticular to a phase transition s± → s++. We discuss how the
systematic study of disorder impact on the density of states
and the optical conductivity may provide information on the
underlying order parameter structure.

Keywords Multiband superconductivity · Optical
conductivity · Effects of disorder

1 Introduction

The discovery of iron-based superconductors [1] put for-
ward experimental and theoretical efforts to understand the
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mechanism of high-temperature superconductivity in these
compounds. These studies yielded a comprehensive exper-
imental description of the electronic Fermi surface (FS)
structure, which includes multiple FS sheets, in good agree-
ment with density functional calculations [2, 3]. Partial nest-
ing between at least two of these sheets leads to a spin-
density-wave (SDW) instability that renders the metallic
parent compounds antiferromagnetic.

At finite electron or hole doping, SDW-order changes
to superconductivity. In the superconducting phase, due to
the proximity to the SDW-state spin fluctuations become the
source of strong repulsive interband interactions and might
lead to the superconductivity with different signs of the or-
der parameter on distinct FS sheets, the so-called s± symme-
try [4, 5]. Therefore, one of the important questions in this
regard is how strong the electron-boson interaction in these
materials. The answer to this question is also necessary since
most of the modern theories are constructed in the limit of a
weak coupling.

Since varying amounts of disorder are present in Fe-
based superconductors (FeSC) and because superconductiv-
ity is created in most cases by doping, it is important to un-
derstand the role of impurities. It has been shown that in an
s± state, any nonmagnetic impurity, which scatters solely
between the bands with a different sign of the order pa-
rameter suppresses Tc in the same way as a magnetic im-
purity in a single band BCS superconductor [6, 7]. There-
fore, the critical temperature Tc should obey the Abrikosov–
Gor’kov (AG) behavior [8]. However, in several experi-
ments on FeSC, e.g., Zn substitution or proton irradiation,
it is found [9–12] that the Tc suppression is much less than
expected in the AG theory. It has therefore been suggested
that the s± state is not realized at all in these systems, and
that a more conventional two-band order parameter without
sign change (s++) is the more likely ground state [13–15].
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Here, we show that the study of the optical conductiv-
ity may give answers to all questions mentioned above. The
first part is devoted to the theoretical and experimental in-
vestigation of the strength of the electron-boson coupling.
We develop the model for multiband superconductors that is
capable of describing FeSC in the whole range of couplings
(from weak to strong). The computed optical conductivity
and specific heat were compared with experimental data
on the optimally hole-doped compound Ba0.68K0.32Fe2As2

(BKFA) that has the highest transition temperature of 38.5 K
[16, 17]. This analysis clearly demonstrates that a satisfac-
tory description of the bulk thermodynamical properties in
the superconducting state can only be obtained via a strong
coupling to spin fluctuations or other bosons with the spec-
tral weight concentrated at 10÷20 meV.

The second part of the paper deals with the physical con-
sequences of impurity scattering for isotropic s± two-band
superconductor within the self-consistent T -matrix approx-
imation for impurity scattering. As it was shown in the re-
cent study [6, 7, 18, 19], s± superconductors can be divided
into two types with respect to their sensitivity to a disorder.
The first type is the one which has been largely discussed
so far in the literature, for which Tc is suppressed as disor-
der is increased until superconductivity vanishes at a critical
value of the impurity scattering rate. There is, however, a
second type of s± superconductor, for which Tc tends to a
finite value as disorder increases; at the same time the gap
function acquires a uniform sign, i.e., undergoes a transition
from s± to s++. We identify the peculiarities of behavior of
the second type s± superconductors as a function of impu-
rity concentration, which may serve as a test of s± symmetry
of the order parameter.

2 Optical Conductivity of Ba0.68K0.32Fe2As2 Single
Crystals

The most incisive experimental data have been obtained on
high-quality single-crystals of iron pnictides with the so-
called 122 structure, for instance on BaFe2As2 with K sub-
stituted for Ba or Co for Fe resulting in hole and electron
dopings, respectively. Five FS sheets have been found in
calculations and confirmed by numerous independent ex-
perimental studies. In the reduced Brillouin-zone scheme,
these are three hole pockets at the Γ point and two almost
degenerate electron pockets at the X point with nesting be-
tween hole and electron sheets. Optimally hole-doped mate-
rial Ba0.68K0.32Fe2As2 (BKFA) has the transition tempera-
ture of 38.5 K. A four-band Eliashberg theory with strong in-
terband coupling has already proven successful in account-
ing for the transition temperature, as well as the temperature
dependence of the free energy and superconducting gaps for

this compound [20]. This analysis has made clear that a sat-
isfactory description of the bulk thermodynamical proper-
ties in the superconducting state can only be obtained via a
strong coupling to spin fluctuations or other bosons with the
spectral weight concentrated near 20 meV.

Here, we use the same formalism to describe the far-
infrared optical response of these compounds. The main in-
put of the theory is the spectral functions of the electron-
boson interaction B(ω) (Eliashberg function; analogous to
that of the electron-phonon interaction α2F(ω)). In a four
band system, it can be decomposed into 16 functions Bij (ω),
where i and j label the four Fermi surface sheets (i, j =
1,2,3,4). The standard Eliashberg functions determine su-
perconducting and thermodynamical properties such as the
superconducting transition temperature and gaps, electronic
specific heat, de Haas-van Alphen mass renormalizations
etc., and are defined as

Bij (ω) = 1
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∑
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where Ni is the partial density of states per spin on the
i’th FS sheet and g

ij

k,k′ is the matrix element of electron-
boson interactions. Transport and electrodynamic properties
are defined by 16 transport Eliashberg functions (which en-
ter the Boltzmann kinetic equation) differ by the kinetic fac-
tor (vα

F i(k) − v
β
Fj (k

′))2/2〈vα2
Fi 〉 under summations over k

and k′. Here, vα
F i is the α’th Cartesian component of the

Fermi velocity on i’th FS. The average Fermi velocity is
related to the plasma frequency by the standard expression
ω2

pl i = 8πe2Ni〈v2
Fi〉 = 8πe2 ∑

k v2
Fi(k)δ(εi

k).
We set the input parameters, namely, the densities of

states for hole bands to be N1 = 22 Ry-st−1, N2 =
25 Ry-st−1, and for electron bands to be N3 = N4 =
7 Ry-st−1. The spectral function of the intermediate bo-
son, was taken following [21] in the form of a spin-
fluctuation spectrum B̃ij (Ω) = λijf (Ω/Ωsf ) with a linear
Ω-dependence at low frequencies. Here, f (Ω) is a normal-
ized function, λij is the coupling constant corresponding
to a pairing between bands i j , and ΩSF is a characteris-
tic spin-fluctuation frequency. Numerical values of last two
quantities correspond to those in [20], Ωsf = 13 meV and

λij =

⎛

⎜⎜⎝

0.2 0 −1.7 −1.7
0 0.2 −0.25 −0.25

−5.34 −0.89 0.2 0
−5.34 −0.89 0 0.2

⎞

⎟⎟⎠ . (2)

Negative (repulsive) elements correspond to the interband
hole–electron repulsion, while the positive (attractive)—to
the intraband attraction.

In order to apply this full 4-band model to description
of the transport properties, one has to take into account an
additional set of 4 plasma frequencies and a 4x4 matrix of
impurity scattering rates. On the other hand, in the case of
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BKFA it is known that three larger gaps have approximately
the same value |ΔA| ≡ |Δ1| ≈ |Δ3| ≈ |Δ4| ≈ 9 meV, while
the smaller gap is |ΔB| ≡ |Δ2| ≈ 3 meV (see [20, 22–25]).
These gaps can be identified as a gap on the outer hole-like
Fermi surface (ΔB ) and a group of three gaps with a magni-
tude ∼ΔA on the inner hole-like and the two electron-like
Fermi surfaces. Minimizing the ground-state energy sub-
ject to this grouping constraint yields an effective 2-band
model.

The effective 2-band model closely reproduces all the
predictions of the 4-band model such as the superconducting
transition temperature Tc = 38.4 K, superconducting gaps
ΔA = 9.7 meV and ΔB = 3.7 meV. The calculated densi-
ties of states NA and NB are very similar, in accordance with
the partial Sommerfeld constants obtained from the specific
heat data.

Given the boson spectrum centered at 13 meV consistent
with the energy of the spin resonance excitation in this mate-
rial [26],1 one obtains the following 2-band model coupling
matrix: λAA = 4.36, λBB = 0.2, λAB = −0.35, λBA = −0.5,
with the fractional density of states being NA/(NA +NB) =
0.59 [20]. The first effective intraband coupling constant is
an order of magnitude larger than the one predicted for the
intraband electron-phonon coupling [27]. It does not, how-
ever, bear any physical meaning by itself but rather incorpo-
rates contributions from three different bands. Note that the
coupling matrix has been inferred from prior measurements.
Only two intraband impurity scattering rates enter as free pa-
rameters of the theory in addition to the plasma frequencies
of the bands.

We have calculated optical conductivity by generaliz-
ing standard theory [28, 29] to the multiband case. The
results are shown in Fig. 1b together with the data for
BKFA (Fig. 1a). The high-energy anomaly at 14 kBTc is
naturally captured by the model. The fact that only the
biggest superconducting gap ΔA is visible in the opti-
cal response of BKFA is explained by a small contribu-
tion of band B to the overall optical conductivity that is
the result of a clean limit in the B-band (black curves in
Fig. 1b).

3 Impact of Interband Impurities on the Optical
Conductivity

In [18], the problem of the non-magnetic disorder in two-
band superconductors was reexamined. It was shown within
the T -matrix approximation, that the suppression of Tc can
be described by a single parameter depending on the intra-
band and interband impurity scattering rates. Tc was shown

1The feedback of superconductivity on the spin fluctuation spectrum
observed by neutron scattering [26, 32] was not considered in our
model calculation.

Fig. 1 (a) The real part of the optical conductivity σ(ω) for the sin-
gle-crystal of optimally doped Ba0.68K0.32Fe2As2 at different tempera-
tures. (b) Results of Reσ(ω) calculations via the Eliashberg formalism
for clean bands (black lines), as well as the dirty B-band (blue lines) in
the superconducting and normal states (Color figure online)

to be more robust against non-magnetic impurities than
would be predicted in the trivial extension of the AG theory.
A disorder-induced transition from the s± state to a gap-
less and then to a fully gapped s++ state was found, con-
trolled by a single parameter—the sign of the average cou-
pling constant. Importantly, it was shown that the gapless
state is realized near the transition that should manifest it-
self in various thermodynamic and transport characteristics.
Here, we study the manifestation of this transition in opti-
cal conductivity. In Fig. 2, we shows the results of σ1 cal-
culations for different amount of disorder. It is clearly seen
that in the vicinity of transition from the s± to s++ state,
the conventional Drude-response characteristic for a nor-
mal metal-state is realized. The origin of this effect is gap-
less nature of superconductivity near the impurity-induced
s± → s++ transition. With further increase of the impu-
rity scattering rate, the optical conductivity changes back
from Drude-like to gapped type, but with smaller gap. This
behavior is strikingly different from that for superconduc-
tors with s++ order parameter, where values of two gapes
tends to merge at the limit of infinite impurity scattering
rate. This type of behavior can be found in MgB2 [30,
31]. This reentrant behavior of optical conductivity with
concentration of nonmagnetic impurities may serve as un-
ambiguous indication for the s± order parameter symme-
try.
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Fig. 2 Real part of the optical conductivity σ1(ω) for different values
of the impurity scattering strength. The parameters are: σ = 0.5, β = 1,
T = 1.4 K. The definitions of parameters σ and β are given in [18]

4 Conclusion

We have shown that a qualitative description of the far-
infrared optical conductivity for Ba0.68K0.32Fe2As2 can be
obtained in the framework of an effective two-band Eliash-
berg theory with a strong coupling to spin fluctuations that is
deduced from its four-band counterpart. The linear increase
of absorption above the larger superconducting gap can only
be observed when the effective band is extremely clean. The
interband impurity scattering may cause reentrant behavior
of the optical conductivity. This effect may give information
about the structure of the underlying order parameter.
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