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Resistivity of FejgsTegsSeoq single crystal is investigated around superconducting transition region in dif-
ferent magnetic fields. The thermally activated energy (TAE) is analysed using the Arrhenius relation and
modified thermally activated flux flow (TAFF) model. The results indicate that the Arrhenius curve slopes are
directly related to but not equal to TAE. Therefore, use of the modified TAFF model is suggested, p(T,B) = pos
exp(—U/T), where the temperature dependence of the pre-factor pos = 2p.U/T and the nonlinear relation of
the TAE should be considered. The modified TAFF method results are in good agreement with the very high
critical current density values from the experimental data. It was found that the vortex glass has a narrow
region, and it depends weakly on magnetic field. The vortex phase diagram was determined based on the
evolution of the vortex-glass transition temperature with magnetic field and the upper critical field.

Crown Copyright © 2015 Published by Elsevier B.V. All rights reserved.

1. Introduction

The capability to carry high transport current in magnetic field is
one of the most significant aspects of superconductors. The limiting
value of critical current is given by the balance between the pinning
forces due to the spatial variation of condensation energy and, on the
other hand, the Lorentz force applied by the transport current. Flux
creep and flux flow are the two distinguishable regimes of dissipa-
tion. Flux creep occurs when the pinning force dominates and flux
flow when the Lorentz force dominates. The activation energy for flux
motion can be estimated from dc resistivity measurements. It is cru-
cial to understand the thermally activated energy and the de-pinning
critical current from both the practical and the fundamental points of
view. Thermally activated energy (TAE) has been well studied in high
temperature cuprates [1-5]. It is well known that the strong ther-
mal fluctuation of high temperature superconductors is due to the
very high transition temperature, short coherence length, and high
anisotropy of these compounds, which result in broadening of the su-
perconducting transition with applied magnetic field. Iron-based su-
perconductors show a relatively high transition temperature, T¢, and
short coherence length. They reveal nearly isotropic superconduc-
tivity, however, which makes them distinct from cuprates. For iron-
based superconductors, the thermal fluctuations of vortices can lead
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to thermally activated flux flow (TAFF), causing the resistance tran-
sition from the R(T,B) curve to shift to lower temperatures and also
broaden as the field increases. For example, REFeAsO;_xFx [6-10],
where RE is a rare earth element, shows similar transition broadening
to YBa,Cu307_x (YBCO) with increasing field. On the other hand, the
thermal fluctuations are negligible in Ba-122 compounds, as the re-
sistive transition curves R(T,H) shift to lower temperature [11], but do
not broaden as the field is increased. The broadening is intermediate
for iron chalcogenides. FeSe; _xTey compounds have the tetragonal
structure, where the Fe(Se/Te) layers are stacked along the c-axis, and
have T¢ as high as 15 K [12-14]. The antiferromagnetic order of FeTe
is gradually suppressed by increasing x in FeTe; _xSey, and the max-
imum T¢ is achieved for x = 0.5 [13]. It was reported, however, that
Tc can reach 37 K under pressure for FeSe compounds [15]. Possible
superconductivity above 77 K in single unit cell FeSe films on SrTiO5
(STO) substrate [16] has been reported very recently. The arsenic-free
Feq.ySe;_xTex compounds are of great interest from the viewpoints
of both the vortex state and practical applications. This is due to their
simple structure and nearly isotropic upper critical field. Also, the
high critical current density of J. > 106 A cm~2 under the very high
field of 30 T that has been recently achieved in FeSey5Teg 5 coated
conductors [17] is another significant aspect of these compounds. In
addition, as the iron is the only magnetic element in such compounds,
it provides a unique opportunity to study the effects of excess iron
in the Fe position on the vortex motion and thermally activated en-
ergy. Therefore, high quality single crystals of these compounds are
the perfect candidates to study the vortex properties and thermally
activated energy of the iron chalcogenides.
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Fig. 2. Determination of the vortex glass transition temperature from Eq. (1) for
Fe1o6TepsSeo 4 at different magnetic fields.

In this paper, the thermally activated flux flow (TAFF) behaviour
of FejggTepsSeos single crystal is investigated in magnetic field
up to 13 T, using the conventional Arrhenius relation and modi-
fied TAFF model. It will be shown that the Arrhenius curve slopes
are directly related to, but not equal to, the activation energies of
FeqggTeggSep4 single crystal. Therefore, the use of a modified TAFF
model, p(T,B) = por exp(—U|T), is suggested, where the temperature
dependence of the prefactor pgf = 2pU/T and the nonlinear relation
of the thermal activation energy, U(T,B), are considered. The modified
TAFF method results are in good agreement with the very high J. val-
ues from experimental data. It was found that Feq ggTeg gSep4 super-
conductor can be regarded as both a 3D- and 2D-like system, which
is dependent on the magnetic field direction in the TAFF region. The
vortex phase diagram has been determined based on the evolution of
the vortex-glass transition temperature, Ty, with magnetic field and
the upper critical field.

2. Results and discussion

Fig. 1 shows the resistivity p(T,B) of FejggTeggSeq4 single crystal
near T. for B//c. The onset of T. moves to lower temperature with
increasing magnetic field.

According to the vortex phase transition theory [19], in the vor-
tex glass state and close to the glass transition temperature, Tg, the
resistivity disappears as a power law

o =po|T/Tg—1J° (1)

where s is a constant and depends on the kind of disorder, and pg is a
characteristic resistivity that is related to the normal state. Therefore,
the resistivity goes to zero at Tg. Consequently T¢(B) can be extracted
by applying the relation, (dIn p/dT)~1a(T — Tg)/s, to the resistive tails.
Fig. 2 presents the resistivity of Fe;ggTegsSep4 based on the vortex-
glass model, Eq. (1), in the temperature range Tg < T < T*, with in-
tercept Tg and s = 2.3 £ 0.1. It is clear that the resistivity can be well
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Fig. 3. Temperature dependence of B, for B//ab and B//c. AT indicates the vortex-
liquid region.

described by the vortex glass model. The estimated vortex glass tran-
sition line is shown in Fig. 2.

The upper critical field, B.,, is characterized as the field at
which the resistivity becomes 90% of the normal state resistiv-
ity. Fig. 3 shows B as functions of temperature for B//ab and
B//c. B, exhibits a linear temperature dependence for both B//ab
and B//c. The estimated slopes for B, are —9.4 and —6.5 T/K for
B//ab and B//c, respectively. B, was estimated by using the con-
ventional one-band Werthamer—Helfand—Hohenberg (WHH) the-
ory: B:»(0) = —0.69T¢(dB,/dT), assuming that the upper critical field
is limited by the orbital pair breaking effect. The estimated val-
ues of By close to the zero temperature limit for B//ab and B//c
are Mong =999 T and uoBS, = 65 T, respectively. The estimated
B, calculated from the WHH theory is higher than the Bardeen
Cooper Schrieffer (BCS) paramagnetic limit, B3, in the weak cou-
pling regime. By using the weak coupling BCS formula, B> = 1.84T,
we obtain BS*> =283 T and 26.7T for B//ab and B//c, respectively.
The estimated B2 and BS, from the WHH formula are 3.5 and 2.4
times the limits for B//ab and B//c, respectively, indicating that Zee-
man paramagnetic pair breaking possibly is essential for both di-
rections. Also, it reveals the unconventional superconducting mech-
anism in this family. The anisotropy value, I', obtained using I" =
Bﬁ'g/Bgz, is equal to 1.5. According to the collective pinning model
[20], the disorder-induced spatial fluctuations in the solid-vortex lat-
tice can be clearly divided into markedly different regimes accord-
ing to the strength of the applied field. Two different regimes are
distinguishable: (1) the vortex glass, which governs the region be-
low the transition field, Bg; and (2) the vortex liquid, which holds
between Bg and B, where thermal fluctuations are important. As
can be seen from Fig. 3, the vortex-glass phase indicates that the
Feio6TepsSeo4 single crystal features only a narrow region of the
vortex-liquid phase, which is denoted by AT, with a AT/ and AT//2P
of 3.1 0.5 Kand 2.6 & 0.2 K, respectively, at magnetic field of 0 up to
13 T. This result suggests that the vortex-glass region depends weakly
on magnetic field, which originates from the vastly enhanced vortex
pinning in the studied magnetic field levels.
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Fig. 4. Longitudinal resistivity in different magnetic fields for (a) B//c and (b) B//ab. The corresponding solid red lines and blue dashed lines are fitting results from the Arrhenius
relation and Eq. (6), respectively. The insets show In pg vs. Uy data, which were obtained by using Arrhenius plots. The green dashed line is the linear fit to the inferred data. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Based on the TAFF theory [2,20], the resistivity in the TAFF regime
can be written as:

= (252 ) o () o (1

where vg is the attempt frequency for a flux bundle of volume V,
L is the hopping distance, B is the magnetic induction, J is the ap-
plied current density, J.o is the critical current density in the ab-
sence of flux creep, and T is the temperature. If JBVL « 1T, B) =
(2pcU/T) exp (=U/T) = pgrexp (=U/T) and J is small enough, then
Eq. (3) can be rewritten as:

p (T.B) = (2pU/T) exp (=U/T) = porexp (=U/T) (4)

Here U = JoBLV is the thermal activation energy (TAE), o = VLB/],
and pU/T is considered as the prefactor pgr. Mostly, the TAE of
cuprates and iron-based superconductors (FBSs) is analysed using
Eq. (4), assuming that the 2p.U/T is temperature independent. Then
U(T,B) = Uy(B) (1 — t), where t = T/T¢, and In p vs. 1/T becomes the
Arrhenius relation, In p(T,B) = In po(B) — Uy(B)/T. Here, B is the mag-
netic field strength, and In po(B) = In pof + Uy(B)/Tc. Moreover, it can
be resolved that dln p/d(1/T) = Uy(B). Therefore, In p vs. 1/T should
be linear in the TAFF regime where the slope is Uy(B), and its y in-
tercept is represented by In pg(B). It is likely that U # Uy (1 — t) and
pof # are constant; however, as the lowest temperature part of the
p(T) curve is used for determination of Uy in the Arrhenius model.
It is suggested [3] that the temperature dependence of py in Eq. (4)
should be taken into account in the analysis. According to the con-
densation model, Uy o« B2(t)§"(t), where H. is the thermodynamic
critical field, & is the coherence length, t = T/T¢, and 0 < n < 31, de-
pending on the dimensionality of the vortex system. Since Bc(t)ax1 — t
and £(t)a(1 — t)~1/2 near T, then

U(T,B) =Uy(B)(1 — t)1 (5)
Generally, ¢ = 1.5 is observed in high temperature superconduc-

tors showing 3D behaviour, whereas q = 2 represents 2D behaviour

[21-23]. Combining Egs. (4) and (5), it can be derived that

Inp =1In(2plo) +qln(1 —t) — InT — Up(1 — t)¥/T (6)

where p. and Uy are temperature independent and T¢ is obtained
from the Arrhenius fitting. Therefore, the slope of the Arrhenius plot
near T, is given by:

:[uml—oq—TH1+1ft] (7

dlnp
YR

a(1)
Eq. (7) is known as the modified TAFF model, and the fit using this
model is in better agreement with experimental results than the Ar-

rhenius model for cuprates and some iron-based superconductors
[2,3,9,24,25]. According to Eq. (7), the activation energy obtained
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Fig. 5. q as a function of magnetic field. It is obtained from fitting the resistivity in the
TAFF regime using Eq. (6) for both B//ab and B//c.

from the slope of the Arrhenius plot near T is increased with respect
to the actual value by [1 + gt/ (1 — t)]. As the Uy is strongly tempera-
ture dependent near T, the enhancement is large.

Fig. 4 presents the Arrhenius plots of p(1/T) at different magnetic
fields for B/[ab and B//c. The red solid lines show the results of lin-
ear fitting in the low-resistivity range. All the linear fittings cross at
approximately T¢, which is about 14.6 and 15.1 K for B//c and B//ab, re-
spectively. The slope of these Arrhenius plots for low resistivity can be
related to the activation energy. The insets show In p vs. Uy, which
are obtained from the linear fits of the Arrhenius results. Based on
In po(B) = In pgs + Up(B)/Tc, In por and T¢ can be obtained by linear
fitting.

The values of T. = 14.9 and 15.8 K for B//c and B//ab, respectively,
are in good agreement with the obtained values of T¢ogs, the points
where the linear fits cross, within the range of error. It is likely that
the obtained values of Uy are not accurate enough, as they are only
estimated based on the lowest temperature part of the p(T) curve
in a very narrow area, i.e., the Arrhenius relation in the TAFF region.
Then, the effects of the nonlinear relationship of U(T,B) against T and
the temperature dependence of p. should be considered. Therefore,
Eq. (6) was fitted to the experimental data. The blue dashed curves in
Fig. 4 represent the results from Eq. (6). All fits are in good agreement
with the experimental data, and the results are more accurate than
the Arrhenius model, which just covers a very narrow resistivity area
at low temperature.

It should be emphasized that the actual value of Uy is two times
higher for B//ab than in the B//c direction. It is likely that the coupling
strength between the FeSe planes, which determines the pinning be-
haviour, is more effective than the actual defect structure [1].

Fig. 5 presents the magnetic field dependence of g, which is ob-
tained from the best fits of the experimental data to Eq. (6) for B//ab
and B//c. The value of q is 2.1 & 0.1 for B//ab. For B//c, the value of q
in FeqggTeggSeqg4 single crystals is about 1.5 + 0.1, which is similar
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Fig. 6. Magnetic field dependence of Uy obtained from (a) the modified TAFF model (Eq. (3)) and (b) the Arrhenius relationship for B//ab and B//c. The dashed lines are power law

fittings using Up(B) o B".

to estimated g = 1.5 in LiFeAs crystal [20], but is different from the
value of q¢ = 2 in Fey,y(Te+xSx); [19], SmFeAsygFo; [9], and many
cuprates [3,5], which generally show 2-dimensional behaviour with a
similar scaling. Therefore, Fe; gsTeg Seg.4 superconductor has a small
anisotropy like that of LiFeAs superconductor and can be regarded as
a 3D-like system in the TAFF region for B//c. The different values of
q for B//c and B//ab indicate that the dimensionality for B//ab is very
much closer to two-dimensional behaviour than that for B//c. These
results suggest that the temperature dependence of the pinning po-
tential is correlated with dimensionality behaviour in FeggTeggSeq.4
single crystal. Therefore, one can tune the effective pinning potential
with the direction of the applied magnetic field with respect to the
c-axis or ab-plane directions, and the crossover from 2D to 3D can be
found.

Fig. 6 shows the magnetic field dependence of Uy obtained from
(a) the modified TAFF model using Eq. (5) and (b) the Arrhenius re-
lationship for B//ab and B//c. In both field directions, Uy(B) indicates
power law field dependence for both the modified TAFF model and
the Arrhenius relation. Using the modified TAFF model, for B//ab,
n = 0.51 for B> 5Tand n = 0.08 for B < 5 T, while for B//c, n = 0.98
for B> 5Tand n = 0.1 for B < 5 T. It is likely that single vortex pin-
ning is dominant at low magnetic field, as Uy decreases very slowly
with increasing magnetic field [21]. On the other hand, Uy becomes
strongly field dependent for B > 5 T, indicating the crossover from
single vortex pinning to a collective pinning regime, as the vortex
spacing becomes significantly smaller than the penetration depth in
higher fields. The obtained values of Uy using the Arrhenius relation
are nearly five times smaller than the obtained values using the mod-
ified TAFF model at low magnetic field. The higher value of Uy ob-
tained from the modified TAFF model is in good agreement with the
high value of the critical current density due to the high pinning po-
tential in this compound [22,17]. The trend in Uy(B) is similar in both
models, however. In other words, Uy(B) is revealed to be weakly field

dependent for B < 5 T, but it becomes strongly field dependent for
B > 5 T. It is likely that the slopes of the Arrhenius plots are directly
related to, but not equal to, the real value of the activation energy.
Similar behaviour has been reported for YBa,Cu30; single crystals
[1].

The values of Uy are estimated from the limited temperature in-
terval where the data reveal linear behaviour on the Arrhenius plot.
Even if the slope does not change significantly in this temperature
interval, it does not demonstrate that Uy is temperature indepen-
dent [1]. To investigate whether the Uy is temperature independent
or not, —d(In p)/d(1/T) was plotted as a function of temperature in
different magnetic fields for B//ab and B//c in Fig. 7. In the normal
state for T > T¢, —d(In p)/d(1/T) is almost temperature and magnetic
field independent, but then for T < T¢, it gradually increases with the
onset of superconductivity. Then, it is enhanced sharply in the su-
perconducting regime with increasing temperature, which is related
to the TAFF regime. If U(T,B) = Uy(B)(1 — t) and pys = const, then
—d(In p)/d(1/T) = Up(B), and therefore, Uy(B) should be a set of hor-
izontal lines. The horizontal red lines in Fig. 7 represent the Uy(B)
values, with each of them having a limited length. Each length cov-
ers the temperature interval that relates to the interval of 1/T for
estimating Uy(B) in the Arrhenius plot. It should be noted that the
slopes change with temperature without reaching a constant value.
The —d(In p)/d(1/T) curve increases with decreasing temperature and
almost crosses the centre of the horizontal Uy(B) lines. This means
that U(T,B) # Uy(B)(1 — t) and p¢y is temperature dependent, while
each Uy(B) value is only the average value of —d(In p)/d(1/T) in the
temperature area of the fitting, and the values of Uy obtained from
the Arrhenius relation are estimated in a very narrow temperature
interval. Therefore, it is likely that the Uy(B) values estimated from
the conventional Arrhenius model are not accurate enough. Then,
the temperature dependence of pgr and the nonlinear relation of
U(T,B) should be considered [3]. The dashed green lines in Fig. 7 are
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plotted using Eq. (7). The Uy and q parameters were determined by
fitting Eq. (5) to the corresponding resistivity data in Fig. 4. It is obvi-
ous that the modified TAFF model can effectively fit the upturn trend
of —d(In p)/d(1/T) with decreasing temperature and can give a more
accurate value of Uy(B) compared to the Arrhenius relation.

In summary, it is shown that the Arrhenius curve slopes are
directly related to, but not equal to, the activation energies in
FeqgsTepsSeg4 single crystals. Therefore, use of the modified TAFF
model is suggested, where the temperature dependence of pqr and
the nonlinear relation of U(T,B) should be considered. The modified
TAFF method results are closer to the experimental data. It was found
that there is a correlation between the effective pinning potential,
the temperature, and the magnetic field, which is governed by the
dimensionality of the Feq ygTeggSeg4 crystal.

3. Methods

Single crystals of FeqggTeggSeqs were prepared by a self-flux
method. Details of the single crystal growth are reported elsewhere
[18]. The as-grown single crystal was cleaved and cut into a rectan-
gular shape with the size of 1.46 x 2.12 x 0.06 mm? for transport
and magnetic measurements. The transport properties were mea-
sured over a wide range of temperatures and magnetic fields up to
13 T, with applied current of 5 mA, using a physical properties mea-
surement system (PPMS, Quantum Design).
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