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We report a study of high quality pnictide superconductor BaFe1.84Co0.16As2 epitaxial thin films using
time-domain terahertz �THz� spectroscopy. Near Tc we find evidence for a coherence peak and qualitative
agreement with the weak-coupling Mattis-Bardeen form of the conductivity. The real part of the THz conduc-
tivity is found to be not fully suppressed at low temperature and �2 is significantly smaller than the Matthis-
Bardeen expectation. The temperature dependence of the penetration depth � follows a power law with an
unusually high exponent of 3.1. We interpret these results as consistent with impurity scattering-induced pair
breaking. Taken together our results are strong evidence for an extended s� order-parameter symmetry.
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The discovery of iron-based superconductors �SCs� �Refs.
1–5� has further increased interest in the physics of high-
temperature superconductivity. Among other things, this has
stemmed from similarities in the phase diagram between
high-Tc cuprates and these new superconductors. Both share
a proximity and interplay with a magnetically ordered state,
a superconducting dome as a function of doping and anoma-
lous normal-state properties.6,7 However, significant differ-
ences also exist. For instance, for the iron-based materials
the undoped parent compounds are metallic while the cu-
prates are Mott insulators. Also, in the cuprates, a single
band model has been considered a good starting point to
describe the basic physical picture, whereas the iron pnic-
tides have multiple occupied d orbitals which make even a
simple tight-binding model more involved.8

Based on local-density approximation first-principles
calculations,9 it was suggested that a natural symmetry for
the order parameter had a wave function with opposite signs
for different sheets of the Fermi surface �FS�, so-called ex-
tended s wave or s� symmetry. This was based on the pre-
dicted band structure with two almost circular electron and
hole pockets separated by the wave vector �� ,��, which
matches the ordering magnetic wave vector in the undoped
materials. This Fermi-surface geometry lends itself to a pair-
ing scenario based on spin-wave exchange with that wave
vector. An analysis based on a renormalization-group treat-
ment gives a similar picture.10

One of the hallmarks of the BCS theory of ordinary
superconductors11 was the prediction of an energy gap to
single-particle excitations. The theory was extended by Mat-
tis et al.12 to calculate the electrical conductivity as a func-
tion of temperature and frequency. They predicted that just
below Tc, for frequencies below the gap 2�, the real part of
the conductivity has an enhancement from “coherence fac-
tor” effects. These originate from the interference between
the transition amplitudes of the electromagnetic field opera-
tor A between single-particle states. This occurs because the
superconducting ground state is a coherent superposition of

single-particle states13 which participate in the scattering and
absorption of the field.

In general, a coherence peak can arise when the portions
of Fermi surface that are coupled by an experimental probe
have gaps of the same sign and magnitude. The first evidence
for it was in the NMR relaxation rate of Al.14 In the ac
conductivity, the first observation of this effect was in
Tinkham’s far-infrared-absorption experiments of lead.15 In
the case of the iron-based superconductors, the coherence or
Hebel-Slichter peak has not been observed in NMR
experiments.16,17 Because NMR is a local probe and can
couple parts of the FS that differ by large momentum trans-
fer, the absence of the coherence peak has been interpreted as
supporting the picture of the sign changing extended s-wave
symmetry of the gap function �s��.9,10,18

In this Rapid Communication we report evidence for the
coherence peak in the terahertz �THz� conductivity of the
iron pnictide BaFe1.84Co0.16As2. Our results point to the ex-
istence of an order parameter that is more or less uniform
over a FS sheet. We also find evidence for pair-breaking
effects in the form of a residual real part of the conductivity
at low temperature and a reduced superfluid density over the
expected value. Together these results are consistent with an
s� symmetry of the order parameter which has opposite sign
gaps on different FS sheets.

Thin films of BaFe2−2xCo2xAs2 were grown by pulsed la-
ser deposition on �La,Sr��Al,Ta�O3 �LSAT� substrates with
a SrTiO3 �STO� template to allow epitaxial growth. Exten-
sive details on the film growth and characterization can be
found elsewhere.19 The novel template engineering results in
films of exceptional quality. As shown in the inset to Fig. 1
the full width at half maximum of the �004� reflection rock-
ing curve of the film on STO/LSAT is as narrow as 0.3°,
which is the narrowest ever reported for 122 thin films
whereas that of the film on bare LSAT is as broad as 4.1°.
The small mosaic spread is comparable to good single crys-
tals. Residual resistivity values �Fig. 1� of films grown on
STO/LSAT are almost a factor of 2 smaller than those grown
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directly on LSAT. For the present film with nominal x=0.8,
Tc is found to be 20.6 K with a transition width of 1.8 K.

Terahertz conductivity measurements were performed us-
ing a home-built terahertz time domain transmission spec-
trometer �TTDS� at JHU, which in these films can access the
frequency range between 200 GHz and 2 THz. In TTDS, a
femtosecond laser pulse is split along two paths and excites a
pair of photoconductive antennae deposited on radiation
damaged silicon on sapphire. A broadband THz pulse is
emitted by one antenna, transmitted through the film and
measured at the other antenna. By varying the length differ-
ence of the two paths, the electric field of the transmitted
pulse is mapped out as a function of time. Comparing the
Fourier transform of the transmission through the film to that
of a reference resolves the full complex transmission coeffi-
cient. The transmission is then inverted to obtain the com-
plex conductivity � by using t= n+1

n+1+Z0�d , where n is the sub-
strate’s index and Z0=377 �. By measuring both the
magnitude and phase of the transmission, this inversion can
be done directly and without Kramers-Kronig transforma-
tion. Reference measurements were performed by ratioing to
a nominally identical LSAT/STO layered sample. Although
explicit effects of the three layers in transmission are pos-
sible, additional measurements found the influence of the
STO layer to be negligible. The temperature dependence was
obtained by placing the sample in a He vapor cryostat with
control of the sample temperature between 1.7 and 300 K.

Figure 2 shows the measured THz complex conductivity
of BaFe1.84Co0.16As2 for different temperatures. At low tem-
perature the imaginary part exhibits the characteristic 1 /�
dependence expected for a superconductor well below Tc.
The real part of the conductivity decreases over most of the
frequency range as the temperature is lowered below Tc,
which is reminiscent of a standard s-wave superconductor.

However, at the lowest temperature �2 K�, the conductivity is
not fully suppressed. As will be discussed below, we inter-
pret this as an indication of pair-breaking effects. Signifi-
cantly, at low frequencies and slightly below Tc, the real
conductivity initially shows a small enhancement before de-
creasing at low temperature. Enhancement of the dissipative
conductivity below Tc has been observed in high-temperature
superconductors,20 there the enhancement was discussed in
terms of the collapse of the scattering rate in the supercon-
ducting state. A signature of this behavior is the shift of the
peak in the conductivity to higher temperatures as the prob-
ing frequency is increased. We do not observe this shift. We
believe our result stems from the coherence peak effect.

In Fig. 3 we show the temperature dependence of the THz
conductivity for several frequencies below 2�. One can
clearly see that just below Tc the conductivity increases
above the normal-state value �plots were normalized to the
21 K conductivity�. Solid lines in Fig. 3 are fits using the
standard Mattis-Bardeen form with a single gap, with �
=3 meV, however, fits of similar quality can be obtained
using two gaps. Although the theoretical curve qualitatively
resembles the data near Tc, at low temperatures the fit is not
satisfactory. The theoretical form shows an exponential sup-
pression of the real part of the conductivity at low tempera-
ture while the data show a finite residual value of approxi-
mately 30%. Although similar residual conductivities have
been observed21 and interpreted in terms of nodes in the
order parameter,22,23 as we argue below we believe that the

� � �

� � �

� � �

� � �

� � �

�
�
	

	�

�

�

��

Ω
�
�
�

� � �� � �� � �� � �� � �� �

� � � � � � � � � � � � � �

� � � � � � � � � � � � � � � 	 � �  ! " � �

� � � � � � � � � � � � � � � 	 � �  ! " � � # " � $

� � � % � �
�

� � �

� � �

� � �

� � �

� �

& 
��

 
	

�

��
�'
�
�
 

�
	�

( � ( � � � �

Θ � ) � * � � � 	 �

+ �

� � �
$ � � �

$

� �  	 � �

� � �

FIG. 1. dc resistivity 	�T� of BaFe1.84Co0.16As2 film as a func-
tion of temperature for films grown on LSAT �gray� and grown with
the STO template layer �black�. Vertical lines indicate the onset
�Tonset� and zero resistance temperatures �Tc0�; Tc is chosen at the
middle of this range, 20.6 K with a width of 1.8 K. Inset: x-ray
diffraction rocking curve and full width at half maximum for �004�
reflection of the films. The intensity for the LSAT film signal is
multiplied by 5.
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FIG. 2. �Color online� �top� Real part of the THz conductivity of
BaFe1.84Co0.16As2. �bottom� Imaginary part of THz conductivity.
Inset: temperature dependent �2 for several frequencies between
200 GHz �+� and 1.5 THz ��� in 70 GHz steps.
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residual conductivity derives from pair-breaking effects.
It is also interesting to note the very narrow temperature

region over which superconducting fluctuations are exhib-
ited. As shown in the inset of Fig. 2�b�, �2 becomes en-
hanced in region only approximately 2 K above Tc. There is
also no sign of an above Tc “dissipation peak” arising from
superconducting fluctuations, cf. Fig. 3�a�. The narrow range
of SC fluctuations may be a reflection of the three-
dimensional character of superconductivity in these materi-
als, and are very different from the broad fluctuation range
seen via TTDS in the cuprate family of high-Tc supercon-
ductors and amorphous thin films.24,25

The observation of the coherence peak in the ac conduc-
tivity of BaFe2−2xCo2xAs2 is an important clue to the sym-
metry of the superconducting parameter in this family of
materials. A coherence peak is usually taken as evidence of a
uniform gap function, although more precisely what is re-
quired is that portions of the Brillouin zone coupled by the
experimental probe have gaps of the same sign and similar
magnitude. Because at terahertz frequencies light’s momen-
tum is at least five orders of magnitude smaller than the
reciprocal-lattice momentum, our measurements probe only
zero-momentum excitations around the Fermi surface, in the
case of the predicted s� symmetry in the pnictides supercon-
ductors, one expects the conductivity to only detect a single
sign of the order parameter since the different sheets are
separated by large momentum transfer. Since there is no sign
change in the order parameter within a single sheet, we ex-
pect a coherence peak that qualitatively resembles that from
a single-uniform-gap superconductor.

It is interesting to compare our observation of a coherence
peak to the expected one in NMR relaxation rate, i.e., the
Hebel-Slichter peak. A number of groups26,27 have reported a
lack of a coherence peak in the dissipation below Tc. We can
interpret these results as follows: as NMR is a local probe
that excites a single-species nuclear magnetic resonance, it is
sensitive to a superposition over momenta of the nuclear-spin

response, as well as to the momentum-dependent structure
factor of the excited nuclei. Thus, NMR relaxation rate is
affected by both interband and intraband processes weighted
by the appropriate nuclear structure factors. The absence of
the coherence peak is natural when gap-sign-changing inter-
band processes dominates the response.9,10 It remains to be
explained, however, how there could be such a minor contri-
bution to intraband processes.18

The existence of an s� order parameter however is super-
ficially at odds with the residual real conductivity at low
temperature. Although such residual conductivity may be
consistent with nodes in the order parameter �as they are
proposed to exist along the “c” axis22�, we feel that overall
the data are more consistent with pair-breaking effects and an
s� order-parameter symmetry. In other cases where nodal
excitations have been conclusively identified, like in the
d-wave high-Tc superconductors, the intrinsic scattering rates
are very small, with the most extreme case being YBCO
�
2 GHz�.20 That is not the case here, as the width of any
low temperature, low-frequency peak is larger than our spec-
tral range �1.8 THz�. In contrast, one may expect that pair-
breaking effects from impurity scattering are substantial in a
superconductor with positive and negative contributions to
its order parameter.9,10 We expect scattering in these materi-
als because of the effect of Co doping and, in particular, for
this films, due to the presence of columnar defects along the
c axis.19

Even more significant evidence for substantantial pair
breaking comes from the imaginary part of the conductivity
�Fig. 3�b�� �which is proportional to the superfluid density�
since it is greatly suppressed as compared to the BCS result.
In its essence, the Matthis-Bardeen �MB� formalism and its
dependence on the size of the superconducting gap is a state-
ment about the conservation of spectral weight in the super-
conductor. In order to estimate the effects of pair breaking,
we calculate the spectral weight missing from the superfluid
condensate by subtracting the measured �2 from the calcu-
lated MB �2

MB�T=0� as ����2
MB�T=0�−�2

measured�T=0��. If
pair breaking is the major contributor to the reduced super-
fluid density, this difference should be approximately equal
to �

2 �1�T=0��2� �see Fig. 3�a��. We find that the residual
�1 accounts for a substantial 75% of the missing superfluid
density from the MB expectation. We expect this estimation
to give a lower bound on the effects of pair breaking. We find
therefore that observation of a residual �1 is consistent with
an s� pairing symmetry of the gap without nodes. Addi-
tional support for our interpretation comes from a compari-
son with far-infrared conductivity studies of conventional
s-wave superconductors doped with magnetic impurities. For
an extended s-wave superconductor, nonmagnetic impurities
should act the same as magnetic impurities in an s-wave
superconductor. The present data bear a strong resemblance
to the far-infrared conductivity of Pb films doped with Mn
impurities,28,29 where a residual value in the zero-frequency
limit in �1 was found30 but it is in stark contrast with the
prediction of Abrikosov et al.31 where one expects
�1��→0�=0.

The temperature dependence of the penetration depth sup-
ports this scenario as well. Figure 4 shows the penetration
depth ��T� extracted from the imaginary part of the conduc-
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FIG. 3. �Color online� �a� Real and �b� imaginary parts of the
THz conductivity as a function of temperature for different frequen-
cies. Solid lines are calculations using the standard Mattis-Bardeen
form.
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tivity at 220 GHz. At low temperature � follows a power-law
behavior with an exponent of 3.1 �Fig. 4�b��. Although
power laws in the penetration depth are typically taken as
indicative of the presence of nodes in an order parameter,
such a large exponent is generally not consistent with dirty
nodal behavior.32 In the present case we think that the large
exponents are indicative of pair-breaking excitations. This
view is supported by a recent study of the penetration depth
measured as a function of Pb radiation-induced disorder33 in
single crystals of BaFe2−2xCo2xAs2. The authors found that
the exponent decreased with increasing disorder and that
cleaner samples have a larger exponent and was consistent
with pair-breaking effects. Based on a model of s� symme-
try of the gap without nodes, they were able to explain the

trend with disorder. Although our large exponent power law
of more than three is in contrast to microwave and far-
infrared measurements in single crystals34 and thin films,23

where a smaller exponent closer to 2 has been observed, it is
consistent with the excellent quality of our films. In addition,
calculations35,36 of the microwave conductivity and penetra-
tion depth that take into account the pair-breaking scattering
due to impurities in a multiband s� superconductor, repro-
duce both our observations of finite absorption below the gap
�cf. Fig. 3�a�� and a power-law dependence of the penetration
depth �cf. Fig. 4� at low temperatures. This calculation places
the impurity scattering in BaFe2−2xCo2xAs2 between the Born
and unitary limits. Similar observation has been made in
single crystals of BaFe2−2xCo2xAs2.37

We have reported evidence that support the extended
s-wave scenario for the symmetry of the superconducting
gap in BaFe1.84Co0.16As2. In particular, the presence of the
coherence peak in the THz conductivity, the power-law be-
havior of the penetration depth � with a high exponent, and
presence of pair-breaking scattering are consistent with an
s� symmetry of the order parameter which does not contain
nodes. We hope that our work stimulates further investiga-
tion into the effects of pair breaking in these compounds. In
particular, detailed calculations of their effects on the con-
ductivity in the superconducting state would be very useful.
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FIG. 4. �Color online� London penetration depth � of
BaFe1.84Co0.16As2 film in a power-law scale as �T /Tc�3.1.
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