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PACS T74.25.Gz — Optical properties

Abstract — We measured the in-plane optical conductivity of a nearly optimally doped (T. =
39.1K) single crystal of Bag.sKo.4Fe2As>. Upon entering the superconducting state the optical
conductivity vanishes below ~ 20 meV, indicating a fully gapped system. A quantitative modeling
of the optical response of this material requires two different isotropic gaps, the larger of which
dominates the London penetration depth. The temperature dependence of these gaps indicate a
strong interband interaction, but no impurity-scattering-induced pair breaking is present. This
contrasts to the large residual conductivity observed in optimally doped BaFe;j g4Cop.08 As2 and
strongly supports an s+ gap symmetry for both compounds.

Copyright © EPLA, 2013

Introduction. — A crucial issue in the superconducting
mechanism of iron-arsenide compounds is to understand
the properties of their superconducting gaps. Electronic
structure calculations predict that multiple bands at the
Fermi level participate in the formation of the conden-
sate [1,2], leading to multigap superconductivity. As the
electron-phonon coupling in these materials is too small to
account for T, [3], an all electronic mechanism such as anti-
ferromagnetic spin fluctuations was suggested for pairing.
This leads to a possible sign reversal between the order
parameters in different Fermi surface sheets, the so-called
st symmetry [4,5]. In an si superconductor, interband
scattering by non-magnetic impurities is pair-breaking as
it mixes hole and electron states having superconducting
order parameters of opposite phases [6-8].

In this scenario, BaFe;Ass-based materials are of the
utmost importance as superconductivity appears by dop-
ing either in or out of the FeAs planes, which contribute
the most to the bands at the Fermi level. Angle-resolved
photoemission spectroscopy (ARPES) finds multiple node-
less gaps in optimally doped BaFe;_,Co,Asy [9] and
Baj_,K;FeaAsy [10,11] in accordance with theoretical cal-
culations [12]. Yet, their spectroscopic responses are strik-
ingly different.

In BaFe;_,Co,Ass, Co atoms go into the FeAs planes.
This material has a V-shaped density of states [13] that
leads to a strong sub-gap absorption [14-16]. Optical
conductivity [16-24] shows multiple superconducting gaps
and, most importantly, sub-gap absorption in the super-
conducting state which cannot be accounted for by ther-
mally broken pairs. This sub-gap absorption agrees with
the absence of a sharp quasiparticle peak in ARPES.

Ba;_ K, FesAsy represents a different situation as dop-
ing K atoms sit out of the FeAs planes. Local magneti-
zation [25]; point-contact Andreev reflection [26]; specific
heat [27,28]; scanning tunneling microscopy (STM) [29];
and thermal transport [30] point towards multiple fully
open gaps, in agreement with ARPES. Two supercon-
ducting gaps dominate the physics of optimally doped
Bag gKgp.aFeaAso: Ay ~4meV and Ay ~ 10meV.

Should we expect any fundamental difference between
BaFes_,Co,Asy and Baj_, K, FesAsy families? Out-of-
plane impurities should not have a major influence on
interband scattering, whereas the converse holds for in-
plane dopants. Indeed, the larger impurity scattering in
optimally Co-doped BaFesAss can be inferred from its
residual resistance ratio (RRR) of about 3, against 14
for optimally K-doped samples [31,32]. Can the different
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location of doping atoms shed any light on the claimed s
symmetry?

Optical conductivity is a probe sensitive to low-energy
states and provides direct information on unpaired carrier
electrodynamics. Opposite to BaFes_,Co,Ass, little opti-
cal data exists on Baj_, K, FeaAsy. Yang et al. [33] normal
state measurements indicate that carriers are coupled to a
broad bosonic spectrum extending beyond 100 meV with
a large coupling constant at low temperature. Li et al. [34]
found a fully open gap but could not quantify the pres-
ence of multiple superconducting gaps. The Eliashberg
calculations by Charnukha et al. [35] describes ellipsom-
etry data with two gaps, having values compatible with
other techniques. Dai et al. [36] showed that the presence
of mulitple bands hides a linear temperature dependence
of the transport properties.

In this paper, we tackle the problem of the gap sym-
metry in BaFesAss-based superconductors. We carry out
a detailed infrared study on a nearly optimally doped
Bag.Ko.4FesAsy single crystal, where doping K atoms go
out of the FeAs plane. In the superconducting phase, we
observe a vanishing optical conductivity below 20 meV.
However, a second absorption edge at 33meV is re-
quired to quantitatively describe the optical conductivity.
This fully open gap indicates the absence of impurity-
induced pair breaking. This contrasts to optimally doped
BaFe; g4Cog.0sAss, where in-plane impurity scattering
leads to pair breaking and sub-gap absorption. Our re-
sults provide a strong support for an s+ gap symmetry.

Experimental methods. — High-quality single crys-
tals of BaggKgs4FeaAss were grown by an FeAs flux
method [37]. Their resistivity (inset of fig. 1) shows a
sharp superconducting transition with an onset at T, =
39.1K and a width AT, ~ 0.5 K. Near-normal incidence
reflectivity from 20 to 12000cm ™! was measured at ES-
PCI on Bruker IFS113 and IFS66v spectrometers at 19
different temperatures from 4 to 300K in an ARS Heli-
tran cryostat. The absolute reflectivity (R) of the sample
was obtained with an in situ gold overfilling technique.
R has an absolute accuracy better than 0.5% and a rela-
tive accuracy better than 0.1%. The data was extended to
the visible and UV (10000 to 40000 cm™!) at room tem-
perature with an AvaSpec-2048 x 14 spectrometer. The
sample was cleaved prior to each temperature run. In-
frared measurements were repeated, for a more limited
set of temperatures, on the same crystal at IOP with a
Bomem DAS8 spectrometer. Measurements at ESPCI and
IOP agree within 0.1%. Figure 1 displays the reflectivity
of Bag gKg.4Feo Asy on the ab-plane above and below T..

In order to have a fine temperature dependence of the
gaps and penetration depth we complemented the re-
flectivity data with a relative thermal reflectivity (RTR)
measurement. In this technique, we determine the re-
flectivity of the material over a restricted temperature
range without any physical motion of the sample. The
data at each temperature is divided by the measurement
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Fig. 1: (Colour on-line) Bag.sKo.aFeaAsy IR-UV reflectivity
measured at 4, 40, and 300 K. The inset shows the dc resistivity
(solid line) compared to the values from the zero-frequency
extrapolation of the optical conductivity (solid circles).

at one arbitrary temperature Ty. Next, each tempera-
ture is multiplied by the absolute reflectivity measured at
Ty using the in situ gold overfilling technique. RTR is
very useful in determining small changes of the spectrum
through a phase transition. Here, we measured the RTR
from 5 to 45K, every kelvin, in the 50-700 cm ™! spectral
range. All spectra were normalized by the measurement
at Tp = 40 K.

Far-infared reflectivity. — Figure 2 shows the far-
infrared reflectivity of Bag gKg.4FeaAss. Above T, the
reflectivity smoothly decreases with increasing frequency,
except for the phonon at 260 cm™! (32meV) [38]. Below
T. a sharp edge develops and the reflectivity rises to a
flat 100% value below 160cm~! (20meV) at the lowest
measured temperature, indicating a fully open supercon-
ducting gap.

The accuracy of the 100% value is an important issue
and deserves some remarks. Once we get closer to 100%,
small errors in the reflectivity are amplified when calcu-
lating the real part of the optical conductivity (o1). As
we show below, in Bag ¢Kg4FesAss, a 100% reflectivity
leads to a fully gapped o;. Considering our claimed ab-
solute accuracy of 0.5%, a reflectivity of 99.5% leads to a
low-energy residual o1 in the 1000 2 'cm ™! range.

A reflectivity of 100% is not the only indication of a
full gap. The energy dispersion of the data also leads to
this conclusion. Our Bag ¢Kg.4FeaAss sample, at 4 K, has
a constant reflectivity below ~ 160cm~!. The statistic
average value of R at 4K, between 20 and 160cm™!, is
0.9996 4+ 0.00098. Was the system not fully gapped, one
would have to consider the presence of unpaired quasi-
particles that leads to a non-vanishing curvature for the
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Fig. 2: (Colour on-line) Far-infrared data showing the forma-
tion of a sharp reflectivity edge below T. with a flat reflectivity
at low frequencies at 4 K.

reflectivity. This curvature is positive for normal Drude-
like carriers and negative for a gap with residual thermally
broken quasiparticles. At 4 K, our sample has a flat, con-
stant reflectivity below 160 cm™'. For comparison, in the
30 and 35K data, although the reflectivity reaches for
100% at low frequencies, a clear frequency dispersion is
present at all energies. Of course, at these two tempera-
tures thermally broken pairs lead to a sub-gap absorption.
The flat, dispersionless, reflectivity at 4 K is not compat-
ible with unpaired quasiparticles and the only physical
interpretation for the data is a fully gapped system.

Superconducting gaps. — We derived o1 (w) from the
reflectivity through Kramers-Kronig analysis. At low fre-
quencies we utilized either a Hagen-Rubens (1 — Ay/w) or
a superconducting (1 — Aw?) extrapolation. At high fre-
quencies we applied a constant reflectivity to 40 eV termi-
nated by a w™* free-electron term. Figure 3 shows o (w)
at various temperatures. FError bars at selected frequen-
cies are shown at 35K, temperature where they are the
largest. The error bars were estimated assuming differ-
ent high- and low-frequency extrapolations and an error
of 0.5% in the absolute reflectivity.

Above T, 01(w) shows a metallic response modeled by
a Drude-Lorentz optical conductivity:

2T Qf,’k
Ul(w):Z—OZ +Z(Qz
k k

wTk + % i
where Zj is the vacuum impedance. The first term cor-
responds to a sum of free-carrier Drude responses, each
having a plasma frequency €, ; and a scattering rate
T, 1 The second term is a sum of Lorentz oscillators with
resonance frequency €i; line width 7x; and plasma fre-
quency Sk. Band structure theory predicts up to 5 bands

'ykaS,%
— W22 + ’Y;%WQ’

(1)
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Fig. 3: (Colour on-line) Bag.sKo.4Fea Ass optical conductivity
above and below T.. The smooth lines through the data are
fits assuming that mobile charges are described by either Drude
(normal) or Mattis-Bardeen (superconducting) carriers. Inset:
decomposition of the optical conductivity fit at 4 K into indi-
vidual contributions. Note the change of slope in o1(w) at the
larger absorption edge, F2 = 33 meV.

at the Fermi level. Nevertheless the optical conductivity is
a reciprocal space averaged quantity and, hence, all bands
with similar carrier lifetimes will contribute to the same
Drude term in 0. In this scenario, our data can be fitted
by two Drude terms in agreement with lifetime distribu-
tions for pnictides [39-42]. Indeed, Wu et al. [18] showed
that two Drude terms are enough to describe the optical
conductivity of most iron-arsenide superconductors. We
also kept one Lorentz oscillator to represent the phonon
at 32meV and another to describe mid-infrared interband
transitions. These four contributions account for the op-
tical conductivity up to 1.25eV at all measured temper-
atures in the normal state. Fits obtained for the normal
state with eq. (1) are shown as thin solid smooth lines
in fig. 3. We compare the inverse of the zero-frequency
value of our oy (w) fits to the measured dc resistivity in
the inset of fig. 1. The good agreement indicates that our
modeling of the data is a reliable parametrization of the
system.

Below T, a dramatic suppression of o1(w) sets in. At
4K o1 (w) vanishes below 20 meV indicating a fully open
gap. In order to quantitatively describe the superconduct-
ing state optical response, we replaced the two normal
state Drude terms in eq. (1) by two corresponding Mattis-
Bardeen conductivities, modified to take into account arbi-
trary scattering [43]. The fits thus obtained are also shown
as solid smooth lines in fig. 3. The inset details the four
contributions (two superconducting bands, one phonon
and the mid-infrared interband transition) obtained for
o1(w) at 4K. The two Mattis-Bardeen terms have ab-

sorption edges at E§O) = 20meV and Ego) = 33 meV.
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Fig. 4: (Colour on-line) Superconducting gap values derived
from the fine RTR measurements (open symbols) and the ac-
curate absolute reflectivity (solid symbols). The solid lines are
Suhl et al. [48] calculations for a two-band superconductor with
a large interband interaction term.

The Mattis-Bardeen formalism assumes a weakly cou-
pled superconductor and sets the absorption edge at twice
the gap, i.e., E = 2A. In strongly coupled pnictides, a full
Eliashberg calculation is more accurate [35] and the ab-
sorption onset happens at £ = Eg +2A, where Ep is the
the pairing exchange boson energy (the so-called Holstein
process) [44]. Yet, Mattis-Bardeen remains a valid ap-
proximation for the electrodynamics of the system, as far
as one takes into account the boson energy. A strong can-
didate for the pairing glue is the 14 meV neutron scatter-
ing magnetic resonance found in Bag Ko .4FeaAsy [45,46].
This value leads to T" = 0 optical gaps of A§0> = 3meV
and A(QO) = 9.5meV, well within the reported range for
this material [10,11,25-29]. To obtain A(T'), shown in
fig. 4, we utilized the temperature evolution of the neutron
resonance peak determined for BaFe; g5Cog.15As3 [47] and
renormalized that curve to match the T" = 0 value mea-
sured for the K-doped material.

Suhl et al. [48] proposed an extension of BCS theory for
multiple bands. They define intraband (Vi; and Vas) as
well as interband (Vi2) pairing interaction terms. When
Vis <« v/Vi1Vos a two-band material behaves almost as
two independent single-band superconductors, and the
smaller gap (almost) closes at a temperature smaller that
the macroscopic T, for the material. Conversely, when
only Via # 0, one finds the situation shown by the solid
lines in fig. 4, which qualitatively agrees with our data:
both gaps have a similar temperature dependence and
close at the same T,.. The measured gap opens faster
than Suhl et al. calculations, as one would expect for
strongly coupled superconductors [49] such as pnictides.
Nevertheless, the qualitative agreement indicates a strong
interband pairing interaction.

Earlier, we argued that our use of two Drude peaks do
not prevent the system from having more than two bands.
The situation in the superconducting state is equivalent:
our use of two Mattis-Bardeen terms indicates the pres-
ence of at least two gaps. The total number of super-
conducting gaps may be larger, as far as these gaps have

energies similar to the two shown here. Also note that if
gap value calculations are carried out without the Holstein
process one will find gaps that are larger than those mea-
sured by ARPES and STM. Nevertheless, a different gap
value will not affect the other conclusions we find in this
paper.

Penetration depth. — The optical conductivity is a
very accurate technique to obtain the absolute value of
the penetration depth. Let us define a spectral weight
function:

(2)

which leads to the f-sum rule S(w, — o0) o n/m, where
n is the total number of electrons and m is the bare elec-
tron mass. This quantity is independent of any external
parameter, such as the temperature, even across phase
transitions. The 07 limit indicates that zero frequency is
not accessible directly by o1 (w). This is relevant for the
superconducting state, where the infinite conductivity is
represented by a §(w) function. The f-sum rule conserva-
tion, when applied to the superconducting state, leads to
the Ferrell, Glover and Tinkham (FGT) sum rule [50,51]:
spectral weight lost at finite frequencies in o1 below T, is
transfered into the superfluid weight. One can then cal-
culate the superfluid density from

AS(we) = Sn(we) — Ss(we),

+

St = [ " 1) do,

(3)

where N and S refer to the normal and superconducting
states, respectively and w. is a cut-off frequency. The
London penetration depth is )\22 =47Z,AS.

The inset of fig. 5 shows the spectral weight for
Bag gKg.4FeaAsy. The solid blue circles are a direct ap-
plication of eq. (2) with w, = 125meV. Any cut-off en-
ergy above 125 meV gives similar results. In the normal
state S is constant within 2%. The decrease in S below
T, is the signature of the superfluid formation. AS is a
measurement of the superfluid stiffness.

To verify this assertion, one can use an alternative
method to find the superfluid stiffness. The §(w) func-
tion in o7 implies, because of Kramers-Kronig relations, a
w™! term in o5, the weight of which is also a measurement
of the superfluid stiffness. References [52,53] give details
on the calculatation of Az, from o5. The open red symbols
in the inset of fig. 5 are obtained by adding the superfluid
weight calculated from o to the value of S(w.). This
picture shows that the superfluid weight is built from an
energy range below 125 meV, and agrees with the expec-
tations of FGT that this energy range should correspond
to a few times the superconducting gap energy.

The main panel in fig. 5 depicts the thermal evolution
of the penetration depth in BaggKg4FeoAss. The solid
circles are calculated from the absolute reflectivity and
the open circles are obtained from the RTR. Our abso-
lute value for A\p is the same as the one found by in-
frared [34] and tunnel diode resonator [54] measurements.
It is larger than the values (100-120A) obtained from
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Fig. 5: (Colour on-line) Penetration depth for Bag.¢Ko.4Fe2Asa
calculated from o2(w) obtained from the RTR (open circles)
and the accurate absolute reflectivity (solid circles). The
dashed line is a BCS calculation with A® = 9.5 meV gap. In-
set: The solid circles represent the spectral weight from eq. (2)
(we = 125meV). The open circles are obtained by adding the
superfluid weight calculated from o2 (w) to S(we).

critical fields measurements [55]. The dashed line is the
solution of the penetration depth BCS equation assum-
ing a strong coupling temperature dependence for a gap
AO) = Aéo) = 9.5meV. The larger gap Aéo), having a
smaller penetration depth, dominates the value of the total
penetration depth. This is a signature that the supercon-
ducting bands respond in parallel as implied by summing

two Mattis-Bardeen terms in o7 (w).

In-plane and out-of-plane doping. — To grasp some
information on the s+ symmetry, it is instructive to com-
pare Bag sKg.4FeaAso, where dopants are out of the FeAs
planes, to BaFe; g4Cog.0sAsy, where dopants go in the
FeAs planes. Figure 6 shows the 4 K optical conductivity
for both materials. In BaggKo.4FeaAss, o1(w) vanishes
below the smaller absorption threshold (Efo)) indicat-
ing a fully open gap and the absence of unpaired carri-
ers below T.. Conversely, o1 for BaFe; g4Cog osAse [16]
shows a large sub-gap absorption in the superconducting
state. This extra absorption is described by a Drude peak
(hatched area) due to unpaired carriers.

In BaFe; g4Cog.0sAss, the in-plane scattering by Co
atoms induces pair-breaking that is, at least partially, re-
sponsible for the residual low-frequency absorption [16,23,
24]; the residual low-temperature specific heat [56]; and its
penetration depth [57]. In Bag Ko 4FeaAsa, K atoms stay
out of the FeAs planes, therefore no interband impurity
scattering is expected. Indeed, here we observe no resid-
ual low frequency o1 (w). The fact that only when dopant
atoms sit on the FeAs planes does one see unpaired quasi-
particles matches naturally the si gap symmetry. This
view also reconciles the full gap from ARPES with the
V-shaped STM density of states.

Energy [meV]
0 25 50 75
6000 L] L] L] L] I L] L] L] L] I L] L] L] L]
Ba(Fe,Co) As, i
— 4000 -
£ 4
o
o J
o (Ba,K)Fe,As,
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Wave number [cm'1]
Fig. 6: (Colour on-line) Optical conductivity at 4K for

BaFe;.84Coo.08 Asz (ref. [16]) and Bag.sKo.4FeaAs,. For the lat-
ter, the thin solid line is a fit as described in the text. For the
former, besides the superconducting Mattis-Bardeen response,
a Drude term (hatched area) is necessary to account for the
residual superconducting state sub-gap conductivity.

Conclusions. — We report the optical conductivity of
a Bag ¢Kg.4FeaAss single crystal. In the superconducting
state, a flat 100% reflectivity below 20 meV, with conse-
quent vanishing of the optical conductivity in the same
energy range, indicates a fully open superconducting gap.
A Mattis-Bardeen analysis shows that, in fact, two al-
most isotropic gaps with different values are required to
describe the optical response of our sample. The temper-
ature dependence of the gaps is compatible with a two-
band superconductor with a strong interband coupling.
The London penetration depth for Bag ¢Kg 4FeaAss ther-
mal evolution is dominated by the larger gap, as expected
for a superconductor with bands responding in parallel to
the electromagnetic field. We find that Bag gKg.4FeoAso
out-of-plane K atoms do not induce pair-breaking whereas
scattering by the in-plane Co atoms of BaFe; g4Coq.0gAss
depletes superconductivity. This result strongly supports
an s+ symmetry for the gap in BaFes Asy superconductors.
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