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The thermally activated flux flow effect has been studied in epitaxial FeSeqgTeg 4 thin film grown by a PLD
method through the electrical resistivity measurement under various magnetic fields for B//c and B//ab.
The results showed that the thermally activated flux flow effect is well described by the nonlinear
temperature-dependent activation energy. The evaluated apparent activation energy Uy(B) is one order

larger than the reported results and showed the double-linearity in both magnetic field directions.
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Furthermore, the FeSeg¢Teg 4 thin film shows the anisotropy of 5.6 near T, and 2D-like superconducting
behavior in thermally activated flux flow region. In addition, the vortex glass transition and the temper-
ature dependence of the high critical fields were determined.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The recent discovery of the iron-pnictides superconductor [1],
has lead a new direction for the condensed matter physicists for
investigating the superconducting phenomena and comparison
with other high temperature superconductors. Principally, iron
based superconductor can be divided in two classes: the
chalcogenides such as FeTe and FeSe and the pnictides [2-6]. In
analogy with other high temperature superconductors (HTS), the
superconducting state emerges in iron-based superconductors as
a competing phenomenon with an antiferromagnetic phase. In case
of the FeSe compound, superconductivity is observed in PbO-type
structure and its crystal structure is composed of a stack of super-
conducting Fe,Se, layers along the c-axis [2]. Furthermore, the
FeSe system is taken as a key compound in order to explore the
mechanism of high temperature superconductivity. The T, of gen-
eric FeSe is as low as 8 K, however it has been reported that the T,
can be substantially enhanced up to 15 K by partial substitution of
Se with Te [7,8]. However, enhanced T, of ~37 K was achieved by
the application of hydrostatic pressures [9,10]. Furthermore, in
thin films of FeSe,_4Tey the T. is enhanced up to 21 K with x=0.6
due to the influence of strain effects induced by the lattice mis-
match between the film and substrate [11] Recently, highest T
of 65 K has recently been reported for monolayer FeSe film [12].
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It has been now well established fact that the thermal fluctua-
tions in high temperature superconductors are due to their high
T., small coherence length, and large anisotropy which is resulted
into broadening of the superconducting transition as applied mag-
netic field is increased [13]. Similarly, iron-based superconductors
also show high T, and short coherence length [14]. However, they
exhibit nearly isotropic superconductivity which is a major differ-
ence in comparison with other HTS superconductors [12-16]. For
instance, in iron based superconductors the thermal fluctuations
of vortices can result into thermally activated flux flow (TAFF),
which causes the resistive transition curve to shift to lower tem-
peratures and is broadened as the field increases. For example, in
case of REFeAsO;_4Fx (RE: rare earth element) [17,18], similar
broadening of transition with increasing field was observed which
was reported for YBa,Cus0-_s (YBCO) [19]. On the other hand, in
the case of Ba-122 the thermal fluctuations are negligible as the
resistive transition curves shift to low temperatures without
showing broadness as the field is increased [20].

In this paper we have investigated the thermally activated flux
flow (TAFF) behavior due to the intrinsic and extrinsic pinning
effects for nearly optimally doped FeSeqgTeg 4 (T ~ 21 K) thin film
under magnetic field up to 11 T by using the conventional
Arrhenius relation and modified TAFF model. It has been shown
that the Arrhenius curve slopes are directly related to, but not
equal to, the activation energies of FeSeg ¢Teg 4 thin film. It was also
found that FeSeggTeg 4 thin film can be regarded as 2D-like system,
which is dependent on the magnetic field direction in the TAFF
region.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Experimental details

The FeSeg¢Teg 4 thin film with 110 nm width was grown on 001
oriented CaF, substrates by Pulsed laser deposition (PLD) with a
KrF excimer laser (Coherent COMPEX PRO 205F, wavelength:
248 nm). During the growth process, the pressure was maintained
below 2 x 107® Torr, while the base pressure was 3 x 10~ Torr.
The substrate temperature, laser energy density, repetition rate,
and the distance between substrate and target were 400 °C,
3J/cm?, 3 Hz, and 4 cm, respectively. The FeSeysTeg 4 bulk target
used for PLD was prepared by the induction melting method for
reacting of Fe, Se, and Te small chips at 700 °C. The nominal com-
positions of FST target was Feg g4Seg 45T€g 55. The sample was char-
acterized by X-ray diffraction (XRD) using Cu Ko radiation source.
We found the diffracted peaks of (00!), from which the c-lattice
constant was evaluated to be 5.858 A. The temperature depen-
dence of the resistivity was measured down to 2 K in a magnetic
field up to 11 T with a standard four-probe method using an Oxford
superconducting magnetic system with an interval of 0.1 K. Thin
Au-lead wires were attached to the sample with pressing a small
indium chip for the sake of removing the contact resistance. The
electrical resistivity measurements were performed with constant
current with the film size of 5 mm (length) x 1 mm (width) x
110 nm (thickness) and the weak current density below 1 Ajcm?,
which shows the ohmic response.

Results and discussion

Fig. 1(a) and (b) show the temperature dependence of the
electrical resistivity near the superconducting transition T, region
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Fig. 1. The temperature dependence of electrical resistivity near T region for B//c
(a) and B//ab (b) in FeSeqsTeg 4 thin film.

atB=0,1,2,3,5,7,9and 11 T for B//c and B//ab. The zero-field
T is not very sharp with AT. ~ 1.3 as the T, (onset)=21.0 K and
the T, (zero)=19.7 K, which is similar to the reported result of
FeSegsTegs thin films [16]. With increasing magnetic fields, the
T. shifts to lower temperature observed in both magnetic field
directions however it is weaker for B//ab: a zero resistivity state
shifts down to 16.0 K for B//c and 18.2 K for B//ab at B=11 T. From
Fig. 1, the B, and the B;, were determined by the usual criterion of
90 and 10% of the normal state resistivity, respectively [20,21]. The
result for the B(T) is shown in Fig. 2 and B,(T) increases with very
steep slope as temperature decreases but slopes are less steep in
case of the B;,(T) for the both field directions. The fitted slopes
for Beo(T) and By,(T) below B=2 T are 12.4 T/ K and 3.7 T/K for
B/[c and 45.7 T/K and 12.2 T/K for B//ab, respectively, which are
approximately in agreement with previous reported results [11].
The anisotropy determined from B;.,(T) curves for both field direc-
tions steeply increases from ~ 2.5-5 when the temperature is very
close to T, as shown in the inset of Fig. 2. The anisotropy of ~ 2.5
well below T, is similar to the reported results in the Fe(Se,Te) film
[11]. Within the weak coupling BCS theory [22] and by using the
initial slope of B.,-line and B;.-line, the higher critical magnetic
field B,(0) was evaluated to be 180 T and 54 T for B//c
and B%0)=664T and 176 T for B//ab from B,(0)=
—0.693TC(dBcz/dT\TC). On the other hand, the Pauli paramagnetic
limiting field for weakly coupled BCS superconductors [23] is given
by pyB,(0) = 1.84T. = 37.4 T, which is considerably smaller than
the higher critical field in both magnetic field directions. This
implies that the orbital effect may be the dominant pair-breaking
mechanism for both magnetic field directions. The anisotropy
factor y(0) = B%(0)/B%,(0) was determined to be 3.7.

From the slopes B = |dBS,/dT| and B = |dB%/dT| the GL
coherence lengths, &40 and &, are evaluated using the relation
BS = ¢o/27E%, 0T and BY = ¢o/2mémpoécoTe With B, is used on
the determining the slope. The estimated in-plane and c-axis GL
coherence lengths are ¢g;0=1.126nm and &,y = 0.305nm,
respectively. The anisotropy factor estimated from the coherence
length, y(0) = %, is 3.8 which is equal to estimated value from
the higher critical field. The &, is about 2 times smaller than the
distance between the FeSe-layers indicating the 2D-like nature of
the sample although the anisotropy is smaller than that of cup-
rates. Fig. 3(a) and (b) show the temperature dependence of
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Fig. 2. Static vortex phase diagram for B//c and B//ab in in FeSeo ¢Tep 4 thin film. The
upper critical fields of B, and B;, as well as the vortex glass temperature are
presented. Inset shows the anisotropy ratio from the irreversible magnetic field
defined by y = B /B;,.
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Fig. 3. The temperature dependence of for B//c (a) and B//ab (b) in the FeSeyg¢Teo 4
thin film, red-colored solid lines represent the best linear fits. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

[d(ng)]" at B=1, 2, 3,5 7,9, 11 T for B//c and B//ab in
FeSegeTeg4 thin film, respectively, which is used to analyze the
vortex glass transition boundary. According to the vortex-glass
theory [24], the resistivity follows the relation p ~ (T —T,)° in
the very vicinity of the vortex-glass temperature T,, where s is
the exponent related to the vortex-glass correlation. Using the

relation [d(In p/dT)]™" o (T — T¢)/s, T, and s can be extracted from

the intercept and slope in [d(In p/dT)] 'vs.T plot. As shown in
Fig. 3, the resistivity can be well described by the vortex-glass
model with s=5.0+0.3 for Bf/c and 7.0+£0.3 for B//ab. The
s-values are somewhat larger than s=2.2-2.3 determined in
FeTepgSeo.s and LiFeAs single crystals [25,26] but are similar to
the result for YBCO thin film with strong pinning [19]. The
estimated vortex glass temperature line is shown in Fig. 2.

In the mixed dissipative state, the electrical resistivity decreases
exponentially with a tail in lower-side temperature region than
superconducting transition temperature due to the thermally acti-
vated flux flow. According to the thermally activated flux flow the-
ory [27,28], the resistivity is theoretically expressed as

p = (2VoLB/J) exp(~JooBVL/T) sinh(JBVL/T), (1)

where Vv is an attempt frequency for a flux bundle hopping, L is the
hopping distance, B the magnetic induction, J the applied current
density, J.o the critical current density in the absence of flux creep,
V the bundle volume and T the temperature. If J is small enough so
that JBVL|T <« 1, Eq. (1) is simplified to

p = (2p.U/T) exp(~U/T) 2)

where U =] BVL, called as the thermally activated energy (TAE)
and p. = volLB/],. The coefficient of Eq. (2) is temperature- and
magnetic-field-dependent. In some cuprates and FeAs-based super-
conductors, however, it is assumed that the coefficient 2p.U/T
is temperature-independent constant of p,.. Under this assumption,
we can obtain the relation U(T,B)=Uy(1—-t) and
In p(T,B) = In p(B) — Uo(B)/T, where t = T/T,,, T, is superconduct-
ing transition temperature, In p,(B) = In po + Uo(B)/T. and Uq(B)
is the apparent activation energy. From this relation, In p is linear
to 1/T, which is called an Arrhenius relation. In order to identify
the Arrhenius relation, we plot the relation of In p vs. 1/T in Fig. 4.
This result is different from the result for FeSegsTegs thin film
[21] and FeSe single crystal [29] which showed the Arrhenius rela-
tion [21]. This difference may be due to the difference of measure-
ment resolution: In our measurement the resistivity was measured
from ~10~8 Qcm, while in the previous reports the resistivity was
measured from ~10~7 Qcm [21,29] (This indicates that our mea-
surement was performed from the temperature close to supercon-
ducting transition temperature). In order to identify the
temperature dependence of Uy, we obtained the temperature
dependence of the activation energy from the Arrhenius relation,
Uo = —9In p(T,B)/9(1/T), which is plotted in Fig. 5 showing that
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Fig. 4. The Inp(T) vs. 1/T plot for B//c (a) and p,(B) for B//ab (b) in FeSeogTeg 4 thin
film. The red-colored dashed line is obtained by the modified method considering
nonlinear temperature-dependent activation energy. Inset of figure (a) shows the
electrical resistivity subtracting the fitted data of TAFF analysis from the measuring
resistivity data at B=5T. The red-colored dashed line means the transition
temperature T, = 20.5 K. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 5. The temperature dependence of the activation energy, —d1In p(T,B)/9(1/T),
for B//c (a) and B//ab (b) in FeSeosTep4 thin film. Red-colored dashed lines are
regression curves with the fitting parameters Uy(B) and p(B) determined from the
modified analytic method. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

the activation energy increases with decreasing temperature. It can
be noted that the increase is more rapid with decreasing magnetic
fields. Similar behavior was also observed in cuprates and iron-
based superconductors [18,25,30-32]. Therefore, analysis of the
activation energy cannot be performed by the simple Arrhenius
relation in this material. In order to solve this contradiction, the
effect of temperature-dependent coefficient and the temperature-
nonlinear relation of U(T,B) must be considered, which is called
as a modified TAFF method suggested by Zhang et al. [18]. By apply-
ing their suggestion to Eq. (2) with U = Ug(1 — t)?, it can be derived
that

Inp =In(2p,Uo) +qIn(1 —t) —InT — Up(1 - t)*/T (3)
and
~aInp/o(1/T) = [Uo(1 — )" ~ T][1 +qt/(1 - 1), (4)

where ¢ has a value in the range from 0.5 to 2. There are four free
parameters p,,Uy,q and T. in Eq. (3) but three free parameters
Uo,q and T, in Eq. (4). To obtain more precise values for parameters
in the regression process, we first tried the data regression using Eq.
(4) to determine three parameters Uy, q and T, and then again the
data regression for Eq. (3) to determine value of the parameter p,,
in which we used the value of the three parameters obtained from
the first process as initial values in the last process. The red-colored
dashed lines in Fig. 4(a)-(b) and Fig. 5(a)-(b) are regression curves
with the regression parameters Uq(B) and p.(B) using Eq. (3) for
B//c and B//ab, respectively. The regression is well fitted the mea-
sured data in wide temperature regions below the ~ T.. We, for

instance, plotted the electrical resistivity subtracting the regression
data of TAFF analysis from the measuring resistivity data at B=5T
in the inset of Fig. 4. As shown the inset, the subtracted resistivity
do not show the exponential increase in lower-side temperature
region than T. due to TAFF and slowly increases above T, due to
the electron-phonon scattering. The round effect downward was
observed just above T, which is due to the thermal fluctuation of
Cooper-pairs. In this regression we found that the energy relation
of U(T,B) = Up(B)(1 — t)? with g =2 leads to a good agreement with
the experimental data, where t = T/T. and T, = 20.5 K in both B//c
and B//ab, which is similar to the results of Fe(Te;,Sx) and
SmFeAsq oFo.1 [18,30], which generally show 2-dimensional behav-
ior with a similar scaling. Therefore, FeSeqgTeg4 superconducting
thin film has very small anisotropy comparing with cuprates but
it is regarded as a 2D-like system in the TAFF region, which is con-
sistent with the coherence length result mentioned before. The
parameter of p,(B) is slowly increasing with magnetic fields in both
magnetic field directions, which is drawn in the inset of Fig. 6.

As shown in Fig. 6, the values of U, determined from this
method are about 4.3 x 10* and 6.8 x 10* K at B=1 T for BJ/c
and B//ab, respectively, which are decreased down to 3.3 x 10°
and 1.0 x 10* K with increasing magnetic fields. These values of
Uy are one order larger than the values reported in some
FeAs-based superconductors but are similar to SmFeAsOggFq 1,
Bag72Ko2sFesAs, and cuprate thin films [18-20]. Especially, in
undoped FeSe single crystal the Uy values are isotropic and are
200-300 times smaller than our values for the optimal doped sam-
ple [29]. The observed anisotropy of Uy in our sample which is opti-
mally doped indicates that the difference of Uy between undoped
and optimally doped samples is not due to the impurity effect
but due to the change of intrinsic superconducting properties. Note
that the anisotropy should not be observed if the increase of U, in
optimally doped sample compared with the undoped sample is
due to only impurity effect. Moreover, the value of Uy in our case
are 15 and 30 times larger than those of nearly optimally doped
FeSegsTegs thin film [21] and FeTeggSep4 single crystal [33],
respectively. In the FeSeysTegs thin film, the Uy was determined
from the Arrhenius relation and seems to be estimated smaller.
In the FeTeggSeq.4 single crystal the difference with our case may
arise from the difference of T. and measurement resolution. Note
that the apparent activation energy as shown in Fig. 3 rapidly
decreases with increasing temperature in low magnetic fields
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Fig. 6. The apparent activation energy Uy(B) determined by the modified analytic
method for B//c and B//ab in FeSeqgTep 4 thin film. Solid lines show the best linear
fits. Inset shows the magnetic field dependence of determined by the modified
analytic method.
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and the determined apparent activation energy becomes consider-
ably smaller if it is evaluated from a higher temperature region.

The determined values of Uy in B//ab are 60-230% larger than
those in B//c, which indicates that the intrinsic pinning between
the FeSe layers is dominant for B//ab and is stronger than the
extrinsic pinning due to stacking faults and defects dominant for
B//c as mentioned just above. However, the large U, values are
decreased rapidly with increasing magnetic field in both field
directions. The magnetic field dependence of U, shows a double-
linearity in log-log scale, indicating that it follows a power law of
Uo(B) ~ B * with « = 0.52inB<2Tand & = 1.32in B>3 T in case
of B//c,and « = 0.3 inB<2Tando = 1.07 in B> 3 T in case of B//ab.
A similar behavior was also reported in Fe(Se,Te) thin film [17,29]
and single crystal [26], cuprate [19] and other FeAs-based super-
conductors [17], where the double-linearity was explained by the
transition from a single-vortex pinning to a collective-vortex pin-
ning. In the state of the single-vortex pinning occurring in low
magnetic fields, the overlap of vortex is negligible and the field
dependence is weak. Meanwhile, on increasing the magnetic field
up to a certain amount which results into significant overlap of
vortices, the pinning energy begins to be distinctively suppressed
and the field dependence is strong. Therefore, in FeSeggTeq 4 thin
film the crossover from strong to weak pinning seems to happen
at around 2-3 T in both magnetic field directions.

Conclusion

Epitaxial FeSegeTeg4 thin film grown by a PLD method was
measured electrical resistivity under various magnetic fields at
B//c and B//ab for studying the thermally activated flux flow. As a
result, the broadening near the superconducting transition in the
resistivity under magnetic fields was observed in the both mag-
netic field directions due to the thermally activated flux flow with
the evidence of strong activation energy. The magnetic field depen-
dence of the activation energy shows double-linearity with bound-
ary of 2-3 T. Since the considerably large activation energy is
observed in B//ab, comparing with B//c, we conclude that the
intrinsic pinning between the FeSe layers is dominant and is stron-
ger than the extrinsic pinning due to stacking faults and defects.
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