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The real part of the optical conductivity of a superconductor with an extended s-wave gap as well as the
corresponding reflectance and optical scattering rate are calculated within BCS theory. We consider the case
when gap nodes exist in certain directions on the Fermi surface and when there is instead a finite spectral gap
everywhere. When nodes exist they can be lifted by increasing disorder. Static residual impurities wash out
anisotropy and produce a finite gap in all momentum directions before eventually becoming isotropic. This
provides a mechanism for the emergence of an additional gap energy scale, the magnitude of which can be
tuned through the control of the elastic scattering. Application to the ferropnictides is discussed within a
two-band model with the aim of identifying signatures of nodes and of node lifting when several bands are
involved.
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I. INTRODUCTION

With the discovery of new superconducting materials
comes the possibility that phenomena, not observed in con-
ventional systems, could become realized. The layered fer-
ropnictides found only recently1 display complex band
structures2 with several electronlike or holelike pockets
crossing the Fermi surface and represent a further example of
multiband superconductivity. Unlike MgB2 which is a two-
band electron-phonon system,3–5 these materials are not
electron-phonon driven6 and may involve a spin-fluctuation
mechanism as is likely to be the case in the high-Tc cuprates,
although as yet there is no consensus on this issue.

A minimum band-structure model for the ferropnictides
involves two bands: an electron ��� band at the M point and
a hole ��� band centered at the � point of the Brillouin zone
with s-wave gaps on each pocket and possibly a sign change
between them,7,8 the so-called s� symmetry state. Other
states with d-wave symmetry have also been considered and
found in some models to be nearly degenerate9–12 with the
s-wave case. Also in the s� model, the gap on the electron
��� pocket could be extended s wave rather than constant
�isotropic s wave� and have nodes on its Fermi surface.13 To
put this possibility in perspective, we recall that in conven-
tional superconductors, the electron-phonon interaction is
highly anisotropic,14–17 although there are no nodes. Disorder
washes out this anisotropy and for impurity-scattering rates
large as compared with the gap amplitude most properties
can be described with isotropic s-wave BCS theory. Further,
once the gap becomes isotropic, impurity scattering drops
out of the gap equation. The case of high-Tc cuprates with
d-wave gap symmetry is very different. While the gap can
involve many higher harmonics18–24 and not just the lowest-
order d wave, impurity scattering does not change its sym-
metry and a node will remain even as the gap amplitude is
driven to zero and superconductivity is lost. Ordinary impu-
rities work very much the same way in a d-wave supercon-
ductor as do magnetic impurities in the s-wave case.25 The
situation is again different in the ferropnictides with ex-

tended s-wave symmetry. We can model the total gap on the
electron pocket, for example, as the sum of an isotropic con-
stant part plus a d-wave component which provides the
variation with momentum direction on the Fermi surface. A
node results when the d-wave component can overcompen-
sate for the s-wave component in some specific directions.
As impurities are added, the s- to d-wave admixture changes
and the anisotropy decreases. Before isotropy is reached,
however, there will be a point at which no nodes remain and
we see the emergence of an additional energy scale associ-
ated with a finite spectral gap everywhere on the Fermi sur-
face. This lifting of gap nodes by disorder in an extended
s-wave superconductor was recently considered by Mishra et
al.26 with particular emphasis on its consequences for the
temperature dependence of the London penetration depth.
With gap nodes, one gets a low-temperature power law while
exponentially activated behavior signals the existence of a
gap in the charge-carrier excitation spectrum out of the su-
perconducting zero-temperature ground state. At the mo-
ment, both behaviors are observed in the ferropnictides,
sometimes even in nominally similar samples, a situation
which, in part, motivated the work of Mishra et al.26 These
authors also note discrepancies between results obtained with
different probes on the same material. A detailed analysis27

of the microwave data by Hashimoto et al.28 found that it
could be most naturally understood with an extended s-wave
gap with nodes on the electron pocket but that the tempera-
ture dependence of the penetration depth by the same authors
was more consistent with no nodes. A separate London pen-
etration depth study by Martin et al.29 on a closely related
sample, however, did indicate nodes. The question of nodes
or lack there of in the extended s-wave gap in the ferropnic-
tides is, thus, central to an understanding of their supercon-
ducting properties.

Optics provides detailed information on charge-carrier dy-
namics and can, in principle, be used to probe superconduct-
ing gap anisotropy. Because it is a spectroscopy, a spectral
gap �at energy �g� in the charge-carrier excitation spectrum
should manifest itself as a rise in absorption at twice this
energy �2�g� as is well known from the work of Mattis and
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Bardeen.30 This information is complementary to that on the
temperature dependence of the penetration depth, microwave
response, and nuclear-magnetic-resonance �NMR� relaxation
rate recently discussed by Dolgov et al.31

In this paper, we report results of calculations for the op-
tical conductivity of an extended s-wave gap with nodes
within BCS theory and consider the effect of increased im-
purity scattering. In Sec. II, we present the necessary formal-
ism and give formulas from which the optical conductivity
can be calculated numerically. We present numerical results
on the quasiparticle density of states �DOS� and show its
evolution with increased disorder. In Sec. III, we give results
for the real part of the optical conductivity ��T ,�� and for
the reflectance itself. We also introduce the optical self-
energy which is derived from an extended Drude form for
��T ,�� and give numerical results for the optical scattering
rate. Section IV is specific to the ferropnictides and discusses
how nodes and the lifting of these nodes would present itself
in a two-band system. A short summary and conclusions are
found in Sec. V.

II. OPTICAL CONDUCTIVITY

For simplicity, we begin with an anisotropic gap of the
form32 �sd

0 =�s
0+�d

0�2 cos�2	�, where 	 is a polar angle on
the two-dimensional circular Fermi surface. The constant
part is taken as �s

0=��0 and the angular-dependent part as
�d

0=�1−�2�0 so that �0=����sd
0 �2�	 is the root-mean-square

Fermi-surface average of the gap and � is related to the s- to
d-wave admixture with �=1 pure isotropic piece and �=0
pure angular-dependent piece. When for simplicity impurity
scattering is introduced in Born approximation with the
normal-state quasiparticle scattering rate given by 
t+, the
renormalized gap and frequencies are given by32

�̃��� = � + i
t+� �̃���
��̃2��� − �̃sd

2 ��,	�
�

	

, �1a�

�̃s��� = �s
0 + i
t+� �̃sd��,	�

��̃2��� − �̃sd
2 ��,	�

�
	

, �1b�

�̃d��� = �d
0 �1c�

and the total renormalized gap is given by

�̃sd��,	� = �̃s��� + �̃d����2 cos�2	� . �2�

Here �¯ �	 denotes the Fermi-surface average. We note that
the gap has now acquired a frequency dependence as is well
known in the case of inelastic scattering.33 The frequencies
are also renormalized with �̃���=�−�qp���, where �qp���
is the quasiparticle self-energy to be distinguished from the
optical self-energy34–36 �op��� that we will introduce later in
our discussion. Equation �1� has been used in the past to
describe the cuprates.32 YBa2Cu3O6+� has chains as well as
CuO2 planes and this means that the in-plane superconduct-
ing gap can have a small s-wave component �s

0 in addition to
a dominant d-wave part �d

0. As we will elaborate upon later,

these same equations can be used in the context of the fer-
ropnictides to describe a possible extended s-wave gap on
the electron pocket located around the X point of the un-
folded Brillouin zone �BZ�. As described by Chubukov et
al.,13 in this case, an extended s-wave state referred to the X
point rather than the center of the BZ will have the form used
here, namely, �s

0+�d
0�2 cos�2	�, where 	 is an angle defin-

ing momentum direction on the Fermi surface with origin
taken at the X point. We consider only Born scattering which
is simplest and has been used by Mishra et al.26 in their
discussion of the lifting of gap nodes by impurity scattering
and its effect on the penetration depth. It is argued that when
the two dopants are out of plane as is the case in some
ferropnictides, weak scattering with significant small
momentum-transfer components is expected. This is consis-
tent with large intraband and weak interband scattering. As
we are primarily interested here in the effect of the lifting of
the nodes by residual scattering on the optical conductivity,
we follow the lead of Mishra et al.26 and neglect interband
scattering. Such effects have been considered by Dolgov et
al.31 within the context of microwave and NMR relaxation
rates. These authors also give results for more complicated
impurity scattering such as the unitary limit. But these effects
go beyond the scope of the present work.

There are many formulations of the complex optical
conductivity,32,37–39 ��T ,
�, at temperature T which follows
from the Kubo formula and can be written in the form32

��T,
� =
�p

2

4


i


��0

�

d� tanh	��

2

�J��,
� − J�− �,
���

	

�3�

with �p the plasma frequency, �=1 / �kBT�, and

2J��,
� =
1 − N��,	�N�� + 
,	� − P��,	�P�� + 
,	�

E��,	� + E�� + 
,	�

+
1 + N���,	�N�� + 
,	� + P���,	�P�� + 
,	�

E���,	� − E�� + 
,	�
,

where � indicates the complex conjugate. Here, E�� ,	�
=��̃2��+0+�− �̃sd

2 ��+ i0+,	�, N�� ,	�= �̃��+ i0+� /E�� ,	�,
and P�� ,	�= �̃sd��+ i0+,	� /E�� ,	�, and the average elec-
tronic density of states over the Fermi surface N��� /N�0�

�N�� ,	��	. In Eq. �3�, vertex corrections are not included.

Before presenting results for the conductivity we note that
in the pure case, t+=0, the gap is given by �0��
+�1−�2�2 cos�2	�� in our extended s-wave model. A node
exists in this function for ���2 /3. In terms of the coeffi-
cient,

x =
�

� + �1 − �2
�4�

introduced in Ref. 32 as a measure of the amount of s wave
relative to s+d wave, the critical value of x for no nodes is
xc=0.59. For most of the graphs in the next section, x was
taken to be 0.5. Our extended s-wave model is the same as
that of Mischra et al.26 Their parameter r
�2�1−�2 /�
=�2�1−x� /x. In their work, they introduce a gap equation
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with separable ansatz for the fixed anisotropy in the pairing
potential. Solutions of this gap equation for various impurity
concentrations give the corresponding change in critical tem-
perature which is found to vary less rapidly with impurity-
scattering rate than would be expected from magnetic impu-
rities in an s-wave superconductor.25 Here we take a
somewhat different approach. We fix the gap amplitude �0 at
a value of 12 meV and keep it fixed for all other calculations
with �=1 /�2 or x=0.5. This means that at saturation impu-
rities drop out of the gap equation because the gap defined as

�̃���� / �̃���
 �̄sd��� has become isotropic, the gap �s
0

=8.5 meV in our model. This gap corresponds to a critical
temperature of 4.8 meV �55.7 K� since in an isotropic system
the classic weak-coupling BCS gap to critical temperature
ratio 2� / �kBTc�=3.54 applies. In strong coupling,40 this ratio
can be very different, of course. Assuming t+ large enough
that isotropy has been reached we have from Eqs. �1� and
�2�,

�̄sd��� =

�s
0 + i


t+�̄sd���
��2 − �̄sd

2 ���

1 + i

t+

��2 − �̄sd
2 ���

.

Rearranging and canceling common factors gives

�̄sd = �s
0 = ��0,

independent of frequency � and a constant in momentum
space �isotropic s wave�. Without impurities, the pure system
critical temperature can be computed from the average gap
�0 using the formula41 2�0 / �kBTc�=3.54 exp�−�2�� with
�2�= ��2�	�ln���	���	, where ��	� is the normalized gap an-
isotropy function ��	�=�+�1−�2�2 cos�2	� and �2�

works out to be equal to 0.3081 for �=1 /�2. This means that
the average gap to Tc ratio is 2.6 which is less than the
isotropic BCS value of 3.54. Thus, anisotropy decreases this
ratio but the maximum gap to Tc ratio is actually greater than
3.54. For �=1 /�2 or x=0.5, we get

2�max

kBTc
=

2�0

kBTc
�� + �2�1 − �2�� = 4.43.

For pure d wave, these ratios are 3.027 and 4.28, respec-
tively. In our case, the pure limit critical temperature is 107
K.

In Fig. 1, we present our results for the quasiparticle DOS
in the superconducting state normalized to its normal-state
value N�0�, i.e., N��� /N�0�, vs � for several values of the
impurity-scattering parameter t+. Here, 
t+ is the normal-
state quasiparticle scattering rate 1 /�qp which is assumed to
be constant. For these parameters, the pure limit gap has a
maximum value of 20.4 meV and a minimum of −3.5 meV.
Looking first at the solid �black� curve for which t+

=0.2 meV, we see two maxima corresponding to these ex-
trema. The impurity content is small enough that there is
little shift in these pure limit values. We note also the linear
in � dependence as �→0 which reflects the node in the gap.
For pure d wave, the dependence would be � / ��2�0� with

�2�0 the gap amplitude. For extended s wave, we get instead
� / ��0

�2�1−3�2 /2�� which was derived under the assump-
tion that there are nodes in the gap and that these dominate
the value of the DOS as �→0. This is only true for �
��2 /3. For �=0, we recover the d-wave result. For �
=1 /�2, as we have used here, we get �2� /�0, twice the
well-known d-wave result. This formula agrees well with the
numerical results of Fig. 1 for the �almost� pure case �solid
�black� line�. This curve also agrees well with Fig. 4 of
Mishra et al.26 accounting for their slightly different choice
of parameters �0 and �. As we increase the impurity scatter-
ing, the two peaks noted above become smeared out and
shift. Two features to be noticed are that as t+ becomes very
large, a spectral gap develops at low �=�g. This is already
seen in the dotted �green� curve for t+=2 meV which corre-
sponds to a impurity-scattering rate of about half the gap
value. The upper energy peak which initially smears without
moving its position in energy much starts to shift toward
lower energies. First a shoulder develops and then this shoul-
der starts to become more peaked. Eventually, when t+��0,
an inverse square-root singularity will develop at �=��0
�the isotropic limit� and N��� /N�0�=Re�� /��2− ���0�2�,
i.e., the DOS takes on its classic isotropic BCS value. This
limit is not shown here and occurs only at unrealistically
large values of the impurity-scattering rate much larger than
the gap value �0. The last curve shown in Fig. 1 is for t+

=100 meV �short dotted �cyan� curve� and still displays
some anisotropy. As discussed by Mishra et al.,26 the low-�
evolution from linear in � to a gap at �g changes the tem-
perature dependence of the London penetration depth from
linear in T to thermally activated. The corresponding changes
in N��� /N�0� are clearly large and should be measurable in
tunneling. We would also expect corresponding large
changes in the optical conductivity ��T ,�� as a function of
� and this is the problem addressed in this paper.

III. RESULTS

In Fig. 2, we show our results for the real part of the
optical conductivity �1�T ,��. The temperature is T=2 K

FIG. 1. �Color online� Normalized quasiparticle density of states
N��� /N�0� in an extended s-wave gap superconductor with nodes
vs energy � for various residual quasiparticle scattering strength

t+. Note that a gap develops at small � when the impurity scat-
tering is sufficiently large. Here �0=12 meV and �=1 /�2.
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and various values for the impurity quasiparticle scattering
rate 
t+ have been considered. We also set the plasma fre-
quency �p=1 eV to be specific. The solid �black� line for
t+=0.2 meV is close to the pure limit. It has a small Drude
peak about �=0 and shows evidence of the lower-energy
peak seen in the corresponding DOS of Fig. 1 which was at
3.15 meV. In optics, the peak is at a higher energy �4.43
meV� as one would expect. While the DOS has another peak
at 20.5 meV, no corresponding structure is seen in �1�T ,��
neither at twice this energy nor at the sum of the energies of
lower and upper peak. As t+ is increased, structures in
�1�T ,�� evolve in a similar way to those noted in Fig. 1 for
the DOS. In particular, a real quasiparticle gap at �=�g re-
sults in an optical gap �op=2�g. Also, as we expect, �1�T ,��
rises out of this gap gradually. The short dotted �magenta�
curve for t+=9 meV is close to the well-known result for the
dirty limit of Mattis and Bardeen.30 We note also that the
dashed-dotted �cyan� curve for t+=3 meV shows a very flat
maximum extending from almost 5 to 30 meV. This curve
marks the transition from the peak-shoulder structure we see
for t+=2 meV to the “classical,” almost s wave, form we get
for t+�6 meV.

In optical experiments, it is the reflectance r�T ,�� which
is measured directly and ��T ,�� is a derived property. The
relation between these two quantities is given by

r�T,�� = � 1 − ���T,��

1 + ���T,��
�2

, ��T,�� = �� + i
4
��T,��

�
,

�5�

where ��T ,�� is the dielectric function and �� is its value at
infinity. In what follows we set ��=1 and, as before, �p
=1 eV. Figure 3 gives the ratio of superconducting to
normal-state reflectance rs�T ,�� /rn�T ,�� at T=2 K for vari-
ous values of elastic scattering. In the normal state, as is well
known, the deviations below one of rn�T ,�� increase with
increasing � as well as increasing values of t+. On the other

hand, at zero temperature, a BCS superconductor with iso-
tropic s-wave gap cannot absorb for ��2�0 and so becomes
a perfect reflector. It is the competition between these two
effects that determines how rs�T ,�� /rn�T ,�� varies. The
solid �black� curve for t+=0.2 meV which corresponds to
the clean limit is nearly one everywhere and shows little sign
of superconductivity, except for a small rise above one at low
�. This is the only observable feature associated with the
onset of superconductivity, and, as is well known, the clean
limit �little or no impurity scattering� is the wrong limit for
observing such features. By comparison, the deviations in
the short dotted �magenta� curve for t+=9 meV are large.
They are, however, somewhat different from what is found
for ordinary isotropic s wave which would show a rather
steep drop as we go through �=2�0. Here, instead, the ratio
shows a maximum at a frequency which is quite a bit larger
than �op�7.6 meV but smaller than 2�0=24 meV for this
case �see Fig. 2� and only drops comparatively slowly above
this energy before dipping below one at higher energies. It is
clear that there are significant deviations in this particular
quantity between isotropic BCS and the case of the lifting of
the gap nodes in the extended anisotropic s wave with nodes
in the pure limit. These differences should allow one to dif-
ferentiate between the two cases.

It has become standard in optical studies to extract from
the optical conductivity an optical self-energy defined in
terms of a generalized Drude form in which both, optical
mass renormalization and optical scattering rate, acquire a
frequency dependence. By definition of the complex optical
self-energy �op�T ,��, it is related to the conductivity ��T ,��
by

��T,�� = i
�p

2

4


1

� − 2�op�T,��
. �6�

It follows that

� − 2 Re �op�T,�� = −
�p

2

4

Im �−1�T,�� �7�

and

FIG. 2. �Color online� The real �absorptive� part of the optical
conductivity �1�T ,�� vs energy � and for various values of the
quasiparticle impurity-scattering rate 
t+. The temperature is T
=2 K. For cases when t+ is sufficiently large to lift the gap nodes
an optical gap �op twice the value of the spectral gap energy �g of
the previous section, develops at small omega and there is no ab-
sorption for ���op. Here �0=12 meV and �=1 /�2.

FIG. 3. �Color online� The ratio of superconducting state reflec-
tance rs�T ,�� vs � at T=2 K to its normal-state equivalent rn�T ,��
for various values of the impurity-scattering rate 
t+. Here �0

=12 meV and �=1 /�2.
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− 2 Im �op�T,�� =
�p

2

4

Re �−1�T,�� . �8�

The optical mass renormalization �op�T ,�� is by definition
��op�T ,��=−2 Re �op�T ,�� and the corresponding optical
scattering rate �op

−1�T ,��=−2 Im �op�T ,�� which is the quan-
tity most often discussed and which has been found useful in
providing some physical insight into the meaning of the data
obtained.

Results for the optical scattering rate normalized to its
normal-state value of 2
t+ are given in Fig. 4 for T=2 K
and various values of t+. For the pure case where the quasi-
particle DOS of Fig. 1 is linear in � and finite for all �
→0, we see absorption remaining to the lowest energy while
in the case of large impurity scattering and a spectral gap �at
�g� in the DOS there is no absorption before �=2�g.
Impurity-scattering rates can clearly be used to determine
details about the nature of the low-lying electronic excita-
tions in an extended s-wave superconductor and their evolu-
tion with increased scattering rate. In particular, the lifting of
the gap nodes has a clear signature.

IV. MODEL FOR FERROPNICTIDES

Next we consider more specifically the ferropnictides.
These are complex materials in which several bands cross
the Fermi energy and there are holes as well as electron
pockets. Among many others, the angular-resolved photo-
emission spectroscopy �ARPES� study by Zabolotnyy et al.42

provides details on the topology of the Fermi surface in
Ba1−�K�Fe2As2. Besides two concentric hole surfaces about
the � point, one large and one small, they find a complex
structure about the M point. The pocket centered at M is
electronlike and is surrounded by four separate blades which
are holelike forming a propeller-type shape. A minimum
band-structure model for theoretical calculations and inter-
pretation of experiment retains a single holelike band ���
around � and an electronlike band ��� at M. In
Ba0.6K0.4Fe2As2, Ding et al.43 find from ARPES that the
small Fermi surface at � has a superconducting gap of about

12 meV while on the larger surface, it is 6 meV. The gap
around M is close to 12 meV. Motivated by these findings the
gap at � is assumed small and that at M big as we show
schematically in Fig. 5. Here, for simplicity, we will assume
as a model that the small gap is of isotropic s-wave symme-
try while the large gap is extended s wave. For the electron
band centered at M, we take this point as the origin of mo-
mentum. In this coordinate system as shown by Chubukov et
al.,13 an extended s-wave gap then takes on the form of Eq.
�1�. This form is also used in the work of Mishra et al.26

The combined optical conductivity of the two bands is the
sum of the two partial conductivities. If we denote the total
plasma frequency by �p, we can introduce partial weights w1
and w2 with w1+w2=1 so that the separate band plasma fre-
quencies are �p1=w1�p and �p2=w2�p, respectively. In this
notation, �p is just an overall scale on the total conductivity
and theoretical results for a single value of �p need to be
considered. Nevertheless, the total conductivity still depends
on the choice of w1 and w2. This holds also for the optical
scattering rate but not for the reflectance �Eq. �5�� which is
not simply proportional to �p. In what follows we take ��

=1. Also for definiteness �p=1 eV and we take a residual
scattering t+=2.5 meV which corresponds to �imp

−1

�16 meV. These values are for illustration purposes only
and are motivated by known experimental results. Yang et
al.44 quote a �p�1.6 eV and �imp

−1 �30 meV. Tu45 finds
�p=0.95 meV and �imp

−1 �13 meV. Finally, we set �1
=4 meV and �2=13 meV and take w1=0.7 and w2=0.3 in
one case �Fig. 6�a�� and the reversed in a second case �Fig.
6�b��.

Following these model assumptions, the weighted sum of
the two individual bands complex optical conductivity
��T ,��=w1��1��T ,��+w2��2��T ,�� gives the conductivity
of the combined two-band system. Here ��1��T ,�� and
��2��T ,�� are the complex optical conductivities calculated
using Eq. �3� for the two gap functions �1�T ,�� and
�2�T ,��, respectively. In so doing we are assuming that
there are no optical interband transition terms which is ex-

FIG. 4. �Color online� The optical scattering rate �op
−1�T ,�� nor-

malized to its normal-state value 2
t+ vs energy � for T=2 K and
various values of t+. Here �0=12 meV and �=1 /�2.

FIG. 5. �Color online� Sketch of the two Fermi-surface pockets
in k space, one about � �big Fermi surface� and one about M �small
Fermi surface� represented by circles. The shaded rims are meant to
represent an isotropic s-wave gap about � �blue� and an anisotropic
extended s-wave gap about M �yellow�.
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pected since the two ��i��T ,�� originate from very different
regions of momentum space. The reflectance of the com-
bined system follows from application of Eq. �5� to the com-
bined ��T ,��. It is clear that, in principle, there need not be
a close relationship between the reflectance of the combined
bands and the sum of the reflectance of each band separately.
This will become clear below.

In Fig. 6�a�, we present as a first result the reflectance
ratio rs�T=5 K,�� /rn�T=30 K,�� with rs�T=5 K,�� in
the superconducting state at T=5 K and rn�T=30 K,�� the
normal-state equivalent at T=30 K for the model described
above. The s- to d-wave admixture in the large gap �2 is
described by the parameter x, Eq. �4�, with x=0 pure d-wave
symmetry and x=1 pure isotropic s wave. In the theoretical
curves corresponding to this parameter between 0.67�x
�1, there are no nodes on the electron-pocket Fermi surface,
i.e., there is a finite spectral gap in all momentum directions.
Of particular interest is the �blue� dashed-dotted curve for
x=0.53 because for this s- to d-wave admixture the gap �2 in
a clean system would have nodes on the Fermi surface but
for the assumed residual scattering t+=2.5 meV these nodes
are lifted by disorder and there is a small gap in the quasi-

particle excitation spectrum. This x value provides the tran-
sition between cases with a gap and without, i.e., with nodes.
For orientation we added to the figure, the result for the
isotropic s-wave gap �1=3.5 meV alone as the light short
dashed-dotted �black� curve which has a peak at 2�1 fol-
lowed by a sharp drop and then a further dip below one, the
hallmark of isotropic s wave.

The introduction of a second larger gap �2=13 meV pro-
vides important modifications from the light short dashed-
dotted �black� curve only for energies above the lower gap
peak at 2�1=7 meV. In particular, in all the other curves,
the minimum around ��20 meV which dips below one is
much shallower and shifted to higher energies. The short
dotted �magenta� curve for x=1 which corresponds to an
isotropic upper gap shows a shoulder followed by a second
sharp drop at �=2�2. This drop allows one to identify by
eye in the reflectance ratio a second energy-gap scale. No
such prominent signature is present in the other curves. The
results for x=0 �solid �black� line�, x=0.24 �dashed �red�
line�, and x=37 �dotted �green� line� correspond to a second
gap which is very anisotropic and has nodes on the M-point
Fermi surface. These curves fall almost on top of each other
and show only a very small and gradual rise toward their
asymptotic value of 1 after the first maximum and sharp drop
associated with �1 on the � pocket. Thus, reflectance data
cannot distinguish between such cases of extended s wave
with nodes and d wave. As pointed out above, the next curve
for x=0.53 �dashed-dotted �blue� curve� has a small spectral
gap induced through impurity scattering which is sufficient
to lift the nodes that would exist in the pure case. Although
this curve dips below one more than do the results when
nodes are present, the effect is not great. Nevertheless, there
is a signature in all these cases of the presence of a second
gap ��2�. The relatively deep minimum at an energy just
above �=2�1 characteristic of a small gap is entirely miss-
ing and this is true even for the dashed double-dotted �cyan�
curve for x=0.67 which has a small gap everywhere on its
Fermi surface at M. These results show that, unless both gaps
are fairly isotropic, a detailed analysis of data is needed to
determine the characteristics of the second gap �2. Also, the
sign change in the s� model for superconducting gap sym-
metry cannot be determined from such measurements.

In Fig. 6�b�, we show additional results for the reflectance
ratio rs�T=5 K,�� /rn�T=30 K,�� vs � for the same gap
and electronic-structure model that was used for Fig. 6�a� but
we have reversed the weight of the gap admixture from 70%
for �1 and 30% for �2 to 30% and 70%, respectively. As we
see this has a significant effect on our results. Two distinct
gap scales can still be seen in the short dotted �magenta�
curve when both gaps are isotropic, i.e., x=1. In the opposite
limit, when �2 has nodes, the runs for x=0, x=0.24, and x
=0.37 remain close to each other and distinctly differ from
the one gap ��1� BCS case �light short dashed-dotted �black�
curve�. For the transition curve x=0.53 with nodes lifted by
disorder �dashed-dotted �blue� curve� the variations are now
larger than they were in Fig. 6�a� but no clear signature of
the small spectral gap on the M pocket Fermi surface is
easily identifiable.

In Fig. 7, we show the results for the real part of the
optical conductivity �1�T=5 K,�� in millielectron volt vs �

FIG. 6. �Color online� The reflectance ratio rs�T
=5 K,�� /rn�T=30 K,�� vs � for different values of the aniso-
tropy parameter x in the big gap �2 at M. �a� The small gap at �,
�1=3.5 meV �weight 70%�, the big gap �2=13 meV �weight
30%�, and the impurity-scattering rate t+=2.5 meV. The light
dashed-dotted �black� line gives the result for the isotropic s-wave
gap �1 alone. �b� The same as above with the weights reversed.
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in millielectron volt for the same parameters as were consid-
ered in Fig. 6. Figure 7�a� is for w1=70% and w2=30%
while Fig. 7�b� is for w1=30% and w2=70%, the weights
associated with the � and M pockets, respectively. Also
shown for comparison �light short dashed-dotted �black�
line� are the results for a single small gap �1=3.5 meV in
which instance there is no absorption until �=2�1 at which
point there is a sharp rise, followed by a peak and a slow
drop toward the normal-state conductivity with which it
merges for ��2�1. When a second superconducting pocket
around the M point is included there is now finite absorption
below �=2�1. This absorption comes from the second large
gap �2=13 meV for x=0 �solid �black� line�, x=0.24
�dashed �red� line�, and x=0.37 �dotted �green� line�. In these
cases, �1�T=5 K,�� shows a small Drude-type peak cen-
tered around �=0. The boundary curve for x=0.53 �dashed-
dotted �blue� line� shows, instead, zero absorption till �
=�op with �op=3.4 meV at which energy there is an absorp-
tion edge but this is small as compared with the main rise
due to the first gap at �=2�1. For the case x=0.67 �dashed
double-dotted �cyan� line� and x=1 �short dotted �magenta�
line�, the gap on the second pocket at M is sufficiently large
that this second Fermi surface does not contribute to �1�T

=5 K,�� until ��2�1 �onset of absorption from the �
pocket�. Note the small kink at �=2�2 in the curve for x
=1 which indicates the onset of added absorption due to the
M pocket. Deviations in the absorption from a single gap at
�1 are much more prominent in Fig. 7�b� which gives our
results when w1=30% and w2=70%, i.e., the gap �2 on the
M pocket provides the dominant contribution to the real part
of the conductivity. The Drude-type contributions to �1�T
=5 K,�� for x=0, x=0.24, and x=0.37 are much larger than
they were in Fig. 7�a�. This is also true of the absorption
onset in the dashed-dotted �blue� curve for x=0.53. For x
=0.67, there is a small gap �op2=13 meV due to the M
pocket which is seen as extra absorption at �op2. The contri-
bution from each pocket individually is seen very promi-
nently in the short dotted �magenta� curve for x=1 with iso-
tropic gaps on both pockets. These considerations show that
the real part of the optical conductivity derived from reflec-
tance data is the better quantity to look at, when one is in-
terested in the lifting of gap nodes by disorder in optical
measurements.

In a recent paper, Muschler et al.46 have provided experi-
mental evidence for the lifting of nodes in the
Ba�Fe1−�Co��2As2 family using Raman scattering in moving
from a sample with �=0.061 �Tc=24 K� to another with �
=0.085 �Tc=22 K� they observed in the B2g response a
change in low-energy behavior from linear in � with zero, to
a finite intercept with the frequency axis. While optics pro-
vides a different probe from Raman scattering it will be in-
teresting to see if the analogous effect in optics as described
in Fig. 7 confirms this interpretation of the Raman spectra.

V. SUMMARY AND CONCLUSION

While theoretical studies indicate that the superconduct-
ing gap in the ferropnictides has extended s-wave symmetry,
these states may be nearly degenerate in energy with d-wave
states. Thus, small changes in doping or in some other pa-
rameter such as disorder produced, for example, by neutron
irradiation or atom substitution, could lead to a change in gap
symmetry within the same family of materials. Also an ex-
tended s-wave gap on one or more of the Fermi pockets
could have nodes on its Fermi surface and these could be
lifted by increased disorder. This was suggested by Mishra et
al.26 who were motivated in part by the confusing experi-
mental observation that the low-temperature dependence of
the London penetration depth of closely related samples can
be different with some indicating a power law while others
were more consistent with exponential activation.

In this paper, we have considered the case of an extended
s-wave gap with or without nodes and also investigated how
the lifting of the gap nodes through increased static impurity
scattering presents itself in the optical properties. We found
easily observable signatures of the opening of a finite spec-
tral gap in the absorption �real� as well as in the reactive
�imaginary� part of the optical conductivity. As the quasipar-
ticle DOS evolves under increased disorder from linear in �,
at small energies, to a gap �at �g� and eventually acquires the
characteristic coherence peak of s-wave superconductivity,
the real part of the optical conductivity changes from a

FIG. 7. �Color online� �a� The real part of the conductivity
�1�T=5 K,�� in millielectron volt vs � in millielectron volt for the
same parameters as for Fig. 6 and for the weights 70% ��1

=3.5 meV� and 30% ��2=13 meV�. �b� The relative weights of
the � and M pockets are reversed.
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d-wavelike response at �→0 with significant optical spec-
tral weight remaining in this region to a gapped response
which eventually tends toward that of a dirty s-wave Mattis
and Bardeen form. Energies associated with extrema in the
gap as a function of momentum produce peaks in the quasi-
particle DOS. Structures corresponding to optical transitions
which involve one of these peaks or between two such peaks
can in some cases be identified in the optical conductivity. In
addition, we find a signature of the lifting of gap nodes in the
reflectance and in the optical scattering rate. In the specific
case of the ferropnictides which we model here with two
separate bands, one with a small isotropic gap, the second
with a large extended s-wave gap, we find separate, easily
identifiable signatures of each band in the reflectance ratio
only when both gaps are isotropic. The signature of the small
gap is a peak in rs�T ,�� /rn�T ,�� at 2�1 followed by a drop
above this energy which, however, in contrast to single-band
BCS does not drop below a value of 1, and can depend a lot
on the percentage admixture between � and M bands. This is
followed by a second drop at 2�2 and a dip below one. As

anisotropy in �2 is turned on this second structure at �2 gets
rapidly smeared out and its associated minimum becomes
very shallow as the reflectance ratio tends toward 1. The
reflectance of the combined bands is not the weighted sum of
reflectances of the individual bands. On the other hand, the
conductivities themselves are additive and the existence of a
spectral gap in the extended s-wave order parameter of the
electron band at M even when it is due to disorder, can be
seen as a sharp absorption onset in its real part although for
the case considered here this onset is not as prominent as it
would be in the corresponding isotropic gap case. When
there are nodes, some Drude absorption centered around �
=0 is expected instead.
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