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a b s t r a c t

We report the intrinsic superconducting parameters in a heavily overdoped Ba(Fe1�xCox)2As2 (x¼0.14)
single crystal and their influence in the resulting vortex dynamics. We find a bulk superconducting
critical temperature of 9.8 K, magnetic penetration depth λab (0)¼660750 nm, coherence length
ξab (0)¼6.470.2 nm, and the upper critical field anisotropy γT-TcE3.7. The vortex phase diagram, in
comparison with the optimally doped compound, presents a narrow collective creep regime. The
intrinsic pinning energy plays an important role in the resulting vortex dynamics as compared with
similar pinning landscape and comparable intrinsic thermal fluctuations.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The discovery of high-temperature superconductivity in the iron–
arsenide compounds has motivated discussion of many important
physical issues such as the pairing symmetry in the supercondu-
cting state, the drastically different magnetic phase diagrams, and the
precise nature of the antiferromagnetic spin-density-wave ground
state of the parent compound [1]. In addition, iron–arsenide super-
conductors offer the possibility of improving our knowledge of vortex
dynamics for systems showing intermediate properties between low-
temperature and high-temperature superconductors. On the other
hand, the high critical current density and low anisotropy observed in
these systems are promising for technological applications [2,3].

Several theories and models of vortex pinning have been devel-
oped for cuprates, where various vortex phase diagrams result from
the interplay between vortex fluctuations and different types of
pinning centers [4]. Iron based superconductors are characterized by
very low pinning energies, and ample range of variations in anisotropy,

upper critical fields (Hc2), superfluid density [ρ�1/λ2(T)], and vortex
fluctuations (thermal and quantum) [5]. Therefore, its study contri-
butes to a better understanding about vortex matter for both basic and
applied research.

Among the iron pnictides superconductors, the family of doped
Ba(Fe1�xCox)2As2 (122 family) is one of the most studied compounds
due to high quality single crystals available [6,7] The vortex dynamics
of this family of pnictides presents elastic to plastic crossover [8,9]
deduced from the analysis of Jc as a function of H and T, similar to that
found previously in YBa2Cu3O7 single crystals [10]. The resulting Jc has
been discussed in terms of both typical defects present in as-grown
single crystals [11–13] and artificially designed pinning landscapes
[14,15]. Beyond the increase of Jc that can be achieved by artificial
pinning centers, the comparison between the characteristics of the
phase diagram as a function of doping levels are of great importance
for understanding the role of intrinsic superconducting parameters on
the resulting vortex dynamics [9]. In general, in under and overdoped
samples, the superconducting transition width and the superconduct-
ing volume are strongly affected by inhomogeneities [16]. In this sense,
thermal annealing improves the quality of superconductors, resulting
in the enhancement of the superconducting properties [17,18] For
example, the heat treatment in Ba(Fe1�xCox)2As2 results in a large
suppression of the residual specific heat [17], as well as an increase of
the critical temperature Tc.

In this paper we report the influence of intrinsic superconducting
properties, such as magnetic penetration depth (λ), upper critical field
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(Hc2), and its anisotropy (γ), on the vortex dynamics of annealed
Ba(Fe0.86Co0.14)2As2 single crystal. The analysis of the superconducting
properties in the extremely overdoped allows a comparison of the
resulting vortex dynamics in a material with temperature scales
similar to those in conventional superconductors. Other interesting
superconducting properties with different vortex features but similar
Tc (o10 K) have been previously reported [19,20]. The results here
show that γ, λ, and ξ are higher than those in optimally doped single
crystals, and the upper critical field anisotropy γT-Tc

¼Hc
c2=H

ab
c2 � 3:7

is larger than those in lower Co doped single crystals. This material
shows a type II superconductivity with κ¼λ(0)/ξ(0)E103, and shows
intermediate vortex fluctuations between low- and high-temperature
superconductors (Ginzburg number, GiE4�10�3) [4]. We find that
the vortex phase diagram presents similar features to that in the
optimal compound, although Jc(H) shows a narrower elastic creep
regime [8,9,15]. We attribute this effect to a relatively large coherence
length ξ comparable to that found in the optimally doped system
above 20 K. Consequently pinning to small crystalline defects is
reduced, affecting the vortex creep regimes in the phase diagram.

2. Material and methods

The single crystals were grown by the FeAs/CoAs self-flux
method [6]. Details about thermal annealing were discussed in
Refs. [17,18]. The λ values were obtained from magnetic force
microscopy (MFM) measurements in a home-built low-tempera-
ture MFM apparatus [21]. Two Meissner response curves of the
Ba(Fe0.86Co0.14)2As2 single crystal and a Nb reference film are
directly compared, and hence a direct measurement of the abso-
lute value of λ(T) is possible within a single cool-down given the
reference value λNb of Nb. The Ba(Fe0.86Co0.14)2As2 single crystal
and a Nb reference film are loaded simultaneously in a compara-
tive experiment. Details of the experimental technique are
described elsewhere [22]. The electrical transport and angular
dependence of the critical currents were measured using the
Quantum Design (QD) PPMS-9 device equipped with a commercial
rotator. A standard four-terminal transport technique was used to
measure resistance and I–V curves. The critical current (Ic) was
determined using a criterion of 1 μV/cm. In-field Ic measurements
were carried out in a maximum Lorentz force configuration (I?H).
The magnetization (M) measurements were performed using a QD
MPMS-7 setup equipped with a superconducting quantum inter-
ference device (SQUID) magnetometer. The critical current den-
sities were estimated by applying the Bean critical-state model to
the magnetization data, obtained in hysteresis loops, which is
expressed as Jc ¼ 20ΔM=tw2ðl�ðw=3ÞÞ, where ΔM is the differ-
ence in magnetization between the top and bottom branches of
the hysteresis loop, and t (0.1 mm), w (1.5 mm), and l (2 mm) are
the thickness, width, and length of the sample (l4w), respectively.
The flux creep rates, S¼ �ðdðlnJcÞ=dðlntÞÞ, were recorded over
periods of one hour. The initial time was adjusted considering
the best correlation factor in the log-log fitting of the Jc(t)
dependence. The initial critical state for each creep measurement
was generated by applying a field variation of H�4Hn, where Hn is
the field for the full-flux penetration [23]. The studied sample
presents Meissner response agreement with the geometry.

3. Results and discussion

Fig. 1(a) shows the temperature dependence of the resistance
normalized by the value at 300 K. No features of an antiferromagnetic
order were observed, which is in agreement with the expectations for
overdoped samples [7]. The superconducting transition was deter-
mined by considering zero resistance, being 9.8 K (see inset Fig. 1(a)).

This value is close to that found by specific heat measurements in
a sample of the same batch (TcE8 K indicates that almost �50% of
the volume is superconducting) [17]. The differences on the Tc can be
attributed to small differences in chemical composition between
samples of the same batch. It is worth to notice that x¼0.14 is close
to the edge of the superconducting dome in the phase diagram, with
fast changing Tc, and hence this relatively small chemical gradients
lead to large changes of Tc [6,16]. The broadening of the super-
conducting transition (ΔTE4 K) obtained by electrical transport
appears to be an intrinsic characteristic of this compound away from
the optimally doped compositions [5]. Thermal fluctuations determine
a minimum superconducting transitionwidth,ΔTcZGiTc, [4] where Gi
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Fig. 1. (a) Temperature dependence of the normalized resistance of an annealed
Ba(Fe0.86Co0.14)2As2 single crystal. The inset shows a vicinity of the superconducting
transition and the criteria used for the Tc determination. (b) Temperature depen-
dence of the upper critical fields (Hc2) in an annealed Ba(Fe0.86Co0.14)2As2 single
crystal. Inset shows the Co doping dependence of the anisotropy ðγT-Tc

¼Hab
c2=H

c
c2Þ

taken from Refs. [39,40], and this work. (c) Upper critical field (Hc2) versus angle (Θ)
at 9 K and 7.5 K. Single-band model [4] calculations with anisotropic scaling are
also shown (dashed lines). Same type of fitting at the same T/Tc ratios are obtained
by considering Hirr.
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is the Ginzburg number discussed below. For this crystal the result is
ΔTcZ0.04 K, thus the much larger ΔTc�4 K must be due to spatial
inhomogeneity. The effect of chemical inhomogeneity is also evident
in the R(T) measurements near of the optimally doped composit-
ion (x¼0.074, ΔTcE1 K) and in overdoped single crystals (x¼0.114,
ΔTc42 K) reported by other authors. Similarly, Harnagea et al. [16]
reported a relatively sharp resistive transition for x near optimal
doping, but for x¼0.125 and 0.135 the transition width was �10 K.
In our crystal ΔTc is much smaller even though x is larger, confirming
that the annealing tends to reduce the compositional gradients,
although some spatial inhomogeneity still remains. It is important to
mention that chemical inhomogeneity in iron arsenide materials plays
a considerable role in the superconducting transition width and in
pinning produced by local reductions in Tc [12]. Fig. 1(b) shows Hc2

versus T with H//c and H//ab axis for the studied single crystal. The
upper critical fields were determined using the same criteria pre-
viously described for Tc (zero resistance). Note that we have not
observed an appreciable change in the superconducting transition
width with magnetic field, which indicates absence or very narrow
vortex liquid phase [4]. To a good approximation in the limit T-Tc,
Hc2(T) is linear, with slopes of – ð�ðδHab

c2=δTÞÞjT-Tc
¼ 2:8 T=K and

ð�ðδHc
c2=δTÞÞjT-Tc

¼ 1:15 T=K. The Werthamer–Helfand–Hohenberg
(WHH) expression for a single-band isotropic s-wave superconductor,
Hc2 � �0:69TcðδHc2=δTÞjTc

, by considering the transition width,
results in the estimates Hc

c2 � 8 T (in agreement with Hc
c2 at 2.5 K)

and Hab
c2 � 19 T , respectively. By using these values, we obtain ξab(0)-

¼6.470.2 nm and ξc(0)¼4.070.2 nm from Hc
c2 ¼Φ0= 2πξ2abð0Þ

h i

and Hab
c2 ¼Φ0=½2πξabð0Þξcð0Þ�, respectively. However, the ξc(0) value

estimated by using the WHH expression may be underestimated,
since the (Ba,Ca)Fe2As2 (122) system presents an unconventional
Hc2(T) dependence where γ(T) is reduced at low temperatures [24,25].

The anisotropy value is γT-Tc
¼Hc

c2=H
ab
c2 � 3:7. The inset in

Fig. 1(b) displays the Co doping dependence of γT-Tc
, showing

an increase in the overdoped region. Since multiband effects could
be manifested in the angular dependence of Hc2 [24], we per-
formed Hc2 (Θ,Τ) measurements at 7.5 K and 9 K, as shown in
Fig. 1(c). The data may be fit reasonably well by the GL theory of
anisotropic 3D superconductors, [4] Hc2(T,Θ)¼Hc2(T,Θ¼0)ε(Θ),
where ε(Θ)¼[cos2 Θþγ�2 sin2Θ]�1/2, and Θ is the angle
between the applied magnetic field H and the crystallographic c-
axis, and by using γ [9 K, 0.91Tc]�3.7, and γ [7.5 K, 0.76Tc]�3.3.

The Meissner response measurements were carried out to obtain
the magnetic penetration depth λ in Ba(Fe0.86Co0.14)2As2. The magnetic
levitation force due to Meissner screening currents is a function of the
tip-sample separation z. Data were obtained for both, Nb reference and
the Ba(Fe0.86Co0.14)2As2 single crystal [22]. In superconducting single
crystals and films whose thickness is larger than λ, the Meiss-
ner response force obeys a universal power-law dependence F(z)�
(zþλ)�n, where n¼2 for a magnetic tip in the monopole approxima-
tion [26,27]. The frequency shift of the tip resonance is proportional to
the gradient of the force, i.e., δf � dFðzÞ=dz. The λ of Ba
(Fe0.86Co0.14)2As2 is obtained by considering the shifting in the Meisn-
ner response in comparison with the Nb (λ¼110 nm): λBFCA(T)¼
λNb(T)þδλ(T), where δλ is the magnitude of the shift δz [22]. The
difference δλ between Nb and Ba(Fe0.86Co0.14)2As2 is 550 nm at the
lowest temperature measured, T¼4 K, resulting in the approximate
zero-temperature value λBFCA(0 K)¼λNb(0 K)þδλ(0 K)¼110 nmþ
550 nm¼660750 nm. Our experimental error is around 10%, resulting
from the overlay process of the two Meissner curves of the different λ
values: The uncertainty of the λ extrapolation from 4 K to 0 K is as
small as a few percent, and thus it is negligible as compared to the
main source of the uncertainty of around 10%. The penetration depth
(660 nm) has been measured at three locations, separated by 100 μm,
resulting in the same values within our experimental uncertainty of
50 nm. Although the large resistive transition width of the system
signals the presence of inhomogeneity in the sample, the lack of

inhomogeneity in our penetration depth measurement suggests that
the length scale of inhomogeneity is far below the size of the scan area
(on the order of a micron) which is interrogated (via Meissner force) for
determination of the penetration depth. Our MFM result may reflect a
“Swiss cheese”-like response of the system to impurities [28], indicat-
ing nanoscale inhomogeneity is likely present in the heavily doped
x¼0.14 sample. An alternative possibility could be a granular super-
conducting behavior, where most of the volume consists of grains with
well-developed superconductivity, interconnected by poorly supercon-
ducting intra-grain material that acts as “weak links”. This behavior
tends to occur spontaneously in oxide HTS due to the very small ξ of
the order of the lattice parameters. However, this scenario can be ruled
out in our case for several reasons. First it is inconsistent with the
specific heat data showing a Tc much lower than the onset Tc. Second,
the larger ξ in this material precludes the sharp variations in the
superconducting properties that occur in granular HTS. Third, in
granular materials the inter-grain Jc drops drastically as H increases,
that is not the case here as shown below. Thus, the inhomogeneities in
this system must be associated with more continuous nanoscale
variations in the properties, as expected in the “Swiss cheese”
description.

By using ξab(0)¼6.470.2 nm and λab(0)¼660750 nm, we
obtain the thermodynamic critical field Hc T ¼ 0ð Þ ¼Φ0=2

ffiffiffi
2

p
λð0Þξ

ð0Þ ¼ 560780 Oe . This value is similar to HcE600 Oe, obtained
from the specific heat measurements by integrating the entropy
difference between the normal and superconducting states. For
this analysis we have used the same approach as described in Ref.
[29] for the optimally doped Ba(Fe0.92Co0.08)2As2 [17]. The result-
ing value for the theoretical critical current density for depairing is
J0ðT ¼ 0Þ ¼ cHc=3

ffiffiffi
6

p
πλ¼ ð3:670:6ÞMA cm�2, where c is the

speed of the light. This value is approximately 12 times smaller
than that for the optimally doped compound [15]. The primary
reason for the reduction is the increased λab. For comparison, the
values of the optimally doped compound are λab¼260 nm and
ξab¼2.6 nm, respectively [22,25].

The different regimes in the vortex phase diagram of Co-doped
BaFe2As2 single crystals were discussed in Refs. [8] and [9], explaining by
the collective pinning theory developed for cuprates [4]. Fig. 2(a) shows
themagnetic field dependence of Jc at T¼2 K, 4.5 K, and 5.5 K, as well as
the creep rate, S¼ �ðdðlnJcÞ=dðlntÞÞ, at two different temperatures
(T¼4.5 K and 5.5 K). The Jc (H) dependences are characterized by a
modulation, resulting from the presence of a mixed pinning landscape,
where different type of pining centers are selectively effective in
different H ranges, originating from different vortex regimes [15]. Given
the geometry of this single crystal (t¼0.1mm), we do not observe any
clear first regime at low magnetic fields where Jc(H)Econstant. This
regime is typically discussed as the single vortex regime [4], which is
strongly affected by self-field effects [30]. In this sample of thickness t,
based on Bn(2 K)¼ Jc tE500 Oe and Bn(4.5 K)¼ JctE300 Oe, it is difficult
to identify an H range where Te Jc(H)Econstant. When H is increased,
Jc(H) presents a power law dependence, associated with strong pinning
centers or large defects [31,32] It should be noted that the pinning
associated with these defects depends on the intrinsic superconducting
properties (core size and thermal fluctuations). This regime is masked
by a third regime, associated with the fishtail or second peak in the
magnetization, giving rise to Jc(H) as the sum of two contributions [8,15].
One part is given by large defects or intrinsic pinning (small field) and
the other is the fishtail produced by small defects and activated by
magnetic fields (large field). The fishtail signature is clear at 2 K, but
remains only slightly visible at 4.5 K. The presence of a fishtail has been
discussed by several authors, associated with magnetic field induced
pinning, where the maximum at the peak is related to a change in the
vortex regime [8,10], the so-called elastic to plastic crossover at Bcr. From
Fig. 2(a) we obtain Jc(H¼0, T¼2 K)¼0.05MA cm�2, which is E1.4%
of the theoretical depairing current J0(T¼0 K). This small ratio Jc/J0
is similar to the ratio estimated at 4 K in the optimally doped
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(Fe0.925Co0.075)2As2 single crystals. On the other hand, S values between
0.018 and 0.02 (at 4.5 and 5.5 K and small magnetic fields) can
be analyzed by the collective creep theory that considers S¼
�ðd lnJð Þ=d lntð ÞÞ ¼ �ðT=ðU0þμTlnðt=t0ÞÞÞ (here t0 is a characteristic
time, μ the glassy exponent and Uo the barrier height for the flux creep).
These S values in these material [9] results from very small U0 and
μ exponents similar to those predicted for cuprates [4].

The presence of a fishtail and the strong suppression of Jc from
the ideal value J0 of the uniform superconductor may be partially
understood within the framework of the Swiss cheese model.
When Co impurities punch holes into the superconducting order
parameter, resembling point-like holes in Swiss cheese, they
provide on one side point-like pinning [33,34], but also strongly
suppress the local superfluid density due to strong impurity
scattering [28,35]. Therefore the similarity between optimally
and overdoped samples indicates that large defects, always pre-
sent in the as-grown samples, produce the same type of pinning at
low H. The extension of the collective creep regime, as discussed in
Ref. [36], can be associated with the geometry and density of the
pinning centers. Thus, we compare the vortex phase diagram
between the optimally doped and the under- and overdoped
extremes in order to understand the pinning phenomena. Assum-
ing that similar pinning landscapes are obtained in single crystals
for the entire doping range, to first approximation, and neglecting
thermal fluctuations, the range of the collective pinning regime
should be associated with the size of the vortex core and Hc that
determine the effectiveness of pinning. In this sense, the features

of Jc(H) obtained in the x¼0.14 sample at low temperatures are
similar to those found in optimally doped single crystals
(x¼0.075) above 20 K, which indicates that the pinning by small
defects drops when the vortex core size and λ are larger and vortex
fluctuation becomes more important [15]. Nakajima et al. [37].
showed that one can improve Jc in Co-doped materials by the
introduction of columnar defects (CD). Their results suggest that
the crossover temperature from elastic to plastic (fast creep)
increases after irradiation, consistent with a non-negligible influ-
ence of the ξ-to-defect size ratio and the presence of strong
pinning centers, beyond the possible influence of irradiation on
the intrinsic superconducting properties [28]. Taking Bcr/Hirr as a
parameter for the comparison, at 0.5Tc, the near optimally doped
sample shows BcrE0.2Hirr, [9,15] where as in the heavily over-
doped sample (x¼0.14) shows the BcrE0.06Hc2. We believe that
the combined effects of larger ξ and λ values in the overdoped
sample significantly suppress the effectiveness of small pinning
centers, because of the pinning energy Epin �H2

cξr
2
d , with rd the

defect size [4]. As a consequence the elastic to plastic crossover is
modified. Something similar takes place in the underdoped
(x¼0.06) region [9], where the elastic creep regime is strongly
reduced compared to other doping levels with a small ξ [39,40]. In
addition, the influence of thermal fluctuations and the ξ(T)
dependence on the vortex dynamics are consistent with pre-
viously reported data on proton irradiated Ba(Fe0.925Co0.075)2As2
[15]. For Ba(Fe0.86Co0.14)2As2 the strength of the order parameter
thermal fluctuations, estimated by the Ginzburg number [4],
Gi ¼ 1=2½γTc=H

2
c ð0Þξ3ð0Þ�2 is GiE4�10�3, which is of the same

order of magnitude with the estimated value for the optimally
doped single crystal by using γT-Tc (GiE0.0016) [15].

In order to analyze the nature of pinning landscape on the plastic
regime, we measured the angular dependence of Ic at 9 K and in
three different magnetic fields (μ0H¼0.1, 0.2 and 0.3 T). In this H
range, the vortex dynamics is dominated by fast creep rate. Although
it is difficult to precisely determine whether the electrical current is
homogeneous throughout the sample, these measurements provide
information of the pinning center geometry. For example in YBCO
films, even in the plastic creep regime, features of correlated
pinning, manifested as a peak in Jc when H// c-axis, remain at high
temperatures. [38] The results presented in Fig. 2(b) indicate the
absence of correlated pinning at 9 K, implying that random pinning
dominates in the plastic creep regime at high temperatures. In
addition, by considering that the pinning at low temperature and
below Bcr is dominated by large defects, the pinning at 9 K, where
ξab (9 K)E9 nm, should be dominated by the same type of crystal-
line defects, suggesting the absence of correlated pinning (such twin
boundaries) also at low temperatures.

Fig. 3 shows a simplified H–T vortex phase diagram in the
Ba(Fe0.86Co0.14)2As2 single crystal, obtained from magnetization
and transport data ( no consideration of the pinning potential
modulation in the elastic regime). The main characteristic of this
phase diagram is its similarity to that describing the vortex
dynamics in nearly optimally doped Co-doped BaFe2As2 [8,9,15].
The phase diagram is characterized by the Bc2 line and a crossover
line (Bcr) which separate collective creep (elastic motion) from fast
creep (plastic motion). The results presented in this work, in
comparison with Refs. [9] and [15], show that the fast creep region
is wider than those found in the near optimally doped single
crystals. At low H vortices tend to be pinned by the largest defects,
e.g., nanoprecipitates, intrinsically appearing in all 122 samples,
however, as H increases vortices start to compete and should be
pinned collectively by large and small pinning centers together
with associated pinning energies. From a geometric point of view
alone, one might think that the pinning strength is related to the
vortex core to defect size ratio [4]; however the pinning energy of
a small point-like defect is controlled by ξ, λ, and rd, because the
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pinning energy is given by Epin �H2
cξr

2
d � r2d=λ

2ξ. In this sense, the
pinning by small imperfections should be weaker in under and
overdoped samples whose ξ and λ are larger than those in the
optimally doped compound [ξ(0)E2.6 nm and λab(0)E260 nm].

4. Conclusions

We have measured the absolute value of the zero-temperature
magnetic penetration depth λab(0), upper critical fields Hc2(T), and Hc2

anisotropy γ in the heavily overdoped Ba(Fe1�xCox)2As2 single crystal
(x¼0.14). We found λab(0)¼660750 nm, ξab(0)¼6.470.2 nm, and
γT-Tc

¼ 3:7. No feature of vortex liquid phase has been observed,
which is different from the optimally doped compounds with small
upper critical field anisotropy. In comparisonwith the optimally doped
compound we have observed that the Jc (H) dependences have similar
features with that found above 20 K in the optimally doped com-
pound. This fact can be associated with the larger ξ value which
modifies the vortex–defect interaction, and affects the vortex phase
diagram by reducing the elastic creep regime at the expense of
plastic creep.
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Fig. 3. Normalized temperature dependence of upper critical field (Hc2), irreversi-
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