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The optical properties of Ba0.6 K0.4 Fe2 As2 have been determined in the normal state for a number
of temperatures over a wide frequency range. Two Drude terms, representing two groups of carriers
with different scattering rates (1/τ ), well describe the real part of the optical conductivity, σ1 (ω).
A “broad” Drude component results in an incoherent background with a T -independent 1/τb , while
a “narrow” Drude component reveals a T -linear 1/τn resulting in a resistivity ρn ≡ 1/σ1n (ω → 0)
also linear in temperature. An arctan(T ) low-frequency spectral weight is also a strong evidence
for a T -linear 1/τ . Comparison to other materials with similar behavior suggests that the T -linear
1/τn and ρn in Ba0.6 K0.4 Fe2 As2 originate from scattering from spin fluctuations and hence that an
antiferromagnetic quantum critical point is likely to exist in the superconducting dome.
PACS numbers: 72.15.-v, 74.70.-b, 78.30.-j

Over the last several decades, it has been observed that
the electrical resistivity ρ of some strongly-correlated materials increases linearly with temperature (T -linear ρ),
particularly in the vicinity of an antiferromagnetic quantum critical point (QCP), a striking deviation from Landau’s Fermi-liquid description of metals. This anomalous
T -linear ρ, extensively studied in the high-Tc cuprate superconductors [1–4], organic Bechgaard salts [5, 6], as
well as heavy-fermion metals [7–10], may be intimately
related to the emergence of superconductivity [4, 5, 11].
It is generally believed that in proximity to the antiferromagnetic QCP, spin fluctuations are so strong that the
scattering process of quasiparticles is severely modified,
inducing non-Fermi-liquid behavior. Such spin fluctuations may be responsible for the pairing of electrons in
high-Tc superconductors [12–14].
The presence of the T -linear ρ and a QCP in the newly
discovered iron-based superconductors is highly desired
since superconductivity arises in the vicinity of the spindensity-wave (SDW) instability [15, 16]. Up to this point,
T -linear ρ has been observed by transport, arousing considerable effort to describe it as evidence of possible quantum criticality in iron-pnictides, especially in the “122”
family [5, 17–23]. However, unlike the high-Tc cuprates,
iron-pnictides fall into the category of multi-band materials [24, 25]. Up to five Fe-3d bands crossing the Fermi
level contribute to the Fermi surface, leading to the presence of three hole-like Fermi pockets at Γ-point and two
electron-like pockets at the corners of Brillouin zone. The
scattering rate 1/τ and the response of quasiparticles to
external electrical field may vary considerably in different Fermi pockets [19, 26–28]. As a result, the transport properties become extremely complicated in such
Typeset by REVTEX

a system and the question of whether a T -linear ρ in
iron-pnictides originates from multi-band effects or the
presence of a QCP makes it inadequate to investigate
the transport properties alone in search of a non-Fermiliquid behavior and evidence for possible QCP [28, 29].
Although many optical studies on iron-pnictides have
been reported [30–32], the above issue has never been
touched due to the absence of detailed T dependent
optical data. In this Letter we address this issue
by studying the detailed T dependence of the optical conductivity and low-frequency spectral weight in
Ba0.6 K0.4 Fe2 As2 . The low-frequency optical conductivity is described by two Drude terms: a broad Drude with
a large 1/τb that is basically T -independent alongside
a narrow one with a small T -linear 1/τn that reveals a
ρn ≡ 1/σ1n (ω → 0) ∝ T . The low-frequency spectral
weight increases with cooling, following an arctan(T ) dependence, which is demonstrated to be a clear signature
of T -linear 1/τ . Comparison with similar behavior found
in other materials attributes the T -linear 1/τn and ρn in
Ba0.6 K0.4 Fe2 As2 to spin fluctuation scattering and the
presence of a QCP in the superconducting dome.
High quality Ba0.6 K0.4 Fe2 As2 single crystals were
grown using a self-flux method [19]. The inset of Fig. 1
shows the DC resistivity of Ba0.6 K0.4 Fe2 As2 as a function of temperature. The ρ(T ) curve is characterized by
a sharp superconducting transition at Tc ≃ 39 K and a
tendency to saturation at room temperature. A visible
change in slope occurs at about 175 K.
The near-normal incident reflectance, R(ω), has been
measured for light polarized in the a-b plane using
FTIR spectrometers and an in situ evaporation technique [33]. Data from ≃ 20 − 12 000 cm−1 were col-
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Figure 1. (color online) The thick solid lines in the main
panel are ab-plane σ1 (ω) of Ba0.6 K0.4 Fe2 As2 at different temperatures in the normal state. The smooth lines through the
data are fits with Drude-Lorentz model. The inset shows the
DC resistivity as a function of temperature from transport
measurement (solid curve) and the values derived from the
zero frequency extrapolation of σ1 (ω) (solid circles).

lected at 18 different temperatures from 5 to 300 K on
a freshly cleaved surface. The visible and UV range
(10 000 − 55 000 cm−1 ) R(ω) was measured at room temperature with an AvaSpec-2048×14 fiber optic spectrometer. The real part of the complex optical conductivity, σ1 (ω), is determined from R(ω) via Kramers-Kronig
√
analysis. A Hagen-Rubens form (R = 1 − A ω) is used
for the low-frequency extrapolation. At high frequencies,
R(ω) is assumed to be constant to 40 eV, above which a
free-electron response (ω −4 ) is used.
The main panel of Fig. 1 shows σ1 (ω) at 4 selected
temperatures in the normal state (thick solid lines); all
the spectra exhibit the well-known Drude-like metallic
response. In order to quantitatively analyze the optical
data, we fit σ1 (ω) to the Drude-Lorentz model,
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where Z0 is the vacuum impedance. The first term describes a sum of free-carrier Drude responses, each characterized by a plasma frequency Ω2p = 4πne2 /m∗ , where
n is a carrier concentration and m∗ is an effective mass,
and a scattering rate 1/τ . The second term corresponds
to a sum of Lorentz oscillators characterized by a resonance frequency (ωj ), a line width (γj ) and an oscillator
strength (Ωj ). This Drude-Lorentz model is also used to
determine the dc properties of the system [34].
As shown in Fig. 2, σ1 (ω) at 150 K is described
by a broad Drude with a large scattering rate 1/τb ≈
936 cm−1 , and a narrow Drude with a small scattering
rate 1/τn ≈ 158 cm−1 and an overdamped Lorentzian
term. The linear superposition of these three components
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Figure 2. (color online) The black solid curve is the measured σ1 (ω) of Ba0.6 K0.4 Fe2 As2 at 150 K. The red dashed line
through the data is the fit which is decomposed into a broad
Drude (blue dotted line), a narrow Drude (pink dotted-dashed
line) and a Lorentz (orange short-dashed line) term.

gives very good description to σ1 (ω) up to 10 000 cm−1 at
all the measured temperatures in the normal state. Fits
for other temperatures are selectively shown in the main
panel of Fig. 1 as smooth thin lines through the corresponding data. The inset of Fig. 1 compares the optical
estimate for the DC resistivity ρ ≡ 1/σ1 (ω → 0) (solid
circles) to the transport measurements (solid line).
The two-Drude fit indicates the existence of two groups
of carriers with different 1/τ ’s in Ba0.6 K0.4 Fe2 As2 , which
was first pointed out by Wu et al. in various ironpnictides [35]. The disparity of the 1/τ ’s in different
bands is also supported by both theoretical calculations
[36] and measurements using other techniques on similar materials [19, 26–28]. Tu et al. suggest that it is
appropriate to describe the broad Drude term as bound
excitations [37], because the mean free path l = vF τ (vF
is the Fermi velocity) associated with the broad Drude is
less than the shortest interatomic spacing, violating the
Mott-Ioffe-Regel condition [38]. In Ba0.6 K0.4 Fe2 As2 , the
average Fermi velocities of the electron and hole pockets
are estimated to be vFe ≃ 0.40 eVÅ and vFh ≃ 0.36 eVÅ
[39], respectively. Furthermore, it is reported that in
iron-pnictides holes have a larger 1/τ than electrons
[19, 26–28]. If we associate the broad Drude component
(1/τb ≃ 936 cm−1 ) with the hole pockets, a mean free
path of lh ≃ 3 Å is obtained. This value is close to
the lattice parameter a ≃ 4 Å of the 122 family compounds and probably too small for coherent transport.
Since the broad Drude only produces an incoherent, T independent, background contribution to the total σ1 (ω),
the nature of the broad Drude component (whether or
not bound excitations) does not affect our analysis on
the temperature dependence of σ1 (ω) and low-frequency
spectral weight.
The temperature dependence of the two Drude components provides information about the nature of the
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Figure 3. (color online) The T dependence of (a) the plasma
frequency Ωp , (b) the scattering rate 1/τ , (c) the contribution to DC conductivity σ1 (ω → 0), and (d) the equivalent
resistivity ρ for the narrow and broad Drude components, respectively. The dashed lines in panels (b) and (d) are linear
fits to 1/τn and ρn , respectively.

two different types of carriers in this material. Figure 3
shows the T dependence of the Drude parameters from
our fits. The subscripts n and b stand for the narrow and
broad Drude terms, respectively. Fig. 3(a) shows the T
dependence of the plasma frequencies of the two Drude
terms. Upon cooling, Ωp is roughly a constant for each
of the two components, indicating that the band structure and n/m∗ does not change with temperature, in
agreement with a previous work [35]. Fig. 3(b) portrays
the T dependence of the scattering rate of the two Drude
components, where 1/τb is basically T -independent while
1/τn ∝ T ; the black dashed line denotes a linear fit.
Fig. 3(c) displays the contribution of the two groups of
carries to the DC conductivity. As the broad Drude (σb )
is T -independent, the temperature dependence of the total DC conductivity arises out of the narrow Drude band
(σn ). The ρ(T ) curve of Ba0.6 K0.4 Fe2 As2 , shown in the
inset of Fig. 1, exhibits a tendency to saturation at room
temperature, and a change of slope can be seen at about
175 K. This behavior can be explained by the different
T dependence of the two Drude bands, which can be
considered as a parallel-circuit [40]: σ = σn + σb . A
crossover-region, where σn ≃ σb , is found in Fig. 3(c)
at ≃ 175 K. Below this temperature, σn > σb , so the
total DC conductivity is dominated by σn which exhibits strong temperature dependence. As a result, below
175 K, ρ(T ) decreases quickly with decreasing temperature. Above 175 K, σn < σb , and the total DC conductivity is dominated by σb which shows no temperature dependence. Hence, above 175 K, the growth of
the DC resistivity slows with heating, resulting in the
change of slope and the tendency to saturation in ρ(T ).
Similar conclusions were obtained from investigations of
the Hall effect [28, 29] and theoretical calculations [41].
In the ω → 0 limit, the inverse of σ1 (0) yields the re-

sistivity from the two Drude components, as shown in
Fig. 3(d). The resistivity of the broad Drude remains a
constant at all measured temperatures, while a T -linear
ρn is revealed for the narrow Drude component. This
is in accord with transport measurements on hole-doped
122 compounds [18–20], where T -linear ρ was observed
at low temperatures in optimally-doped materials. The
T -linear ρ is only found at low temperatures as this is
the region dominated by the narrow Drude component.
Further evidence for T -linear 1/τ lies in the temperature dependence of the low-frequency spectral weight.
The spectral weight is defined as
Z ωc
σ1 (ω)dω,
(2)
W0ωc =
0

where ωc is a cutoff frequency. In a Drude metal the scattering rate decreases upon cooling, producing a narrowing of the Drude response and an increase of the DC conductivity, resulting in a transfer of spectral weight from
high to low frequencies and an increase in W0ωc . To quantitatively analyze the T dependence of the low-frequency
spectral weight, we adopt one Drude optical conductivity
[see Eq. (1)] into Eq. (2), to obtain the spectral weight
as a function of 1/τ
W0ωc (1/τ ) =

2πΩ2p
arctan (ωc τ ) .
Z0

(3)

In the case of 1/τ ∝ T , Eq. (3) can be simplified as
a 
2
,
(4)
W0ωc (T ) = a1 arctan
T
where a1 = 2πΩ2p /Z0 , and a2 ∝ ωc ; both are T independent parameters. Considering the spectral weight
arising from the incoherent part and inter-band transition (Lorentz), which are both T -independent, we introduce the third T -independent parameter a0 into Eq. (4).
Finally, the low-frequency spectral weight as a function
of temperature for 1/τ ∝ T is written as
W0ωc (T ) = a0 + a1 arctan(

a2
).
T

(5)

W0ωc can be easily determined by integrating the measured σ1 (ω). The open symbols in Fig. 4 denote W0ωc
with different ωc ’s: 150 (squares), 200 (triangles) and
250 cm−1 (diamonds). As expected in a metallic system,
for all the ωc ’s, W0ωc increases with decreasing T . The
solid curves through the data are the least square fits
using Eq. (5). The excellent agreement indicates that a
T -linear 1/τ dominates the low frequency σ1 (ω) over a
very broad temperature range.
We now discuss the possible origin of the T -linear 1/τn
and ρn . A T -linear ρ is usually expected in a system
dominated by electron-phonon scattering in the regime
T ≫ ΘD , where ΘD is the Debye temperature; in the
regime T < ΘD , the resistivity is approximated by a
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Figure 4.
(color online) Temperature dependence of the
low-frequency spectral weight W0ωc with different ωc ’s: 150
(squares), 200 (triangles) and 250 cm−1 (diamonds). The
solid lines through the data represent the expected temperature dependence for 1/τ ∝ T at each ωc .

low-order polynomial that is neither linear nor quadratic
in temperature. Transport measurements in the 122
compounds suggest ΘD ≃ 250 K [37, 42]. However,
the T -linear 1/τn and ρn spans a very broad temperature range, from Tc up to 300 K, which is inconsistent
with the electron-phonon dominated scattering process.
Further clues on the T -linear 1/τn and ρn may be revealed by an examination of the phase diagram of the
Ba1−x Kx Fe2 As2 system and a comparison with similar
behavior found in other materials. The parent compound
BaFe2 As2 orders in an SDW state below TSDW ≈ 138 K;
TSDW is suppressed by K doping allowing superconductivity to emerge. Here, 1/τn ∝ T is observed at the
doping where the SDW order is entirely suppressed, i.e.
TSDW → 0. At this point, spin fluctuations are expected to be very strong, which has been experimentally confirmed by NMR [43–45]. This brings us to
models that attribute T -linear ρ to spin-fluctuation scattering [13, 46]. The T -linear ρ (or 1/τ ) is also found
in cuprates such as Nd-doped La2−x Srx CuO4 [3] and
electron-doped La2−x Cex CuO4 [4], organic superconductors (TMTSF)2 PF6 [5] and (TMTSF)2 ClO4 [6], as well
as a number of heavy fermions such as CeCoIn5 [7, 8] and
YbRh2 Si2 [9, 10]. Studies on these materials have shown
that T -linear ρ, arising on the border of antiferromagnetic order, is caused by spin-fluctuation scattering due
to the proximity of an antiferromagnetic QCP. Studies
on cuprates and Bechgaard salts [4, 11] further show that
the strength (or coefficient) of the T -linear ρ scales with
Tc and disappears upon approaching the point where
Tc → 0, suggestive of intimate relation between the T linear ρ and superconductivity. Anomalous T -linear ρ (or
1/τ ) and pairing in unconventional superconductors may
share a common origin: spin fluctuations. The hidden T linear 1/τn and ρn in Ba0.6 K0.4 Fe2 As2 revealed by optical
measurements may have the same origin as those found in

the cuprates, organic superconductors and heavy fermion
metals, because these materials share strikingly similar
phase diagrams. Our observations may also imply a possible QCP in the superconducting dome. The existence
of the QCP in iron-pnictides is supported by transport
properties [18–20], NMR studies [43, 44], de Haas-van
Alphen effect [47], penetration depth measurement [21]
and first-principles calculations [17].
Spin-fluctuation induced T -linear ρ suggests an equivalent ω-linear 1/τ (ω) [13], obtainable through the extended Drude model provided that interband contribution is negligible. Low energy interband transitions are
important in iron-pnictides, and their contribution has
to be subtracted to determine 1/τ (ω) for mobile carriers
[32, 48]. We calculated 1/τ (ω) via the extended Drude
model with the interband contribution subtracted (supplementary) and found that by taking into account the
interband transitions, a large fraction of the frequency
dependence in 1/τ (ω) is eliminated, which is consistent
with Charnukha et al.’s analysis on Ba0.68 K0.32 Fe2 As2
[32]. There is no confident evidence for the expected ωlinear 1/τ (ω), since it could be masked by the multiband
character of the iron-pnictides.
In order to check if the T -linear 1/τ is unique in
Ba0.6 K0.4 Fe2 As2 or general in iron-pnictides, we applied
the same analysis to BaFe2 (As0.7 P0.3 )2 (supplementary).
Interestingly, T -linear 1/τ is also found for the narrow
Drude. This suggests that T -linear 1/τ is not unique in
Ba0.6 K0.4 Fe2 As2 , but most likely, a general behavior in
iron-pnictides at the doping where SDW order is completely suppressed, i.e. TSDW → 0.
In summary, the detailed T dependence of the normal state σ1 (ω) and low-frequency spectral weight in
Ba0.6 K0.4 Fe2 As2 have been examined. Two Drude components with different 1/τ ’s yield an excellent description of the low-frequency optical response, indicating the
existence of two groups of carriers with different quasiparticle lifetimes. The broad Drude component produces
an incoherent background conductivity with no temperature dependence, while the narrow Drude component
reveals a T -linear 1/τn and ρn . This fact explains the T linear ρ behavior at low temperatures and the tendency
to saturation at room temperature observed in transport measurements in optimally hole-doped 122 compounds. An arctan(T ) dependence of the low-frequency
spectral weight is also a strong evidence for a T -linear
1/τ . Comparison with similar behavior found in other
materials suggests that the T -linear 1/τn and ρn in
Ba0.6 K0.4 Fe2 As2 may arise out of spin-fluctuation scattering due to the possible existence of an antiferromagnetic QCP in the superconducting dome.
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