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Point defect pinning centers are the key factors responsible for the flux pinning and crit-
ical current density in type II superconductors. The introduction of the point defects
and increasing their density without any changes to the superconducting transition
temperature 7', irreversibility field Hj,, and upper critical field H, would be ideal
to gain insight into the intrinsic point-defect-induced pinning mechanism. In this
work, we present our investigations on the critical current density J., Hcp, Hiy, the
activation energy U, and the flux pinning mechanism in Fe;.,Co,SegsTeps (x =0,
0.03 and 0.05) single crystals. Remarkably, we observe that the J. and Uy are signif-
icantly enhanced by up to 12 times and 4 times for the 3at.% Co-doped sample,
whereas, there is little change in T, Hiy, and H.. Furthermore, charge-carrier
mean free path fluctuation, d/ pinning, is responsible for the pinning mechanism
in Fe_,Co,SegsTegs. © 2017 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.4995495

INTRODUCTION

The potential applications of iron-based superconductors due to their relatively high supercon-
ducting critical temperature, T'¢, upper critical field, H,, low anisotropy, and large current-carrying
capability have become an attractive and important subject in applied superconductivity. The Fe-
based superconducting systems mainly include the REFeAsO_,F, (1111-type), where RE = rare
earth,'? Ba;_ K Fe;As, (122—type),3 Li/NaFeAs (lll-type),“’5 and FeSe (11-type).6 Nevertheless,
the relatively low critical current density, J, is a major and challenging limiting factor for large
current and high field applications. It is well known that magnetism competes against superconduc-
tivity and is detrimental to 7. It has been shown, however, that doping with magnetic transition
ions such as Mn, Cr, Co, etc. is beneficial to the appearance of superconductivity and flux pinning
in various Fe-based superconductors. The superconductivity of REFeAsO (RE = La, Sm), CaFeAsF,
BaFe,As,, StFe;As,, CaFe,As,, and NaFeAs is induced by Co or Ni doping.7‘9 T, increases with
Co or Ni doping concentration in these compounds. The maximum 7. is 9 K for x = 0.06 in
SmFe;_,Ni,AsO,!° 20.4 K for Ba(Feggs Nipgs)2Asz,M' 13 K for x = 0.075 in LaFe;.,Co,AsO,
17.2 K for x = 0.1 in SmFe;.,Co,AsO,'>!3 22 K for x = 0.1 in CaFe;.,Co,AsFE,'* 24 K for
x=0.0061 in Ba(Fe_,Co,)2As»,"> 20 K for x = 0.2 in SrFe,.,Co,As»,'® 17 K in CaFe; 94Cog 06 Aso, !’
and 21 K for x = 0.025 in NaFe;.,Co,As.’ Among them, the tetragonal Fe(Se,Te) (11-system) is an
ideal and attractive platform to study superconductivity and flux pinning due to its low anisotropy,
lack of poisonous elements, good stability when exposed to air, multiple band gaps, and a main Pauli
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O
2158-3226/2017/7(11)/115016/9 7,115016-1 © Author(s) 2017 @ [


https://doi.org/10.1063/1.4995495
https://doi.org/10.1063/1.4995495
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/1.4995495
mailto:xiaolin@uow.edu.au
mailto:cbcai@shu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4995495&domain=pdf&date_stamp=2017-11-15

115016-2 Sang et al. AIP Advances 7, 115016 (2017)

paramagnetic effect in the upper critical field(s).'3! It is well established that FeSeq sTeg s has 7'
in the range of 10-15 K. We note that the Co doping changes T very little in FeSeqsTep s at low
doping concentrations, although the 7' decreases greatly for high doping levels. There is also a lack
of study on the effects of Co doping on the flux pinning and critical current density in Co-doped
FeSeo.5T60.5 .

Point defects are the most important pinning centers responsible for the flux pinning and crit-
ical current density in type II superconductors. Usually, the introduction of point defects increases
the irreversibility field, Hi., and Hc, although it reduces T, and the effective superconducting vol-
ume. The following methods have been used to create point defects: 1) high energy ion irradiation or
implantation;?>?3 2) chemical doping;'®?* and 3) hydrostatic pressure in granular iron pnictide super-
conductors.?>?® Ideally, samples for the study of point defect induced intrinsic flux pinning should
have a positive effect only on J due to doping, but little change in T'¢, Hiy, or H;. In this work, we
present our investigations on the J, H¢y, Hiy, Ug, and the pinning mechanism in Fe;_,Co,Seq 5Teq 5
(x =0, 0.03 and 0.05) single crystals. Remarkably, we observed that the J is significantly enhanced
by up to 12 times in the 3at.% Co-doped sample, whereas there is little change in T, Hiy, and H;.
By analysing transport and magnetic data using various models, we found that the point defects
induced by cobalt incorporation enhance Uy greatly, leading to giant enhancement of J.. Addition-
ally, we have obtained that the dominant pinning mechanism is variation in the mean free path,
ol pinning, in Fe;_,Co,Se 5Tep 5 single crystals because of spatial fluctuations of the charge-carrier
mean free path. A comprehensive vortex phase diagram is constructed and analysed for the 3at.%
Co-doped sample.

EXPERIMENTAL DETAILS

Single crystals of Fei.,Co,SegsTeps were grown by a self-flux melt growth method. High
purity (Alfa Aesar, 99.99%) Fe, Se, Te and Co powder were weighed, mixed in stoichiometric
amounts, and ground thoroughly in an argon filled glove box. The mixed powder was subsequently
pelletized by applying uniaxial stress of 100 kg/cm?, and then the pellets were sealed in an evacu-
ated (<1073 Torr) quartz tube. The sealed quartz tube was heated at a rate of 2 °C/min to 450 °C
and kept at that temperature for 4 hours. The temperature was then increased to 1000 °C at a
rate of 2 °C/min and held at 1000 °C for 24 h. Finally, the quartz ampoule was cooled down to
room temperature at a rate of 10 °C/hour. The magnetotransport was measured by the standard
four-probe method with a physical property measurement system (PPMS, Quantum Design) in the
field range Of 0-8 T, parallel to the ¢ axis. Magnetic measurements at different temperatures were
performed on a Quantum Design PPMS with a vibrating sample magnetometer (VSM). The J,
was calculated from the field dependent magnetization (M-H) data by the Bean model, J. = 20
AM/Va(1-a/3b), where a and b are the width and the length of the sample perpendicular to the applied
field, respectively, V is the sample volume, and AM is the height difference in the M-H hysteresis
loop.

RESULTS AND DISCUSSIONS

The temperature dependence of electrical resistivity for the un-doped, 3at.% Co-doped, and
5at.% Co-doped single crystals at different magnetic fields are shown in Fig. 1(a—c). Hi; and H.,
were calculated from the 10% and 90% values of their corresponding resistivity transitions p, (where
pn is the normal state resistivity just before the transition), as shown in Fig. 1(d). The inset of Fig. 2(d)
reveals that the T.”™ is 11 K for both the un-doped and the 3at.% Co-doped samples. Furthermore,
both samples show almost the same H; and H; lines (Fig. 1d). Therefore, the 3at.% Co-doped sample
is indeed ideal for studying the intrinsic point defect induced pinning mechanism and determining
the maximum enhancement of J for the Co-doped FeSe 5Teq 5. Note that the high Co-doping level
of 5at.% causes significant reduction in T, H¢y, and Hj, (Figs. 1d and 2d). We therefore focus our
investigations on the 3% doped FeSe( 5Teq 5.

Fig. 2(a—d) shows M-H loops at 2, 4, 6, and 8 K for both un-doped and 3at.% Co-doped single
crystals. As can been seen, the M-H loops of the 3at.% Co-doped sample are much wider for both
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FIG. 1. (a-c) Resistivity vs. temperature in different magnetic fields, and (d) H¢; and Hj; vs. temperature for the un-doped,
3at.% Co-doped, and 5at.% Co-doped FeSeq sTeg s samples.

low and high fields at different temperatures compared to the un-doped sample. It is obvious that
the broadening of the loops is caused by the big enhancement of flux pinning due to the Co-doping.
Fig. 3(a—d) shows J. vs. field at different temperatures. The self-field J. values for the un-doped
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FIG. 2. (a-d) M-H measurements of un-doped and 3at. % Co-doped samples at 2, 4, 6, and 8 K. Inset in (c): enlargement of
indicated range. Inset in (d): resistivity vs. temperature at zero field for the three samples.
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FIG. 3. (a-d)J vs.fieldat2,4, 6, and 8 K for un-doped and 3at.% Co-doped samples. Inset in (d): Ratio of J(x=0.03)/J . (x=0)
vs. temperature at different fields.

sample are 2 x 10%, 1 x 10*, 5 x 10, and 3 x 10> A/cm? at 2, 4, 6, and 8 K, respectively. Remarkably,
the Co-doping significantly enhances the self-field J. to 4.7 x 10*, 2.67 x 10*, 1.47 x 10*, and
6.7 x 103 A/cm? for the 3at.% Co-doped sample at 2, 4, 6, and 8 K, respectively. The enhancement
of J. is also big for high fields. Furthermore, the second magnetization peak (SMP) (in Fig. 3(c)),
appears in the Co-doped sample.

To quantify the J. enhancement, the ratio of J.(x=0.03)/J.(x=0) vs. T at different fields was
plotted as shown in the upper-right inset of Fig. 3(d). It can be seen that the ratio ranges from
23 at 2 K to 3 at 6 K for zero field, from 3.3 at 2 K to 7.6 at 7 K for 1 T, from 4.7 at 2 K up
to 12 at 6 K for 3 T, and from 5.3 at 2 K to 9.8 at 5 K for 7 T, respectively. These results show
that there is higher enhancement of J. in the 3at.% Co-doped sample for both high field and high
temperature.

Now, let us discuss the possible flux pinning mechanisms that are responsible for the significant
enhancement of J . in the 3at.% Co-doped sample. According to the Ginzburg-Landau theory, J. obeys
the power law J. o« (1-T/T)P, where 8 =1 or 8 > 1.5 corresponds to individual, non-interacting
vortices or effective and strong vortex core pinning, respectively.”>—? Fig. 4(a) shows J vs. (1-T/T)
at 0 and 7 T for the un-doped and 3at.% Co-doped samples using double logarithmic scaling. g is
fitted to be 1.8, 1.9, and 5.6, 5 for the the un-doped and 3at. % Co-doped samples at O and 7 T,
respectively, indicating that strong vortex core pinning is present in both the un-doped and the 3at.%
Co-doped sample.

We further analyse our data using collective pinning theory. There are two main core pinning
mechanisms: 67 . pinning (randomly distributed spatial variation in 7'¢) and 6/ pinning (spatial vari-
ation in the charge carrier mean free path /), which display a different behavior in J as a function
of temperature in the single vortex pinning regime. Based on the theoretical approach proposed by
Griessen et al., the J. obeys the following laws, respectively:
142y (1)

(14277 @)

§lpinning:  J.(1)/J.(0) = (1 —1%)

6T, pinning:  J.(2)/J.(0) = (1 - t2)7/6

where 1 = T/T 332
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FIG. 4. (a) Logarithmic plot of J vs. temperature at 0 T and 7 T for the un-doped and 3at.% Co-doped samples; (b) Normalized
measured J¢ vs. t = T/T at O T for the un-doped and 3at.% Co-doped samples, in good agreement with 6/ pinning. (c) Plots
of the normalized pinning force (f, = Fp/Fpmax) vs. h = H/Hjy, and (d) f p* vs. B = H/H pnax for the 3at.% Co-doped sample,
in good agreement with point pinning.

Fig. 4(b) shows the normalized temperature dependence of the normalized self-field J(¢). The
J(t) values were obtained from the J.-B curves (Fig. 3). The theoretical estimates of J.(¢)/J.(0) in the
cases of 07, pinning and ¢/ pinning are plotted by solid curves. It can be seen that the experimental
data for J.(¢) are well described by the ¢/ pinning mechanism for both the un-doped and the doped
samples.

According to the Dew-Hughes model f, o« A™(1-h)", different m and n fitting parameters can
define the specific pinning mechanism. In this classical model, the exponents m = 1 and n = 2 represent
point pinning, while m = 1/2 and n = 2 represent surface pinning, as was predicted by Kramer.
The data is also scaled using h* = HIHpax (Where Hpay is the magnetic field when F, reaches
its maximum) instead of & = H/Hj;. The scaling of the f *(h) data can be given by the following
equations, £ (h) = 3h%(1-2h/3) (for Ak pinning), f*(h) = (9/4)h(1 - h/3)? (for normal point pinning),
and £ (h) = (25/16)h'2(1-h/5)? (for surface pinning).>*3* Fig. 4(c) (d) show the normalized pinning
force fp = Fp/Fpmax VS. h = H/Higy ot f," = Fp/Fpmax V. B = H/H . The tesults show that the
experimental data are all in good agreement with the point pinning mechanism for the 3at.% Co-doped
sample.

As the 3% doping gives rise to giant enhancement in J, but causes only minor changes to 7,
Hi:, and H;, we believe that the Co doping must play a key role in the enhancement of the thermally
activated energy, Ug. Now, we discuss the Co doping effect on Uy based on the thermally activated
flux flow (TAFF) model. The broadening of the resistivity transition within a magnetic field for super-
conductors is caused by the thermally induced creep of vortices.?>-*® Hence, the thermally activated
energy as a function of resistivity p is described by the Arrhenius law, o(T,B)=poexp[-Uy/ksT],
where pg is a parameter, kg Boltzmann’s constant, and Uy is the activation energy. The Inp(T, B)
lines for various fields can be used to derive the same temperature T .55, Which should equal 7', as
shown in Fig. 5.

The thermal activation energy Ug follows the power law Uy « B™* for Fe;_,Co,SeqsTeg s
(11-type) samples in Fig. 6, where the exponent o can be yield different values depending on the dom-
inant pinning regime. For the un-doped, 3at.% Co-doped, and 5at.% Co-doped FeSeq 5 Teg s samples,
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FIG. 5. Arrhenius plots of the un-doped, 3at.% Co-doped, and 5at.% Co-doped samples at different fields.

a=0.17,0.14, and 0.19 when B <3 T and 0.=0.62, 0.59, and 0.71 when B > 3 T, respectively. For B
< 3 T, the slow decrease in Uy indicates that single-vortex pinning dominates in this region, while for
B > 3 T, the quick drop of Uy(B) implies a crossover to collective flux creep.!3”-3 The U is 531 and
2053 K for the un-doped and 3at.% Co-doped samples at zero field, respectively. It should be noted
that the Uy values for the 3at.% Co-doped sample is four times larger than for the un-doped sample
at both low and high field. As shown in Fig. 6, the pinning energy of 3at.% the Co-doped sample is
two times larger than that of Bi-2212,%° twenty times greater than that of LaFe 92Cog 03 AsO* with
the applied field parallel to the c-axis (H//c), and higher than MgB, above 7 T.*!

Fig. 7 shows a field-temperature phase diagram for 3at. % Co-doped sample. B*and Hpeak,
as defined in Fig. 7(b) and Fig. 3(c), were obtained from J.(B) curves, while Hi,; and H., were
calculated from 10% and 90% values of their corresponding resistivity transitions in p,. Based
on previous studies on the SMP effect in yttrium barium copper oxide (YBCO), FeSe(sTeg s, and
Ba(Fe.93C00.07)2As,. 184243 the vortex creep suddenly becomes faster, and the sample enters the
plastic creep regime above H peai. According to the collective pinning theory, the field dependence
of J. obeys different laws. When the field is below B* (indicated by an arrow in Fig. 7a), the J,
is field independent, with a single-vortex pinning mechanism dominating the vortex lattice, while
J. decreases quickly above B*, following a power law for the small-bundle-pinning regime.***3
Hence, the phase diagram can be clearly divided into five regions according to the strength of
the applied field: (I) single vortex pinning, which is defined below B*, (II) small bundle pinning,
which governs the behaviour between B* and H pe,x. (III) plastic creep, which holds between Hpeax
and Hi, (IV) vortex liquid, which ranges from Hj, to Hc, and (V) the normal state, which is
above H».
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The J. vs. B at 6 K for both the 3at.% Co-doped and the un-doped samples has been replotted
as shown in Fig. 7(a). It highlights the fact that both samples have the same H; and H,, but that
the self-field J. of the 3at.% Co-doped sample is 3 times higher than that of the un-doped sample
due to Co-doping. Furthermore, the 3at.% Co-doped sample has a second magnetization peak and
a high B compared with the un-doped sample. Based on our discussion, we conclude that it is the
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enhancement of Uy by Co-doping that is responsible for significant enhancement of the flux pining
and giant enhancement of J. in the 3at.% Co-doped FeSeqsTep s sample.

CONCLUSIONS

In summary, we have systemically studied the flux pinning mechanism for un-doped and Co-
doped FeSeqsTeg s samples. Remarkably, we observed that the J. is significantly enhanced by up
to 12 times in the 3at.% Co-doped sample, whereas there is little change in T, Hiy, and H).
We conclude that the point defects induced by cobalt incorporation enhance Uy greatly leading to
giant enhancement of J.. Furthermore, the charge-carrier mean free path fluctuation, 6/ pinning, is
responsible for the pinning mechanism in Fe;_,Co,SeysTeo 5.
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