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A B S T R A C T   

We report on measurements of critical current densities Jc and flux creep rates S of freestanding Ca(Fe1− x

Cox)2As2 (x ≈ 0.033) single crystals with Tc ≈ 15.7 K by performing magnetization measurements. The magnetic 
field dependences of Jc at low temperature display features related to strong pinning. In addition, we find that the 
system displays small flux creep rates. The characteristic glassy exponent, μ, and the pinning energy, U0, display 
exceptional high values for pristine crystals. We find that for magnetic fields between 0.3 T and 1 T, μ decreases 
from ≈ 2.8 to ≈ 2 and U0 remains ≈ 300 K. Analysis of the pinning force indicates that the mechanism is similar 
to the observed in polycrystalline systems in which grain boundaries and random disorder produce the vortex 
pinning. Considering the large U0 observed in the single crystal, we attempt to improve the pinning by adding 
random point disorder by 3 MeV proton irradiation with a fluence of 2 × 1016 proton/cm2. The results show that, 
unlike other iron-based superconductors, the superconducting fraction is sharply reduced by irradiation. This fact 
indicates that the superconductivity in the system is extremely fragile to an increment in the disorder. The 
superconducting volume fraction in the irradiated crystal systematically recovers after removal disorder by 
thermal annealing, which evidences as to the observation of critical state in curves of magnetization versus 
magnetic field. No features related to a reentrant antiferromagnetic transition are observed for the irradiated 
sample.   

1. Introduction 

The Ca(Fe1− xCox)2As2 system displays three ground states (antifer
romagnetic/orthorhombic, superconducting, and nonmagnetic/ 
collapsed tetragonal) competing at low temperature, which can be 
modified using external control parameters such as chemical substitu
tion, synthesis process or pressure [1–4]. Unlike electron doped 
BaFe2As2 [5], Ca(Fe1− xCox)2As2 does not display coexistence of super
conductivity (SC) with antiferromagnetic/orthorhombic phase [4]. SC 
emerges as structural transitions are suppressed by internal strain pro
duced by FeAs nanoscale precipitation [3,4]. The highest super
conducting critical temperature (Tc) for Ca(Fe1− xCox)2As2 is ≈ 16 K with 
x ≈ 0.033. Below x ≈ 0.028, the samples do not show significant 
diamagnetism, indicating filamentary superconductivity. In overdoped 
samples Tc decreases gradually with increasing Co concentration and 
drops to around 2.5 K for x = 0.059 [4]. Biaxial strain induces 

alternating tetragonal superconducting and orthorhombic domains [6, 
7]. Moreover, Tc changes abruptly with hydrostatic pressure as dTc/dP 
≈ − 60 K/GPa [8]. 

The remarkable sensitivity of superconducting, magnetic, and 
structural properties to applied pressure or internal strain in Ca(Fe1− x

Cox)2As2 single crystals makes them excellent candidates for basic and 
applied research. It was predicted that vortex core inducing stress could 
produce a peak in the reversible magnetization and that the inter-vortex 
interactions due to strain can produce a triangular to square vortex 
transition [9,10]. In addition, the extreme sensitivity of the phase sep
aration to biaxial strain makes this system interesting for the design of 
Josephson junction networks [6]. Furthermore, by incorporating 
non-superconducting nano-inclusions in a reversible and controlled 
way, it is possible to modify the pinning strength, the dynamics and the 
configuration of the vortex lattice [11–16]. 

Here, we study the magnetic fields (H) and temperature (T) 
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dependence of the Jc and flux creep rates S in a freestanding Ca(Fe1− x

Cox)2As2 (x ≈ 0.033) single crystal by performing magnetization mea
surements. It is expected that the internal strain produced by nanoscale 
precipitates interacts with the stress generated by vortex cores [4,9]. 
Considering that ion irradiation is a well-established method for artifi
cially introducing crystalline defects and enhancing the Jc values 
[17–19], the properties of pristine crystals are compared with those 
observed in the same crystal irradiated with 3 MeV protons (p) with a 
fluence of 2 × 1016 p/cm2. Vortex dynamics is analyzed in the frame
work of the collective creep theory [20]. Characteristic glassy exponents 
μ and pinning energies U0 are obtained from the extended Maley method 
[21,22]. Absolute Jc and S values are compared with single crystals of 
other iron based superconductors (Fe-SCs). The influence of the irradi
ation on the superconducting properties is discussed. 

2. Experimental details 

The single crystals of Ca(Fe1− xCox)2As2 were grown according to the 
description provided in Ref. [4]. The studied crystals correspond to the 
composition x = 0.033. To minimize internal strain and obtain bulk 
superconductivity, the single crystals were annealed for 24 h at 400 ◦C 
[4]. As described in Refs. [3], this is most likely leads to the formation of 
meso-scaled FeAs inclusion in the otherwise single crystalline sample. 
The single crystals with bulk superconductivity obtained after annealing 
are denominated pristine in section 3.1. The magnetization measure
ments were performed using a superconducting quantum interference 
device (SQUID) magnetometer (Quantum Design MPMS). For Jc and S 
measurements, the magnetic field (H) was applied parallel to the c axis 
of the single crystal (H//c) with dimensions: 1.5 mm (length: l) x 1.2 mm 
(width: w) and 0.12 mm (thickness: t). The Jc values were calculated 
from the magnetization data using the appropriate geometrical factor in 
the Bean Model [23]. For H||c, Jc = 20ΔM

w(1− w/3l), where ΔM (emu/cm3) is 
the difference in magnetization between the top and bottom branches of 
the hysteresis loop. Magnetic relaxation measurements were recorded 
over periods of 1 h. The initial time for flux creep rates, S = -δlnJ/dlnt, 
was adjusted considering the best correlation factor in the log-log fitting 
of the J(t) dependence. It is important to mention that the magnetic 
measurements at low temperatures after warming up to room temper
ature are reproducible. For comparison, the single crystal was irradiated 
with 3 MeV protons (p) with a fluence of 2 × 1016 p/cm2. We choose this 
dose by considering that it produces a strong improvement in the vortex 
pinning of most Fe-SCs [24,25]. Considering the thickness and the ion 

penetration in the material estimated from SRIM [26], two successive 
irradiation (one for each surface of the crystal) were performed. For 
comparison, the irradiated single crystal was successively annealed in 
vacuum (≈1 × 10− 6 Torr) at 200 ◦C, 300 ◦C and 400 ◦C for 2 h. 

3. Results and discussion 

3.1. Pristine crystals 

The Tc value in the Ca(Fe1− xCox)2As2 (x = 0.033) single crystal ob
tained from a magnetization versus temperature measurement is 15.7 K 
(see Fig. 1). The superconducting properties for 0 ≤ x ≤ 0.058 were 
reported in Ref. [4]. The upper critical field H‖c

c2 for x = 0.033 is ≈ 20 T 
with a Ginzburg-Landau coherence length ξGl (0) = 5 nm. The anisotropy 
parameter obtained from upper critical fields γ = Hab

c2
/
Hc

c2 
changes with 

temperature being ≈ 1.6 at 10 K and 2 near Tc [4]. The inset of Fig. 1 
shows the temperature dependence of the magnetic susceptibility with 
μ0H = 1 T applied perpendicular to the c-axis. The curve does not display 
any jump or anomaly, consistent with earlier work [4] that showed that 
the magnetic/structural transition is fully suppressed. 

Fig. 2a shows Jc (H) dependences for temperatures between 1.8 K 
and 12.5 K. The data are plotted on logarithmic scale. The self-field 
Jsf

c (1.8 K) is ≈ 0.3 MA cm− 2 decreasing gradually as temperature in
creases. The value of Jsf

c (1.8 K) is similar to that previously observed in 
other Fe-SCs such as Ba(Fe0.88Co0.12)2As2 with Tc ≈ 20 K [27], Ca0.5N
a0.5Fe2As2 with Tc ≈ 16 K [28], FeTe0.6Se0.4 with Tc = 14.5 K [29], 
among others. However, in comparison with these systems, there is a 
notable difference related to the Jc (H) dependences. This fact may be 
related with a significant structural disorder due to the presence of FeAs 
precipitates discussed in Ref. [3,4]. Whereas most as-grown Fe-SCs 
display a second peak in the magnetization (SPM) associated with weak 

Fig. 1. Temperature dependence of the normalized magnetization (M/M5K) 
with μ0H = 0.5 mT applied parallel to the c-axis in a Ca(Fe1− xCox)2As2 (x =
0.033) single crystal. Inset shows the temperature dependence of the magnetic 
susceptibility with a magnetic field of 1 T applied perpendicular to the c-axis. 

Fig. 2. a) Magnetic field dependence of the critical current density Jc in a Co- 
doped CaFe2As2 single crystal at different temperatures. b) Normalized pinning 
force (FP

/
FP,max

) versus normalized magnetic field (h = h/hirr(T) at different 

temperatures. Inset shows the curves for T = 6.5 K and 8.5 K and the respective 
fits using equation (1). The measurements where preformed with H//c-axis. 
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pinning, the curves presented in Fig. 2a are characteristic of strong 
pinning [30]. At low fields, Jc is nearly constant up to a characteristic 
crossover field B*, followed by a power-law regime (Jc ∝ H− α) at in
termediate fields, observed as a linear dependence on the log-log plot. 
Finally, at the higher fields, Jc decays quickly as H approaches to the 
irreversibility line Hirr. The crossover at B* is usually defined as the step 
from single vortex to interactive vortices. The α value of spherical in
clusions is predicted to be ≈ 1/2–5/8 [30]. The experimental value in 
Fig. 2a corresponds to α ≈ 0.58. Using the same criteria that for B*, the 
crossover from the power-law regime to the high field regime with a fast 
drop of Jc at T = 1.8 K takes place at μ0H > 5 T (≈ 0.25 Hirr). As the 
temperature increases, the crossover field B* and the end of the 
power-law regime shift to lower fields. 

The pinning mechanism in conventional superconductors can be 
analyzed by the scaling of the pinning force (FP = Jc × H). The Fp (H, T) 
can be scaled as 

FP
/

FP,max =Ahm(1 − h)l
, (1)  

where Fp,max is the maximum Fp(H) at each temperature [31], A is a 
constant, m and l are exponents that depend on the pinning mechanism, 
and h = H/Hc2 (T). For Fe-SCs, we can replace Hc2 by Hirr. We estimate 
the Hirr as the extrapolation to zero in a Jc

1/2 × H1/4 versus H plot [32]. 
This procedure has been successfully used in the case of wires, poly
crystalline samples, and crystals [33–35]. Figure 2b shows FP

/
FP,max 

versus h for 4.5 K ≤ T ≤ 10.5 K. The results show two types of curves 
with the maximum at h ≈ 0.2 (T > 8.5 K) and h ≈ 0.3 (T < 7.5 K), 
indicating a change in the pinning mechanism. The former is similar to 
that observed in systems with vortex pinning provided by grain 
boundaries [36,37]. The later cannot be associated with a unique 
mechanism. Correspondingly, the theoretical Fp vs h curves present a 
maximum at different h values, the maximum is expected at h = 0.33 (p 
= 1, q = 2) for point defects and at h = 0.2 (p = 1/2, q = 2) for surface 
pinning centers, such as grain boundaries. On the other hand, strong 
pinning by normal inclusion usually shifts the maximum to h > 0.33 [31, 
37]. Inset Fig. 2b shows the fits using equation (1) for 6.5 K and 8.5 K. 
The exponent are m = 0.6 and l = 2.25 for 6.5 K, and m = 0.57 and l =
2.14 for 8.5 K. It is noteworthy that the exponents obtained for both 
temperatures exhibit deviations from the theoretical predicted for a 
unique pinning source. There are a number of defect types that can act as 
pinning centers in Ca(Fe1− xCox)2As2 (x ≈ 0.033) single crystals. In 

particular, precipitates and dislocations [3,4]. On the other hand, 
random disorder also contributes to the pinning as is evidenced from a 
distorted hexagonal-like vortex lattice [6]. The presence of chemical 
inhomogeneities can be inferred from multiple step resistivity transi
tions for 16 K < T < 30 K [4]. The basic idea of pinning suggests that 
there is high competition between the energy scales of the different 
types of defects, but not all have the same contribution as the temper
ature increases. The scaling of the pinning force with hmax ≤ 0.3 suggests 
that dislocations and strained regions are the main source of strong 
pinning in the crystals. It is important to note that most Fe-SCs display 
hmax > 0.32 [37]. 

The type of pinning in the superconductors can be understood as a 
result of spatial variations in Tc and in the electronic mean free path l 
(δTc and δl pinning, respectively). Pinning by extended defects such as 
random nanoparticles corresponds to δTc, while δl pinning applies to 
point defects. The respective functions for each mechanism in the single 
vortex regime as function of t = T/Tc are Jc (t)/Jc(0) = (1 − t2)7/6(1 +
t2)5/6 and J c (t)/Jc (0) = (1 − t2)5/2(1 + t2)− 1/2, respectively [38]. Fig. 3 
shows a comparison between the theoretical predictions and the 
experimental data with μ0H = 0.1 T applied parallel to the c-axis. The 
result reveals that the data is in the middle of both mechanisms. At low 
temperature (<12 K) the curvature is similar to that expected from δTc, 
while near Tc decay as δl. In addition to a change in the pinning mech
anism, the fast drop in the curve at ≈ 13 K could also be related to a 
diminution of the superconductor volume. 

To understand why pinning in the crystals is strong, we performed 

Fig. 3. Reduced temperature (T/Tc) dependence of Jc/Jc (0) experimental, and 
determined by δTc and δl mechanism in a Co-doped CaFe2As2 single crystal. The 
measurement was performed with μ0H = 0.1 T applied parallel to the c-axis. 

Fig. 4. a) Temperature dependence of the flux creep rates S with μ0H = 0.1 T, 
0.3 T. 0.5 T and 1 T. The measurements were performed with the magnetic field 
applied parallel to the c-axis. Dashed lines corresponds to the estimated values 
using equation (2) with ln (t/t0) = 26 [42]. Inset shows typical curve of 
magnetization as function of time on a log-log scale. The slope corresponds to 
the S value. b) Maley analysis of the data presented in panel (a). Inset shows the 
G (T) function used to normalize the data. 
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magnetic relaxation measurements at μ0H = 0.1 T, 0.3 T, 0.5 T, and 1 T. 
It is important to note that μ0H = 0.1 T is mostly below B* (affected by 
self-field). The collective pinning theory predicts: 

S= −
δln J
δln t

=
T

U0 + μTln
(

t
t0

), (2)  

with Uo the collective pinning barrier and t0 a characteristic hopping 
time. Based on the model of the nucleation of vortex loops, for random 
point defects in the three-dimensional case, μ is 1/7, 3/2–5/2, and 7/9 
for single vortex, small-bundle and large-bundle creep, respectively 
[20]. Systems with strong pinning usually present values in the range 
predicted for the collective creep theory for small bundles. For example, 
YBa2Cu3O7-d tapes display μ ≈ 1.7 [39]. Fig. 4a shows S (T) for the 
different applied fields. Inset Fig. 4a shows a typical J(t) dependence in 
log-log scale. Unlike single crystals of most Fe-SCs with low U0 and 
typical S values between 0.02 and 0.05 [24,25,27,29], the S(T) de
pendences at low temperatures display an Anderson-Kim like depen
dence with S ≈ T/U0 starting from S ≈ 0.005 at 1.8 K. As the temperature 
increases, the second term of the denominator in equation (2) contrib
utes as is evidenced by the curvature. Finally, at high temperatures, the 
creep starts to be faster as a consequence of an increment in the thermal 
fluctuations and plastic relaxation [20,40]. High U0 and low flux creep 
rates are usually observed in irradiated Fe-SCs single crystals [17,18, 
41]. To obtain the values of μ and U0, we use the Maley analysis [21]. 
According to the collective creep theory, the dynamics in a glassy vortex 
phase is described by the effective activation energy Ueff as a function of 
current density (J): 

Ueff =
U0

μ

[(
Jc

J

)μ

− 1
]

, (3)  

where U0 (T) = U0 G(T) is the scale of the pinning energy and G(T) and 
J0 is the current density scale for the particular depinning process [22]. 

Approximating the current density decays as dJ
dt = −

(
Jc
τ

)

e−
Ueff (J)

T , the 

effective activation energy Ueff (J) can be experimentally obtained by 

Ueff = − T
[

ln
⃒
⃒
⃒
⃒
dJ
dt

⃒
⃒
⃒
⃒ − C

]

(with C = ln(Jc /τ) a constant factor). To maintain 

“piecewise” continuity at high T, Ueff is divided by a thermal factor G(T) 
≤ 1 [22]. Fig. 4b shows the Maley analysis for the data displayed in panel 
(a). Inset Fig. 4b shows the G(T) function used to give continuity to the 
pinning energy. We fit the data for μ0H = 0.3 T, 0.5 T and 1 T, for the 
range of temperature that corresponds to the power-law regime were 
fitted using equation (3). One of the issues related to the fits is that the 
obtained values for μ and U0 strongly depend on the J0. We correlate the 
J0 values for the different fields using a Jc ≈ H− α dependence with α (1.8 
K) = 0.58. For μ0H = 0.3 T, using J0 = 0.223 (0.003) MA.cm− 2, we 
obtain μ = 2.80 (0.08) and U0 = 320 (20) K. For μ0H = 0.5 T, using J0 =

0.167 ((0.003) MA.cm− 2, we obtain μ = 2.40 (0.10) and U0 = 320 (20) 
K. Finally, for μ0H = 1 T using J0 = 0.118 (0.002) MA.cm− 2, we obtain μ 
= 2.05 (0.10) and U0 = 285 (15) K. This analysis indicates the changes in 
S(T) at different magnetic fields are mainly originated by a reduction in 
μ. We will now compare the experimental S (T) values with the predicted 
by equation (2) using the sets of (μ, U0) and ln (t/t0) ≈ 26 [42]. We find 
that the S (T) data for μ0H = 0.3 T and 0.5 T are quantitatively repro
duced (see dashed lines in Fig. 4a), whereas lower S values are predicted 
for μ0H = 1 T. The glassy exponent μ = 2.5 corresponds to the prediction 
for elastic relaxation for small vortex bundles in a weak pinning scenario 
[20]. Similar μ values and gradual reduction as the magnetic field in
creases were previously reported in Ba0.6K0.4BiO3 [43,44]. In our case, 
the large μ value obtained for 0.3 T may be related with pinning pro
duced by a mixed pinning landscape and cannot be related to unique 
pinning mechanism. The strong pinning is evidenced in U0 ≈ 300 K, 
which is a value much higher than the usually observed in pristine 

Fe-SCs single crystals [25,27,29,41]. Indeed, large U0 and small flux 
creep rates are usually induced by proton and heavy ion irradiation [18]. 

The strength of the pinning potential usually is related to the Jc./J0 
ratio (here J0 is the depairing critical current density). For low-Tc su
perconductors, pinning is usually strong (Jc/J0 ~ 10− 2–10− 1) resulting 
from the interaction of vortices with extended defects, such as pre
cipitates or grain boundaries. On the contrary, for the cuprate family, 
pinning is usually weak (Jc/J0 ~ 10− 3–10− 2) normally arising from point 
defects. For Ca(Fe1− xCox)2As2 (x ≈ 0.033) single crystals, assuming λ (0) 
≈ 450 nm [45] and ξ (0) = 5 nm [4] and J0 ≈ 9 MA cm− 2 and Jc (1.8 K) 
≈ 0.3 MA cm− 2, we obtain Jc/J0 ≈ 0.03. The most likely scenario for the 
pinning in the freestanding Ca(Fe1− xCox)2As2 (x ≈ 0.033) single crystals 
includes normal inclusions, domain boundaries, and random disorder. In 
addition, defects such as dislocations are originated from the thermal 
quench and are located at the interface between normal precipitates and 
the superconducting matrix. In contrast to other Fe-SCs such as CaK
Fe4As4 with ξGL(0) ≈ 1.4 nm [46], the relative large ξGL ≈ 5 nm reduces 
the contribution of random disorder to the pinning. Indeed, the vortex 
lattice exhibits a hexagonal-like array instead of a disordered lattice 
produced by random disorder [6,46]. 

3.2. Irradiated crystals 

To understand more in-depth the nature of this strong pinning in 
these crystals, we performed irradiation using 3 MeV proton with a 

Fig. 5. a) Temperature dependence of the magnetic susceptibility with μ0H =
0.5 mT applied parallel to the c-axis in a Ca(Fe1− xCox)2As2 (x = 0.033) single 
crystal: pristine (before irradiation) and the irradiated crystal after thermal 
annealing at 200 ◦C, 300 ◦C and 400 ◦C. b) Temperature dependence of the 
magnetic susceptibility with μ0H = 1 T applied perpendicular to the c-axis in a 
Ca(Fe1− xCox)2As2 (x = 0.033) single crystal: pristine (before irradiation), and 
the irradiated crystal before and after thermal annealing at 400 ◦C. 

N. Haberkorn et al.                                                                                                                                                                                                                             



Solid State Communications 318 (2020) 113963

5

fluence of 2 × 1016 p/cm2. Fig. 5a shows a comparison of the magnetic 
susceptibility with μ0H = 0.5 mT applied parallel to the c-axis (after 
zero-field cooling) for the pristine crystal and the irradiated crystal after 
annealing at different temperatures. The irradiated crystal (not 
included) does not display a diamagnetic signal, indicating that, unlike 
other Fe-SCs such as FeSe and Ca1-xNaxFe2As2 [24,25], the super
conducting state is exceptionally fragile. Indeed, filamentary super
conductivity emerges after annealing at 200 ◦C (see inset Fig. 5a). 
Thermal annealing at higher temperatures (300 ◦C and 400 ◦C) increases 
the superconducting volume as evidence in a narrow transition (similar 
to before irradiation) and in the increase of the magnetic signal. Like in 
pristine single crystals, it is expected that the superconductor volume for 
irradiated crystal fully recovers by optimizing the annealing process [4]. 
The significant reduction of the superconductor volume produced by the 
irradiation suggests that random disorder may act locally in a similar 
way that biaxial strain [7]. 

Another feature to analyze in the irradiated samples is the presence 
of reentrant structural transitions. It is important to note that initially 
superconductivity emerges by suppressing structural phase transitions 
[4]. Fig. 5b shows a comparison of the temperature dependence of the 
magnetic susceptibility with μ0H = 1 T applied perpendicular to the 
c-axis for the crystal before and after irradiation, and for the irradiated 
crystal after annealing at 400 ◦C. The results show that the disorder 
decreases the magnetic susceptibility. No features related to structur
al/magnetic transitions are observed. 

Fig. 6a shows Jc (H) dependences at 4.5 K for the pristine and the 
irradiated crystal after thermal annealing. The results show that 
although thermal annealing increases the superconductor volume, the Jc 
values at low fields for the annealed samples are approximately 1/3 of 
those observed before irradiation. This fact may be related to a no fully 

recover of the superconductor volume with the performed thermal 
annealing, which is consistent with the lower diamagnetic signal 
observed in Fig. 5a. Fig. 6b shows FP

/
Fp.max 

versus h for 4.5 K for the 

curves displayed in panel a). The scaling of the pinning forces for the 
annealed samples display a broad peak with higher contributions at h ≈
0.2, which may be related to significant pinning by strained regions or 
domain boundaries due to a reduced superconducting volume. 

4. Conclusions 

In summary, we report on measurements of critical current densities 
Jc and flux creep rates S of free-standing Ca(Fe1− xCox)2As2 (x ≈ 0.033) 
single crystals with Tc ≈ 15.7 K by performing magnetization mea
surements. The structural disorder in the crystals produces strong 
pinning reducing the flux creep rates as a consequence of large U0. The 
strong pinning may be related to normal inclusions produced due to a 
minority of FeAs precipitates, dislocations, and strained regions due to 
variations in the chemical composition. Moreover, the scaling of the 
pinning forces displays similitude with polycrystalline systems. Finally, 
it is important to note that there are not apparent features in our study 
that may be directly related to vortex cores inducing stress [9], which 
may be related with the complex microstructure and the strong pinning 
displayed by the single crystals. For comparison, the sample was irra
diated with 3 MeV protons at a fluence of 2 × 1016 p/cm2. The irradi
ation reduces the superconducting volume indicating that the state is 
extremely fragile. Although superconductivity is suppressed, no features 
related to reentrant structural/magnetic transitions are observed. 
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[7] A. E. Böhmer, A. Sapkota, A. Kreyssig, S. L. Bud’ko, G. Drachuck, S. M. Saunders, 
A. I. Goldman, P. C. Canfield, Phys. Rev. Lett. 118 (2017), 107002, https://doi. 
org/10.1103/PhysRevLett.118.107002. 
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