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Abstract
Fluctuation conductivity of electron-doped BaFe1.9Co0.1As2 single crystal is investigated by measurement of electrical resistivity
under magnetic fields up to 13 Tat different angles of θ = 0, 45 and 90 near mean-field transition temperature, where θ is the angle
between the applied magnetic field and the axis perpendicular to the ab plane. The mean-field transition temperature is deter-
mined using the peak of dR/dT curves. Using the Aslamazov–Larkin theory, four main regions are identified corresponding to
3D, 2D, 1D, and SW regions, respectively, for each angle at different magnetic fields. The 1D region is a sign of conducting
charge strips that are believed that these 1D conducting strips might be responsible for the occurrence of high-temperature
superconductivity. Anisotropy increases as it approaches Tc, suggesting unconventional superconductivity that might be due to
multiband effects in crystal. Results show that the zero-temperature coherence length in the c-direction ξ(0), the effective distance
between the conducting layers d, and the channel cross section s decrease with increase in the magnetic field.
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1 Introduction

Many properties of a superconductor are changed as the tem-
perature is reduced down to the critical temperature Tc, such as
vanishing electrical resistivity, diamagnetism, and a jump in
specific heat. Although such sharp distinction is reasonable
for many experimental attempts, the introduction of
superconducting fluctuations near superconducting transition
has changed this idea. The apparent effect of superconducting
fluctuations is rounding sharp corners and discontinuities oc-
curring at Tc [1].

A wide variety of phenomena have been observed in the
fluctuation regime, where in most cases the distribution of
Cooper pairs due to creation and their annihilation changes
when temperature decreases up to the vicinity of the critical

temperature Tc. The appearance of these short-life time parti-
cles above the Tc has some significant measurable effects on
properties of superconductors above the superconducting
transition temperature Tc. They influence the conductivity,
the specific heat, the susceptibility [1], the magnetic relaxation
rate, and the flux pinning [2,3]. Excess conductivity due to
fluctuation is a potent tool to specify fundamental supercon-
ductor parameters such as the coherence length, the upper
critical field, Hc2, and the dimensionality of transport, which
are determined by measurement of physical quantities such as
the magnetization and the resistivity.

Total fluctuation conductivity has different origins, and it is
mainly due to a combination of three different effects:

Δσfl ¼ ΔσAL þ ΔσMT þ ΔσDOS ð1Þ
where ΔσAL is the Aslamazov–Larkin (AL) term [4,5]. This
term reflects the fact that the superconducting electron pairs
contribute to the conduction above the critical temperature.
ΔσMT is the Maki–Thompson (MT) contribution [6,7], which
is described as an influence of superconducting fluctuation on
the normal quasiparticles. ΔσDOS is the Density-of-States
(DOS) contribution [8], which occurs because of the change
in the density of normal-state carriers. The MT conductivity
term is generally positive, like the AL term, while the DOS
contribution has opposite signs compared with the AL
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contribution. However, these contributions were small, and
therefore, they are negligible in many experimental studies.

Above Tc, the creation and annihilation of Cooper pairs
were induced by thermodynamic fluctuations. The formation
of Cooper pairs results to an increase in electrical conductivity,
which can be observed through the deviation of normal-state
electrical resistivity at the fluctuation temperature of Tfl. The
excess conductivity was explained by Aslamazov–Larkin in
the time-dependent Ginzburg–Landau framework (TDGL)
[4,5]:

Δσ ¼ σ−σn ¼ 1
�
ρ−

1
�
ρn
¼ A ε−λ ð2Þ

where ρ and ρn are the measured electrical resistivity and the
normal state electrical resistivity, respectively. ε = (T − Tc(H))/
Tc(H) is the reduced temperature, and Tc(H) is the mean-field
critical temperature at magnetic field ofH. λ is equal to 0.5, 1,
1.5, and 3 for 3D, 2D, and 1D transport and short-wavelength
fluctuation (SWF) regime, respectively, which depend on
transport dimensionality . A is related to the dimensionality
of transport, and it is given by

A ¼

e2

32ℏξc 0ð Þ For 3D Fluctuations

e2

16ℏd
For 2D Fluctuations

πe2ξc 0ð Þ
16ℏs

For 1D Fluctuations

8
>>>>>><

>>>>>>:

ð3Þ

where ξc(0), d, and s are the coherence length at zero-
temperature along the c-axis, the effective layer thickness of
the 2D system, and the cross-section area of the 1D transport
channel, respectively. As it can be seen in Eqs. (2) and (3),
superconducting fluctuations are a potent tool to investigate
superconductor properties such as dimensionality, which is a
crucial point for potential applications [9].

In iron base superconductors, many experimental efforts
have been made to study superconducting fluctuations
[9–19] since their discovery in 2008 [20]. The analysis of
hole-doped Ba0.72K0.28Fe2As2 single crystal shows an MT-
AL (3D–2D) crossover in fluctuations conductivity [19].
Experimental data indicate a decrease in the lifetime of fluc-
tua t ion pa i r s by increas ing the magnet ic f ie ld .
Superconducting fluctuations in BaFe2(As0.68P0.32)2 super-
conductors under the magnetic field up to 7 T show a 1D
conducting channel in the superconductor [21]. This situation
suggests that fluctuation superconductivity is present in a fil-
amentary background formed by electron stripes. For a hole-
doped BaFe2-xNixAs2 superconductor with Hc2 equal to 62 T,
a 3D superconductivity is observed, while a 2D behavior is
seen for F-doped of LaOFeAs with Hc2 = 50 T [18].
Measurement of electrical resistivity and magnetization of
BaFe2(As1-xPx)2 revealed multiband effects in this supercon-
ductor. Using Ullah–Dorsey scaling, K-doped SrFe2As2

with μ0dHc2/dT~ − 4.2 T. K−1 shows a 3D behavior [9].
Scaling of the RFeAsO (R is the rare earth element) suggested
a 3D–2D crossover of fluctuation conductivity [15].

The Ginzburg number (Gi) shows the strength of the fluc-

tuation effect.Gi defines as 8π2kBTcλ
2
ab=ξcΦ

2
0

� �2
=2, in which

kB is the Boltzman constant, λab is the London penetration
length parallel to the ab plane, ξc is the coherence length along
the c-axis, and Φ0 is the flux quantum [14]. For Fe-based
superconductors, Gi is roughly 10−4, which is higher than
the value of MgB2 with Gi≈ 10−6 [22] and lower than 10−2

for cuprates [23,24]. Thus, observation of the fluctuation ef-
fect is expected in the conductivity of the Fe-based
superconductors.

In [25], we analyzed the fluctuation conductivity as func-
tion of temperature in BaFe1.9Co0.1As2 single crystal for H∥c.
However, the behavior of the fluctuation conductivity at the
different applied magnetic field directions were not
investigated.

In this paper, that is, in follow-up to earlier work [25],
angular dependence of fluctuation conductivity is studied in
electron-doped BaFe1.9Co0.1As2 single crystal under magnetic
fields up to 13 T at different angles of θ = 0, 45, and 90 near
mean-field transition temperature, where θ is the angle be-
tween the applied magnetic field and the axis perpendicular
to ab plane (c-axis). Four main regions identified, which were
corresponded to 3D, 2D, 1D, and SWregions, respectively, by
using the Aslamazov–Larkin fluctuation theory for each angle
at different magnetic fields. The 1D region is a sign of
conducting charge strips that are believed that these 1D
conducting strips might be responsible for the occurrence of
high-temperature superconductivity.

2 Experimental Procedure

The BaFe1.9Co0.1As2 single crystal was prepared by the high-
temperature self-flux method. Details of the single crystal
growth are described elsewhere [14].The as-grown single
crystal cleaved and cut into a rectangular shape for measure-
ments. The temperature dependence of the electrical resistivity
was performed over the magnetic field range of 0–13 T with
the applied current of 5 mA, using a physical property mea-
surement system (PPMS, quantum design).

3 Results and Discussion

The temperature dependence of the electrical resistivity of
BaFe1.9Co0.1As2 single crystal at a magnetic field range of
0–13 T for θ = 0, 45, and 90 are shown in Fig. 1. θ is the angle
between the applied magnetic field and the c-axis.
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For each angle, there is an evident displacement of resistive
transition to lower temperatures by applying a magnetic field,
which suggests a field-induced pair-breaking effect [26]. As it
is seen in Fig. 1, broadening of resistive transition at θ = 0 is
more significant than that for θ = 90, which is due to higher
activated vortex motion [27]. Results show that the transition
from normal to the superconducting state for a magnetic field
parallel to ab plane occurs at higher temperatures, indicating

that the upper critical magnetic field in the ab plane Hab
c2 is

higher than that the upper critical magnetic field in the c-axes
direction Hc

c2 [28].

Determining Tc(H) is a crucial parameter to evaluate excess
conductivity. There are different criteria to determine
the Tc(H): Δσ2(T) intercept with the temperature axis in Δσ2

− T plot [19,29], the unique peak in the dR/dT curve [30–32],
crossing point method [15,33], 50% of the normal-state elec-
trical resistivity [34], 90% of the normal-state electrical resis-
tivity [14], and temperature derivative of logarithm ofΔσ [35].
Among these criteria, the peak of the dR/dT curve was gener-
ally used for determining Tc(H). Therefore, this criterion is
used here. Figure 2 shows the result of the Tc(H) for different
angles. As is seen in Fig. 2, Tc(H) has a linear dependence
concerning the applied magnetic field up to 13 for angles of 0,
45, and 90. It was found that the slope of the magnetic
field, μ0dHc2/dT, with respect to temperature, which is shown
in Fig. 3, decreases from ~ − 2.53 T. K−1 to ~ − 4.29 T. K−1 by
increasing of angle from 0 to 90, respectively.

Anisotropy is defined as γ ¼ μ0H
ab
c2=μ0H

c
c2 ¼ μ0Hc

θ ¼ 90°ð Þ=Hc θ ¼ 0°ð Þ [26], which is determined from 90%
of the normal state resistance Rn(Tc) criteria in a different
magne t ic f ie ld . For T>13 K, the ani so t ropy of
BaFe1.9Co0.1As2 single crystal is plotted in the inset of Fig.
3. γ increases as the temperature approaches Tc, in contrast to
SmFeAsO0.8F0.2 [36] and MgB2 [37], indicating unconven-
tional superconductivity which might be due to multiband
effects in the crystal [27] which is in agreement to Gasparov
et al. [38].

It was found that the temperature dependence of the
normal-state electrical resistivity at a temperature of T > Tfl,
where Tfl is the fluctuation temperature, which can be
expressed as Rn = R0 + a T. R0 and a are the magnetic field
dependence parameters. R0 is determined from extrapolating
the electrical resistivity at temperature of 0 K, and a relates to
the temperature coefficient of resistivity, α = 1/R0(∂R/∂T) = a/

Fig. 2 The magnetic field dependence of Tc(H) at different angles. Inset:
(a) dR/dT at a magnetic field of 0 T and 13 T for θ = 0. (b) Temperature
dependence of anisotropy. The red solid line guides to the eye

Fig. 1 Electrical resistivity vs. temperature at different applied magnetic
fields for a θ = 0, b 45, and c 90
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R0. Based on Homes’ law, dρ/dT is related to the London

penetration depth λL [39], as dρ=dT ¼ μ0kB=ℏð Þλ2
L [40].

Figure 4 shows the magnetic field dependence of R0 and a.
R0 increments with an increasing magnetic field while a dec-
rements. The variation ofR0 becomes slower by increasing the
angle between the magnetic field and the c-axis. For clarify-
ing, the resistivity has been plotted as shown in Fig. 5 as a
function of temperature at different angles for a magnetic field
of 13 T at the vicinity of fluctuation temperature. Solid curves
are the best fit of Rn = R0 + a T. As it is shown in Fig. 5, for a
magnetic field of 13 T, all fitted curves to the experimental
data at temperature near the fluctuation temperature Tfl are
parallel together for the angle smaller than 60 while there
was a deviation from linearity for the θ = 90. Based on the
Homes’ law, it means that the London penetration depth λL
changed.

In Fig. 6, the reduced temperature ε dependence of the
excess fluctuation conductivity Δσ in the magnetic field range

of 0–13 Tare presented for θ = 0, 45, and 90. As is seen in Fig.
6, four different regions corresponding to different magnitudes
of λ are specified. Near Tc(H), there is 3D region correspond-
ing to λ = 1/2, which is followed by 2D and 1D regions at
higher temperatures with λ = 1 and λ = 3/2, respectively.
Also, there exists a short-wave fluctuation (SWF) region
(much higher than the Tc(H)), corresponding to λ = 3.
Several granular superconductor materials with greatly aniso-
tropic and inhomogeneous structures were found [41, 42] that
the order parameter wavelength becomes comparable to the
coherence length order in the SWF region, and therefore the
Ginzburg–Landau (GL) theory breaks down [41].

The 1D filamentary fluctuation conductivity in electron-
doped BaFe1.9Co0.1As2 single crystal is a sign of conducting
charge strips, despite layered structure of Fe-based supercon-
ductors consisting of high-conductivity FeAs layers separated
by low-conductivity layers. These conducting charge strips
are considered as an electronic nematicity [43]. The charge
stripes model includes magnetic and electronic structural char-
acteristics, and the anti-ferromagnetic insulating zones sepa-
rated segregation of charge inside domain walls. Despite the
general belief of deleteriousness of magnetic ordering to su-
perconductivity, some authors believe that these 1D
conducting strips might be responsible for the occurrence of
high-temperature superconductivity [44–46].

Arrows in Fig. 6 clearly show that the 3D–2D, 2D–1D, and
1D-SW transition crossovers at the temperatures of T3D→

2D, T2D→ 1D, and T1D→ SW, respectively. Results of the tran-
sition crossovers temperatures are shown in Fig. 7 for both
angles of 0 and 90. As it is seen in Fig. 7, the transition
crossovers temperatures decrease linearly by increasing the
applied magnetic field up to 13 T for both angles.

Figure 8 shows a comparison between the magnitudes of
fluctuation conductivity as a function of reduced temperature
at different angles for the magnetic field of 13 T. The inset of

Fig. 5 Normal-state electrical resistivity near the fluctuation temperature
Tfl at different angles in the magnetic field of 13 TFig. 3 Temperature dependence of μ0dHc2/dT at different angles

Fig. 4 R0 and a parameters versusmagnetic field at different angles. Solid
lines are guides to the eye
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Fig. 8 also shows the excess fluctuation conductivity versus
temperature for clarifying. As it is seen in Fig. 8, there is no
magnificent difference among the fluctuation conductivity
versus the reduced temperature for different angles at 13 T
since all experiential data collapse roughly into the one curve.
At the same time, it depends on the mean-field critical tem-
perature Tc (H), which was depended on the angle (see the
inset of Fig. 8). The same trend is happened for other applied
magnetic fields of 0, 1, and 7 T.

In order to the funding of well-established different re-
gions, Eq. (2) in the mean-field region were fitted to the

experimental resistivity data at regions 3D, 2D, and 1D re-
gions, corresponding to λ= 0.5, 1, and 1.5, respectively. By
adjusting parameters of the ξc(0) in the 3D region, the d in the
2D region, and the s in the 1D region the best the theoretical
curves of the electrical resistivity were found at different re-
gions based on the AL contribution. Different colored curves
illustrated results at a magnetic field of 13 T in Fig. 9 for the
two angles of 0 and 90.

The fitting parameters of the d/ξc(0) ratio and the cross-
section area of the channel in the 1D region, s, are illustrated
in Fig. 10. As is seen in Fig. 10, both these parameters depend
on the angles. The results show that both parameters reduce
with increasing the magnetic fields while the variation of an-
gle has a slight effect on them. These results suggested that the
d decreases more than the ξc(0) with increasing the magnetic
field. Filed dependence of the cross-section area of the

Fig. 6 The reduced temperature dependence of the excess fluctuation
conductivity Δσ in a magnetic field of 0–13 T for a θ = 0, b 45, and c
90. Arrows show the crossover temperatures between different regions

Fig. 7 Transition crossover temperatures for θ = 0 and 90

Fig. 8 Comparison of magnitudes of fluctuation conductivity at different
angles for a magnetic field of 13 T

J Supercond Nov Magn



channel, s, suggests that the one-dimensional structures are
intrinsic features of its electronic properties [21].

4 Brief Conclusion

Fluctuation conductivity of electron-doped BaFe1.9Co0.1As2
single crystal is studied by measurement of electrical resistiv-
ity under magnetic fields up to 13 Tat different angles of θ = 0,
45, and 90 near mean-field transition temperature Tc, which is
determined as a temperature in which a peak appears in dR/dT
curves. Transition to the superconducting state for parallel
magnetic field occurs at higher temperatures, indicating that

Hab
c2 is larger than Hc

c2. Using the Aslamazov–Larkin theory,
four main regions are identified corresponding to 3D, 2D, 1D,
and SW regions, respectively, for each angle at different mag-
netic fields. Results show that the 3D–2D, 2D–1D, and 1D–
SW transition crossover temperatures of T3D→ 2D, T2D→ 1D,
and T1D → SW, respectively, have linear dependence
concerning applied magnetic field up to 13 T. The 1D region
is a sign of conducting charge strips which is believed that
these 1D conducting strips might be responsible for occur-
rence of high-temperature superconductivity. Anisotropy in-
creases as approaching Tc, suggesting unconventional super-
conductivity, which might be due to multiband effects in crys-
tal. It was found that the zero-temperature coherence length in
the c-direction ξ(0), the effective distance between the
conducting layers d, and the channel cross section s decrease
with increasing the magnetic field.
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