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The temperature and magnetic field dependence of the magnetization and critical current density of
Fe Te Se1.06 0.6 0.4 single crystal have been investigated, and the flux pinning mechanism has been analyzed.
The critical current density results indicate that there are different pinning mechanisms in this crystal.
The pinning mechanisms are studied in terms of the pinning model where the normalized volume
pinning force, fp, versus =h H H/ irr , where Hirr is the irreversibility, were studied systematically. It was
found that a variety of pinning mechanisms including normal point pinning, normal surface pinning, and
pinning based on spatial variation in the Ginzburg-Landau parameter (Δk pinning) pinning mechanisms
coexist. The effects each of the different pinning mechanisms were obtained. The results show that the
contributions of the real pinning mechanisms are dependent on the temperature and magnetic field in
this the single crystal.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The discovery of −LaO F FeAsx x1 , a superconductor with a tran-
sition temperature of 26 K, led to the exciting study of non-cuprate
high-temperature superconductors [1]. Soon afterwards, this dis-
covery led to the identification of iron-based superconductor fa-
milies with different crystal structures, generally referred to as
''1111'' for ( )REFeAs O F, ( = )RE rare earth elements , ''122'' for
AEFe As2 2 (AE¼alkaline earth elements) [2] and AEFe Se2 2 [3], ''111''
for LiFeAs [4] and ''11'' for ( )Fe Se Te, [5]. These superconductors
have attracted great interest because of their multiband features
[6,7], unconventional pairing symmetry [8,9], and potential for
applications.

Among the Fe-based superconductors, the compounds have
been a good candidate for understanding the real mechanism of
superconductivity, because of the relatively simple structure and
similarity in the Fermi surface ( )EF of this class of compounds. The
Fermi surfaces of FeSe and FeTe contains cylindrical sections for
holes and electrons at the center and at the corners of the Brillouin
zone, respectively. FeSe has a superconducting transition tem-
perature ( )Tc at 8 K, which rises to 14.5 K for 60% substitution of Te
at Se sites [10,11].
ni).
In this work, the critical current density of Fe Te Se1.06 0.6 0.4 single
crystal has studied by measurements of the magnetization as a
function of magnetic field at different temperatures. The pinning
mechanisms were analyzed by two models in terms of the dif-
ferent pinning effects. The results indicated that a variety of pin-
ning mechanisms, e.g. normal point pinning, normal surface pin-
ning, and ∆k pinning, coexist in Fe Te Se1.06 0.6 0.4 single crystal. The
results show that the contributions of the pinning mechanisms
depend on both the temperature and the magnetic field.
2. Experiments

Single crystal of Fe1.06Te0.6Se0.4 was prepared by a self-flux
method. Details of the single crystal growth are reported else-
where [12]. The as-grown single crystal was cleaved and cut into a
rectangular shape for magnetic measurements. The magnetization
was measured over a wide range of temperatures and magnetic
fields up to 13 T with applied current of 5 mA, using a physical
properties measurement system (PPMS, Quantum Design). The
critical current density was calculated by using the Bean
approximation.
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Fig. 2. The critical current density Jc vs. magnetic field at temperatures ranging
from 2 to 12 K.
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3. Results and discussion

Fig. 1 shows a typical hysteresis (M–H) loops measured in po-
sitive magnetic fields along the H||c direction up to 13 T at several
temperatures below Tc . The maximum in the absolute value of the
magnetization located at or near zero field represents the first
magnetization peak. The field penetrates through the bulk of the
sample completely after zero field cooling [13]. At low magnetic
field, the magnetization decreases as the magnetic field increases,
but at intermediate fields it shows a broad maximum again, which
is denoted as the second peak, and it finally diminishes to zero at
higher fields.

The appearance of the second peak is known as the fishtail
effect, and it has also been observed for single crystals of LaSrCuO
[14], YBa2Cu3Oy [15], BaSrCaCuO (BSCCO), and more recently in
Ba ( )Fe Co As0.93 0.07 2 2 [16], FeTe Se0.6 0.4 [17] Fe Te Seand 1.04 0.6 0.4 [18].
Although the origin of this behavior is not precisely specified as
yet, it was suggested that it may occur due to the presence of some
weakly superconducting or non-superconducting regions that can
act as the efficient pinning centers [15,19]. It was also suggested
that the crossover from single vortex pinning to collective flux
creep induces slower magnetic relaxation at intermediate fields
and gives rise to the second peak [15,16,19]. As can be seen in
Fig. 1, the peak onset (Hsp

onset) and peak ( Hsp
peak) positions move to

lower magnetic fields as temperature increases.
The critical current density Jc was obtained from the width of

the magnetization loop, ΔM. According to the Bean model, the
critical current density ( )J T H,c can be calculated from = ΔJ M20c
/Va(1�a/3b)) for a rectangular shaped crystal with H||c where a
and b are the dimensions of the sample perpendicular to the ap-
plied magnetic field, with aob and V is the volume the sample,
and ΔM is the height of the M–H hysteresis loop [20].

Fig. 2 shows Jc versus magnetic field. As can be seen in Fig. 2,
the fishtail effect is observed to be more obvious than in Fig. 1. The

( ~ )J H T0,c at 2 K and 4 K is 2.65×105 A/cm2 and 1.4�105 A/cm2,
respectively. These values are larger than the reported values,
1 ×.0 105 A/cm2 for Fe Te Se0.6 0.4 single crystal at T¼1.8 K, and
1. ×2 105 A/cm2 for Fe Te Se1.04 0.6 0.4 single crystal at 4 K [17,18]. This
increase in critical current density may be attributed to the excess
iron concentration, which introduces more defects or pinning
centers into the crystal structure, and consequently, higher pin-
ning potential into the system [18]. Although increasing the Fe
concentration results in an increased J ,c it decreases not only the
Tc, but also the superconducting volume fraction of the sample
[21]. It was reported that annealing in O2 and I2 de-intercalates the
Fig. 1. M–H loops of Fe1.06Te0.6Se0.4 single crystal at different temperatures from
2 to 12 K.
Fe excess form the inner part of +Fe Te Sey1 0.6 0.4 single crystals, and
this induces bulk superconductivity in the single crystals [22].
Therefore, the excess Fe concentration strongly affects the super-
conductivity properties of +Fe Te Sey1 0.6 0.4 samples [23,24].

The flux pinning force density was calculated by
μ| | = | × |F H Jp 0 . In order to understand the real flux pinning me-

chanism effects over the whole field range, the normalized volume
pinning force was scaled by the common law of ( )= −f Ah h1p q

[25], where A is a coefficient associated with the material prop-
erties of the sample, p and q are parameters that depend on the
pinning mechanisms, and h¼H H/ irr , where Hirr is the irreversibility
field, which is obtained by using the criterion of Jc¼100 A/cm2. In
this model, p¼1 and q¼1 describes volume Δk pinning (KP), p¼1
and q¼2 normal point pinning (NPP), and p¼0.5 and q¼2 normal
surface pinning (NSP) mechanism. The maximum of Fp is

( )= [ − ] ( )F A h h1 1p max
p q

max,
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where the maximum of ( )f hp occurs at = ( + )h p p q/max .
For obtaining the real pinning effect contributions based on Eq.

(2), which is used by considering the existence of the volume Δk
pinning, fKP , the normal point pinning, fNPP , and the normal sur-
face pinning, fNSP mechanisms within the following equation:

= + + ( )f b f b f b f 3k KP p NPP s NSP

where bp, bs, and bk are fitting parameters, which indicate the KP,
NPP and NSP effects, respectively, with + + =b b b 1p s k . The dashed
and solid-curves in the inset of Fig. 3 shows an example of the
scaling of Eqs. (2) and (3), respectively, to the experimental data at
9 K.

The normalized flux pinning force density versus the reduced
magnetic field (h) is plotted in Fig. 3 at different temperatures. The
position of the maximum in the experimental data moves towards
lower reduced magnetic fields, h, as the temperature increases.
This indicates that the pinning mechanism effect depends on
temperature. Theoretical curves related to the KP, NPP, and NSP
pinning mechanisms are also plotted in Fig. 3 by dashed-curves. As
can be seen in Fig. 3, the experimental data located between the
theoretical curves related to different pinning mechanisms, where
the location of the maximum in the experimental data depends on
temperature. At reduced magnetic fields smaller than 0.37,



Fig. 3. Field dependence of the normalized pinning force, with the fitting results
obtained from hp(1�h)q. Inset shows an example of the scaling of Eqs. (2) and (3) to
the experimental data at 9 K.

Fig. 4. Temperature dependence of bk,bp, and bs in (a) the low field region
(hohpeak) and (b) the high field region (h4hpeak). The error bar illustrates esti-
mated the uncertainty of parameters.
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ho0.37, the experimental data located between the two curves
corresponding to the KP and NPP mechanisms. As the temperature
increases, the peak of the experimental data comes towards to the
NPP curve and finally the peak corresponding to 10 K locates in the
position of the theoretical curve corresponding to the NPP me-
chanism. This shows that at hohpeak, the dominant pinning must
be due to both the KP and the NPP mechanisms and that their
contributions are dependent on temperature. While at the reduced
magnetic field larger than hpeak, h4hpeak, the NSP mechanism also
may be taken into account in addition to the KP and NPP pinning
effects.

The contributions of each pinning mechanism for both the
hohpeak (low fields) and the h4hpeak (high fields) regions are
shown in Fig. 4 at different temperatures. At low fields, the results
show that the KP mechanism is the dominant mechanism at
temperatures below 8 K. As the temperature increases, its con-
tribution gradually decreases and the NPP mechanism is enhanced
up to 10 K, where the volume Δk, KP, mechanism is suppressed
completely. It was also found that there was no contribution for
the NSP pinning mechanism. However, at high magnetic field
(Fig. 4b) as temperature increases the NPP mechanism contribu-
tion decreases and the NSP pinning mechanism plays a major role.
In this region, there is no effect from the volume Δk pinning
mechanism, KP, at temperatures above 7 K. Almost the same pin-
ning-mechanism temperature dependence was observed in nano-
Si and SiCl4 doped MgB2 samples [26]. It was reported the co-
existance of both the NPP and the NSP mechanisms for FeTe Se0.6 0.4

[27] and for Fe Te Se1.04 0.6 0.4 [18] single crystals.
4. Conclusions

The critical current density Jc of Fe Te Se1.06 0.6 0.4 single crystal
was calculated by using M–H loops. The Jc results suggest that
excess Fe improves the pinning potential and results in enhance-
ment of the Jc. The pinning mechanisms were studied in this single
crystal by the Dew-Hughes [26] model in terms of the different
pinning effects. The results indicated that a variety of pinning
mechanisms, e.g. normal point pinning, normal surface pinning,
and ∆k pinning coexist in Fe Te Se1.06 0.6 0.4 single crystal. The results
show that the contribution of the pinning mechanisms depend on
both the temperature and the magnetic field.
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