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Abstract We investigate the anisotropic metallic
response in the optical conductivity of fully detwinned
Ba(Fe1−x Cox)2As2 in their underdoped regime. We esti-
mate the Drude weight and the scattering rates of the
itinerant charge carriers across the structural (at Ts) and
magnetic (at TN ) phase transition. Our findings support a
monotonic doping dependence of the anisotropy of both
parameters determining the transport properties, opposite to
the non-monotonic anisotropy of the dc resistivity between
the crystallographic axes. The capability of optical methods
to address a broad energy interval extending far away from
the Fermi level allows emphasizing the prominent role of
the electronic structure rather than the impurity scattering
when establishing a direct connection with the long-range
ferro-orbital and antiferromagnetic orders.
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The title compounds provide the most recent arena in order
to study the impact on several physical quantities of an
electronic nematic phase, which occurs when the electronic
system breaks a discrete rotational symmetry of the crys-
tal lattice without altering the translational symmetry. In the
title compounds, the structural tetragonal-to-orthorhombic
phase transition breaks the fourfold rotational symmetry of
the tetragonal phase. There are several experimental evi-
dences [1] of nematicity in the iron-pnictides, which affects
a vast range of their generic phase diagram and extends
up to optimally doped compositions, thus implying some
relationship with superconductivity at high temperature, as
well.

Since the ferro-elastic transition induces the formation
of dense structural twins in order to minimize the elastic
energy, applying large magnetic fields or uniaxial pres-
sure (strain) turns out to be essential in order to overrule
the overcasting effect of randomly oriented domains when
addressing the in-plane anisotropy of the orthorhombic
phase [1]. Most experiments were performed with speci-
mens constantly held under uniaxial stress in order to fully
detwinned the crystals. Here, we shall briefly review the
dc transport results, which serve the purpose to set the
stage for the motivation of the present work. The resis-
tivity on as-grown crystals along the shorter orthorhombic
ferromagnetic b-axis (ρb) is larger than along the elon-
gated orthorhombic antiferromagnetic a-axis (ρa) [2]. Such
a counterintuitive behavior in the dc resistivity is accom-
panied by an astonishing non-monotonic anisotropy of the
transport properties (i.e., ρb/ρa) as a function of doping in
the Ba(Fe1−xCox)2As2 series [2, 3]. Moreover, the most
recent transport investigation with tunable in-plane uniaxial
strain via a piezo-stack further reveals a divergent, substan-
tial nematic susceptibility, indicating an electronic nematic
quantum phase [3].
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The non-monotonic dc anisotropy has been also con-
firmed in the underdoped regime of Ba(Fe1−xNix)2As2

and Ba(Fe1−xCux)2As2 [4], pointing out its generic nature
and thus posing the pertinent question about its origin.
Such a non-monotonic dc anisotropy is even more puzzling
when compared to the monotonic doping-dependence of the
orthorhombicity (a − b)/(a + b) (a and b are the lattice
constants of the respective axes) [5].

The dc transport properties are notoriously determined
by the physics at energies close to the Fermi level, there-
fore raising the issue to which extent in energy scales and
how deep in the electronic structure one can directly image
the impact of the nematic phase. There is the need to clar-
ify, whether and how the non-monotonic anisotropy of the
dc transport is possibly reflected in the effective metal-
lic contribution of the charge dynamics. Here, we exploit
the capability of optical methods to cover a broad spectral
range, enabling us to extract both parameters determining
the dc properties, as the plasma frequency (related to the
Drude weight) and the scattering rate of the itinerant charge
carriers. We can establish a robust link to the dc transport
properties from the perspective of a broad spectral range
(addressing the whole conduction bands) and investigate the
evolution of these parameters within the underdoped regime
of the phase diagram of Ba(Fe1−xCox)2As2.

Single crystals of Ba(Fe1−xCox)2As2 with x = 0, 2.5,
and 4.5 % were grown using a self-flux method [2]. Crys-
tals were cut into a square shape, approximately 2 mm
on the side, oriented such that below Ts the orthorhombic
a/b axes are parallel to the sides of the square [2]. Single-
domain specimens, revealing the intrinsic anisotropy of the
orthorhombic phase, are achieved by exerting constant uni-
axial pressure on their lateral side. To that goal, we further
developed the basic cantilever concept originally designed
for transport measurements [1].

The reflectivity (R(ω)) at room temperature was first
collected from different spectrometers such as the Bruker
IFS48 for the mid-infrared (MIR, 500–4000 cm−1) and
near-infrared (NIR, 4000–7000 cm−1) measurements and
a PerkinElmer Lambda 950 capable to measure absolute
reflectivity from NIR up to the ultra-violet (UV) range, i.e.,
3200–4.8 × 104 cm−1. The specimen within the detwinning
pressure device (i.e., mechanical clamp) was then placed
inside our cryostat and finely aligned within the optical
path of the Fourier transform infrared Bruker Vertex 80v
interferometer by using a micrometer. This way, we could
perform optical measurements of R(ω) at different temper-
atures in the spectral range from the far-infrared (FIR, ω <

400 cm−1) up to the MIR, i.e., between 30 and 6000 cm−1.
Light in all spectrometers was polarized along the a and b

axes of the detwinned samples. The real part σ 1(ω) of the
optical conductivity was obtained via the Kramers-Kronig
transformation of R(ω) by applying suitable extrapolations

at low and high frequencies. For the ω → 0 extrapo-
lation, we made use of the Hagen-Rubens (HR) formula(
R(ω) = 1 − 2

√
ω

σdc

)
, inserting the dc conductivity val-

ues (σdc) from [2], while above the upper frequency limit
R(ω) ∼ ω−s (2 � s � 4) [13]. The merging of the
measured data with the HR extrapolation was performed
in the energy interval between 30 and 70 cm−1. The lat-
ter energy interval corresponds to the lowest trustable FIR
range, depending from the surface quality of the specimen.
Details pertaining to the experimental set-up, techniques,
and procedures can be obtained by consulting [6].

While a thorough display of the experimental optical
findings is given in [6], we summarize in Fig. 1 some
selected and representative data about the real part (σ1(ω))
of the optical conductivity with light polarized along both
orthorhombic axes and at characteristic temperatures above
and below the respective transitions at Ts and TN of three
Co-dopings, spanning the generic underdoped regime of the
122 family of iron pnictides. We specifically emphasize
here the FIR and MIR spectral range, where the clear-
est evidence for the anisotropic optical response may be
recognized. Nonetheless, the inset in panel (a) shows the
spectra up to the NIR frequency range for x = 0. Above
5000 cm−1, the spectra at all T and for every doping fully
coincide. The strong absorption peak dominating σ1(ω) at
about 5000 cm−1 develops into a pronounced shoulder on
its MIR frequency tail at about 1500 cm−1 for x = 0.
This latter MIR-band in σ1(ω) shows a strong polarization
dependence, as highlighted in the main panels of Fig. 1a–c.
Interestingly enough, for increasing doping, the maximum
of the MIR-peak shifts to lower frequencies indicating that
this absorption feature is significantly affected by the dop-
ing. This excitation turns out to be very much related to
the onset of the SDW-like state in the orthorhombic phase
and its polarization dependence was previously identified
as the most evident signature of the stress-induced optical
anisotropy [6–9]. Ab− initio calculations based on DFT as
well as dynamical mean-field theory (DMFT) [6, 10] fairly
reproduce the anisotropic MIR-feature and account for it
as a fingerprint of the stripe-like magnetic ordering in the
orthorhombic state, which was also shown to correspond
to the energy-minimum configuration within LAPW calcu-
lations [10]. For frequencies going towards zero (i.e., into
the FIR spectral range), one can observe a narrow effec-
tive metallic contribution for both polarization directions. It
is an interesting experimental observation that the metallic
part of σ1(ω) along the a-axis broadens while along the b-
axis, σ1(ω) more strongly narrows with decreasing T into
the orthorhombic phase [6].

Before going any further, it is worth mentioning that in
a previous work, focusing the attention on the distribution
of the integrated spectral weight (SW = ∫ ωc

0 σ1(ω)dω,
ωc being an appropriate cut-off energy) within the
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Fig. 1 a–c Real part σ1(ω) of the optical conductivity of
Ba(Fe1−xCox )2As2 for x = 0, 2.5, and 4.5 % in the FIR to MIR
spectral range at selected temperatures above and below Ts and
for both polarization directions [6]. The inset of panel (a) displays
σ1(ω) for x = 0 over the whole spectral range extending up to
the NIR energy interval (please note the logarithmic energy scale).

Panel (d) reproduces the data for x = 0 at 120 K and emphasizes
the components of the Drude-Lorentz fit procedure (see text) and the
good quality achieved in the data-fit [6] (please note the logarithmic
energy scale). For clarity, we omit to display the tiny, sharp phonon
modes, which, however, are negligible to the present discussion
(color online)

orthorhombic phase [11], we clearly identified ωc ∼ 104

cm−1 as energy scale marking the recovery at all tem-
peratures of the total SW of the paramagnetic state. Fur-
thermore, the coherent metallic part was found to mainly
develop along the orthorhombic a-axis, while the SDW
state leading to the depletion of SW and the opening of
the pseudogap-like excitation in the MIR range affects
principally the orthorhombic b-axis [11].

In order to phenomenologically describe the optical
response, we apply the well-established Drude-Lorentz
approach. Figure 1d presents all fit components for

x = 0 at 120 K, acting here as a representative example.
We ascribe two Drude contributions (narrow and broad) to
the effective metallic part of σ1(ω) and a series of Lorentz
harmonic oscillators (h.o.) for all excitations (phononic and
electronic) at finite frequencies. The use of two Drude com-
ponents in the fit procedure mimics the multi-band scenario
and implies the existence of two electronic subsystems as
revealed for an ample range of iron-pnictide compounds
[12].

The narrow Drude term is relevant at very low fre-
quencies and it is obviously tied to the necessary HR
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extrapolation of R(ω) for ω →0. The broad one acts as
a background of σ1(ω) and dominates the optical conduc-
tivity up to the MIR energy interval. Both Drude terms
contribute to the total dc conductivity (see below). Besides
the Drude contributions, we consider one broad h.o. for
the temperature-dependent MIR-band (blue area in Fig. 1d)
and three more broad h.o.’s (not shown, see Fig. 5 in [6]
for details) for the strong absorptions featuring the broad
peak centered at about 5000 cm−1 in σ1(ω). We favor a fit-
ting procedure for all dopings, which keeps the type and
number of components identical (Fig. 1d) above and below
Ts for both polarization directions. The fit constraints are
such that the measured R(ω) and σ1(ω) are simultaneously
reproduced by the identical set of fit-components as well as

fit-parameters for both quantities [6]. The upper boundary
for the temperature dependence of the optical conductiv-
ity is found to be close to the NIR peak in σ1(ω) at about
5000 cm−1 for all dopings. It turns out that the whole elec-
tronic anisotropy is exhausted within the measured spectral
range. The overall good fit quality (e.g., Fig. 1d) makes us
confident that our fit-procedure is a valuable route in order
to identify meaningful and consistent trends in relevant
physical parameters.

We now turn our attention to the distribution of the
metallic Drude spectral weight and to the scattering rates
of the itinerant charge carriers. The former quantity is
given by the sum of the spectral weight encountered in
both broad and narrow Drude components (i.e., orange

Fig. 2 Temperature and doping
dependence of the ratio of the
total Drude weight between the
a and b axis
(SWDrude

a /SWDrude
b ),

emphasizing the underdoped
regime of Ba(Fe1−xCox )2As2
[1]. The upper-right panel shows
the calculated dc anisotropy
ρb/ρa from our fit parameters
(see text). The dots mark the
combinations of doping and
temperature for which data were
effectively collected. Both color
panels are then obtained through
an interpolation of the data
points (color online)
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and green area in Fig. 1d), which is basically equal to
SWDrude ∼ ω2

pN+ω2
pB , ωpN/B being the plasma frequency

of the narrow and broad Drude resonance, respectively.
The scattering rate (�N/B ) corresponds to the width at half
maximum of the Drude terms themselves. Here, we are par-
ticularly eager to disentangle the anisotropy as a function of

doping and across the structural and magnetic phase transi-
tions of both parameters determining the dc transport prop-
erties. We rely on the fit parameters reported in [6]. Figure 2
displays the ratio between the total Drude weight along
the a- and b-axis with respect to the phase diagram of
Ba(Fe1−xCox)2As2 in the underdoped regime [1]. In a

Fig. 3 a–b Similar to Fig. 2, we
show the temperature and
doping dependence of the ratio
of the scattering rates (a narrow
(N) and b broad (B) Drude term)
between the a and b axis
(�DrudeN

a /�DrudeN
b and

�DrudeB
a /�DrudeB

b ),
emphasizing the underdoped
regime of Ba(Fe1−xCox )2As2
[1] (color online)

0

50

100

150

200

Te
m

pe
ra

tu
re

 (K
)

Ba(Fe1−xCox)2As2

Ts
TN
Tc

0

2

4

6

Γ
a D

rudeN/Γ
b D

rudeN

0.00 0.01 0.02 0.03 0.04 0.05
0

50

100

150

200

Co−doping (x)

Te
m

pe
ra

tu
re

 (K
)

Ba(Fe1−xCox)2As2

Ts
TN
Tc

0

2

4

6

Γ
a D

rudeB/Γ
b D

rudeB

(a)

(b)



1266 J Supercond Nov Magn (2015) 28:1261–1266

similar fashion, Fig. 3 emphasizes the anisotropy of the
scattering rates between the a- and b-axes for both narrow
and broad Drude components. For temperatures below TN ,
the topology of the reconstructed Fermi surface, combined
with the distinct behavior of the scattering rates, determines
the anisotropy of the low-frequency optical response. We
observe an enhancement as well as a depletion or reduction
of both parameters associated to the itinerant charge carriers
along the orthorhombic antiferromagnetic a-axis and ferro-
magnetic b-axis, respectively. The temperature dependence
of the scattering rates and their anisotropy are moreover
consistent with the well-established magnetic order in these
materials below TN [1, 6]. The anisotropy of the opti-
cal conductivity extends to high frequencies in the mid-
and near-infrared regions. The reshuffling of SW at low
frequencies ultimately gives rise to the narrow metallic com-
ponents and the MIR feature in σ1(ω) at T < Ts (Fig.
1).

Contrary to the non-monotonic dc anisotropy, the Drude
weight as well as the scattering rates clearly display a mono-
tonic doping dependence. As we have already anticipated
in [6], the Drude weight anisotropy outweighs the equally
important anisotropy of the scattering rates, guaranteeing
nonetheless a great agreement between the dc conductiv-
ity, as evinced from the ω → 0 limit of σ1(ω) within our
Drude-Lorentz model, and the dc transport data and their
non-monotonic behavior upon doping [2]. This is explic-
itly shown in the upper-right panel of Fig. 2, reproducing
ρb/ρa calculated from our Drude fit parameters (i.e., ρi =
(ω2

pN/(4π�N) + ω2
pB/(4π�B))−1, i = a and b) [6], which

also represents a robust self-consistency check of our phe-
nomenological approach. The monotonic metallic spectral
weight anisotropy thus follows very much the strength of
the ferro-orbital and antiferromagnetic order parameter all
the way to the zero doping. This is in clear contrast to
the transport measurement, which is likely complicated and
masked by the additional Dirac particles. Therefore, the
physics behind the transport anisotropy might well not be
related to impurity scattering, as claimed on various occa-
sions, but primarily originates from the electronic structure
itself. The different and puzzling behavior upon doping of
the dc anisotropy might occur because of the multi-band
nature of the title compounds. Since transport measurements
are only sensitive to small energy scales close to the Fermi
level, it is possible to get quite non-monotonic behavior of
the transport anisotropy across the phase diagram depend-
ing on what the underlying bands are doing. Moreover, the

non-monotonic resistivity anisotropy mainly appears in the
antiferromagnetic state, where the Fermi surface (FS) has
been severely reconstructed, and Lifshitz transitions may
occur as a function of doping. Also, supported by magneto-
transport data, it was suggested that the small in-plane dc

anisotropy in the parent compound is mainly the conse-
quence of the presence of an isotropic high mobility Dirac
pocket, which is progressively suppressed upon doping [4].
In this sense, the resistivity anisotropy certainly does not
have to track better avatars of the nematic order parameter
as a function of doping and can be only revealed when the
contribution due to the remaining anisotropic FS pockets
dominates upon chemical substitution.

In conclusion, we chased the fingerprints of the elec-
tronic nematic phase on the effective metallic contribu-
tion in the charge dynamics of the title compounds. We
consequently discussed the dichotomy between the mono-
tonic anisotropy of the parameters determining transport
and the non-monotonic one of the dc properties them-
selves with respect to the doping in iron-pnictides. This
work finally emphasizes the importance of optical meth-
ods imaging a broad energy interval and therefore allowing
a full view of the charge dynamics extending from the
Fermi level, relevant for transport, deep into the electronic
structure.
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