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Abstract
The influence of proton irradiation on thefluctuation-inducedmagnetoconductivity of high quality
FeSe1−xTex (x= 0.4, 0.55) (FST) thinfilms has been investigated. Themeasurements were performed
withmagnetic fields up to 13 T applied in the twomain crystal directions. The results were interpreted
in terms of theGinzburg–Landau approach for three-dimensionalmaterials under a total-energy
cutoff. The analysis shows that properly-tuned proton irradiation does not appreciably affect
fundamental superconducting parameters like theTc value, the upper criticalfields or the anisotropy.
This has important consequences from the point of view of possible applications due to the
enhancement of vortex pinning induced by irradiation.

Introduction

The discovery of iron-based superconductors has added valuable knowledge to research into the high-Tc

superconductingmechanism [1]. To date, several types of iron-based superconductors have been discovered in a
variety of crystal structures [2–6]. Among these superconductors, tetragonal FeSe has received special attention
due to its simple structure [2]. Since its discovery, thismaterial has been studied as a key compound tofind the
answers to important questions regarding the superconductingmechanism. It was also shown that the
superconductivity in theβ-FeSe system is highly dependent on the stoichiometric ratio [7]. For example, in the
Fe1+δSe binary phase diagram, the PbO-type tetragonal structure remains stabilized at Fe-rich compounds
[δ= 0.01–0.04] and bulk superconductivity was found for δ= 0.01 [7–9]. Furthermore, it was found that in
these compounds, the superconductivity is very sensitive to composition and vacancy order [7]. The partial
substitution of Fe byNi, Co, andCuhas also been investigated, with a solubility up to 20% to 30% [10, 11].
However, for each dopant, the superconductivity was depressedwithin the solubility ratio. Enhanced
superconductivity was observedwhen Sewas substitutedwith Te andTc was raised up to 14 K for x∼ 0.5,
[12, 13].Moreover, Sun et al showed that theTc increases up to 38 Kwith high pressure in the FeSe
superconductor [14]. Finally, Qiu et al observed the spin fluctuation spectrum and spin gap in the FeSe system
through neutron scattering [15]. TheNMR results pointed out the enhancement of antiferromagnetic (AFM)
fluctuation towardsTc which indicates the important role of AFMfluctuations for the emergence of
superconductivity in FeSe systems [16].

The analysis of fluctuation effects above the superconducting transition is an important way to obtain
information about fundamental aspects of superconductingmaterials such as the criticalmagnetic fields, the
coherence lengths, the anisotropy, or the dimensionality (at present a highly debated issue in iron-based
superconductors, see [17–25]. In thesematerials the Ginzburg number (which is associated with the width of
the critical fluctuations region aroundTc) is half that of conventional low-Tc superconductors and high-Tc
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cuprates, so fluctuation effects are expected to play an important role [17]. Here we apply this technique
(sometimes named fluctuation spectroscopy) [26] to investigate for the first time the effect of proton irradiation
(a useful technique to introduce effective pinning centers for the enhancement of the critical current density)
on the fundamental parameters of FeSe1−xTex (x= 0.4, 0.55) (FST) thin films. In particular, we study the
fluctuation-induced in-plane conductivity undermagnetic fields up to 13 T applied in the twomain crystal
directions. The results are analyzed in terms of the three-dimensional (3D) anisotropic Ginzburg–Landau
(GL) approach [27].

Experimental details

The analyzed FST thin filmswith a thickness of 110 nmwere grown on 001-orientedCaF2 substrates by pulsed
laser deposition (PLD)with aKrF excimer laser (Coherent COMPEXPRO205F, 248 nmwavelength). During
the growth, the pressure was held below 2× 10−6 Torr, while the base pressure was 3× 10−7 Torr. The substrate
temperature, laser energy density, repetition rate, and the distance between the substrate and target were 400 °C,
3 J cm−2, 3 Hz, and 4 cm, respectively. The FST bulk target used for PLDwas prepared by the inductionmelting
method for the reaction of Fe, Se, andTe small chips at 700 °C.The nominal compositions of the FST target were
Fe0.94Se0.45Te0.55. The samples were characterized by x-ray diffraction (XRD) using CuKα radiation. Protons
with 3.5 MeV energywere irradiated into the films using theMC-50Cyclotron at KIRAM.The resistivity is
measured down to 2 K in amagnetic field up to 13 Twith a conventional four-probemethod using anOxford
superconductingmagnetic system. A 0.1 K temperature interval was used to study in detail the fluctuation
effects aroundTc.

Results and discussion

Figure 1(a) shows the (XRD) pattern of pristine and irradiated FeSe0.45Te0.55 (JP-164) and FeSe0.6Te0.4 (JP-211)
thinfilms (FST). Thewell-defined (00l)peaks perfectly indicate the c-axis grownFST films in terms of a PbO
tetragonal-type structure. In addition, as shown infigure 1, barring the 00l peaks of theCaF2 substrate, no other
extraneous peaks, which are usually associatedwith an Fe-deficient FST superconductor, are observed in the
XRDpattern [7]. Furthermore, a shift of the 00l peaks towards high angles in the case of irradiated FST can be
seenwhich indicates the shrinkage of the c parameter from5.8579 Å (JP-164) and 5.8404 Å (JP-211) in pristine
samples to 5.8199 Å (JP-164) and 5.8357 Å (JP-211) after irradiation, respectively. The c parameter of the
pristine samples is smaller than those reported for bulk poly- and single-crystalline FeSe0.45Te0.55 [28], but it is in
agreementwith that of the thin films [29, 30].

Figure 1(b) shows theWilliamson–Hall plot (FWHM× cos θ as a function of sin θ, where θ is the Bragg
angle, and FWHMdenotes the full width at halfmaximumof the diffraction peaks) [31] for the analysis of any
lattice strain in ourfilms. There is a significant change in slope after irradiation in sample JP-164, indicating a
reduction of lattice strain by the proton irradiation.However, the slope is unchanged in the JP-211 sample and
no radiation-induced changes in the strain are expected. In both samples the proton energy and total dosewas
the same (3.5 MeV and 5× 1015 cm−2, respectively). However, while in sample JP-164 the proton current was
100 nA, it was adjusted to amuch smaller value (10 nA) in sample JP-211.

Figure 2 depicts the temperature dependence of the in-plane resistivity of pristine JP-164 thin film under
different appliedmagnetic fields. As is clear from figure 2, the normal-state resistivity presents a similar
amplitude for both field directions. TheTc value (20.3 K) is determined from the transitionmidpoint at the
zero applied field. ThisTc value is larger than the one for bulk FeSeTe (14 K) [28], but is in agreement with the
one for epitaxial FeSe0.5Te0.5 thin films [29, 30]. Furthermore, one can see that by increasing the applied
magnetic field,Tc is shifted to lower temperatures and the transitionwidth becomes broader. These effects are
less evident when the field is parallel to the ab layers, which is a consequence of the anisotropic nature of these
compounds.

The inset offigure 2(b) shows an example of the process for the extraction of the background contribution to
the resistivityρB(T) in order to determine the superconducting contribution to the electric conductivity. As can be
seen, the normal-state resistivity presents a slight negative curvature that has also been observed inother FSTfilms
with similar compositions [32]. Toour knowledge there is no theoretical expression for such aρ(T)behavior, but
wenoticed that dρ/dT (inner inset)presents a linear temperature dependence down to a temperature (∼35 K) that
may be associated to theonset offluctuation effects (hereafter namedTonset). Then, ρB(T)was estimated byfitting a
degree-twopolynomial in a temperature range from35 to 50 K (solid line). Thefluctuation-induced conductivity
wasfinally obtained for each appliedmagneticfield asΔσ(T)= 1/ρ(T)− 1/ρB(T). It isworthnoting that the
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reduced temperature associated to the onset offluctuation effects εonset= ln(Tonset/Tc)≈ 0.55 is in excellent
agreementwith data in the literature for samples of the FeSe system [25, 33, 34]6, andwith the theoretical estimate
in [35]. It is also close to the εonset value (∼0.4)obtained inother Fe-based superconductors (BaFe2−xNixAs2)with
particularly tractable (almost constant)background contributions [27]. Finally,wehave checked and found that
thebackground contribution is quite stable to changes in thefitting region. For instance, in sample JP-164,
if instead of the interval 35-50K is chosen40-50Kor 35-45K, the variation inΔσnearTc (21 K)would
beonly±6%.

The data are analyzed in terms of aGL approach for 3D anisotropic superconductors, valid forfinite applied
magnetic fields. This approach includes a cutoff in the energy of the fluctuationmodes, which extends its
applicability to high reduced temperatures [35]. Such a cutoff scheme has been probed in other iron-based
superconductors [20, 27], but also in high-Tc cuprates [36], and low-Tc alloys [37]. It has also been recently taken
into account in very recent theoretical works about possiblemultiband effects on the fluctuation diamagnetism
[38]. In the framework of this approach, the fluctuation-induced conductivity in the presence of amagnetic field

Figure 1. (a)XRDpatterns for the pristine and irradiated FeSe0.45Te0.55 and FeSe0.6Te0.4 thin films usingCuKα radiation. (b)
Williamson–Hall plot: FWHM× cos θ as a function of sin θ for the pristine and irradiated JP-164 and JP-211 films.

6
In this work [34]T*= 20 Kwas obtained from the resistivity as the temperature at which dρ/dT presents a subtleminimum (of the order of

the noise level) in a∼15 Kwide plateau.However,Tonsetmay be reasonably chosen as the temperature at which dρ/dT grows above the noise
level. This leads toTonset≈ 14 K, i.e. εonset≈ 0.5, in agreementwith the values in ourwork.Measurements in this work of theNernst, Hall,
and Seebeck coefficients present amaximum (orminimum) atT*≈ 20 Kwhich the authors associate with the onset of precursor
superconductivity. However, these observables present an evident curvature around and up towell aboveT*, and it is not clear whether this
is directly associated to the actual onset of fluctuation effects. These authors also present data of the fluctuationmagnetization, but the
resultingTonset seems to be strongly dependent on the appliedmagneticfield, and in relation to thesemeasurements the own authors
recognize ’some ambiguity due toweakly temperature-dependent normal-state susceptibility’.
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with an arbitrary orientation is given by [27]
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where 1y is the first derivative of the digamma function, ln T Tce = ( ) the reduced temperature, h H H 0c2= ( )
is the reducedmagnetic field,Hc2(0) is the upper critical field (in the direction of the appliedfield) linearly
extrapolated toT= 0 K, and c is the cutoff constant. It is worth noting that c corresponds to the reduced
temperature at whichfluctuation effects vanish. This approach is expected to be applicable up to h values of the
order of 0.1 [27]. In the absence of the appliedmagnetic field and alsowithout a cutoff c , ¥( ) equation (1)
becomes the classic Aslamazov–Larkin result [39].

Figure 3(a) shows a comparison of the experimental data obtainedwithH//c on the pristine JP-164 film
with the aforementioned theoreticalmodel (solid lines). This last was evaluated by using in equation (1)
ξc(0)= 0.56 nm, H T0 108c

0 c2m =( ) (a valuewithin the ones in the literature for FST thinfilms) [29, 40, 41], and
c= 0.55 as corresponds to the reduced temperature for the onset offluctuation effects in this sample (∼35 K).
ξc(0) and H 0c

0 c2m ( )were chosen so that a good agreement is attained in thewidest possible temperature interval
for eachfield; note that the low-temperature bound of theGaussian region inwhich equation (1) is applicable is
limited by the onset of criticalfluctuations but also by possible phasefluctuations (see below) and is not a priori
known. By using thewell-knownGL expression H 0 2 0c

ab0 c2 0
2m f px=( ) ( ), ξab(0)= 1.74 nm is obtained, which

togetherwith the above ξc(0) value leads to an anisotropy factor of γ= 3.1. As can be seen, the agreementwith
the experimental data is very good except for data very close toTc and under the lowestfields used in the

Figure 2.Temperature dependence of the in-plane resistivity of JP-164 pristine film formagnetic fields applied perpendicular (a) and
parallel (b) to the ab layers. Inset: normal-state resistivity under zero applied field for the pristine JP-164 film. The solid line is afit of a
degree-two polynomial. The inset is the same background in the dρ/dT versus temperature scale.
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experiments. The anomalous fluctuation effects in this region of theH-T phase diagramwere already observed
in other iron-based superconductors andwere attributed to the possible presence of phase fluctuations [42], or
to aTc distribution [43]. The same effect seems to be also present in the fluctuationmagnetization of FeSe single
crystals recently reported byKasahara et al [34] (see, in particular,figure 2(c)–(e) in that paper).

Thedata obtained in the same sample butwithH||ab are presented infigure 3(b). In this case the theory depends
on ξc(0), c, and theupper criticalfield in the abdirection, H 0 .ab

c2 ( ) So, the lines infigure 3(b)wereobtainedwithout
free parameters, by using in equation (1) the above ξc(0) and c values, and H H T0 0 335 .ab c

0 c2 0 c2m gm= =( ) ( ) As can
be seen, the agreement is again excellent; this represents an important consistency checkof our analysis. In particular,
if theΔσ amplitudeswere affected by an incorrect background subtraction, or by thepresence of an interface
between thefilm and the substrate, the ξab(0) and ξc(0) values resulting from thedata forH//cwouldnot explain the
data forH//ab. Formagneticfields above the ones presented infigure 3 the agreementwith the theory is slightly
worse,which couldbe related to the above-mentionedh-limit for the applicability of the theory. It isworthnoting
that indirect effects like theMaki–Thompson (MT) contribution seem tobenegligible in these compounds. Theuse
of theMT term in thefitwould lead to an anomalously large pair-breakingparameter (δMT) consistentwith a
negligibleMTcontribution in the accessible reduced temperature range. This is in agreementwith the results
obtained in other families of Fe-based superconductors, see [17, 18, 22–25, 27] and inparticular [21].

The results for the same sample after proton irradiation (5× 1015 cm−2 with 3.5 MeV energy) are
presented in figure 4. In the insets the temperature dependence of the resistivity ρ(T) is shown under different
field amplitudes and for bothH⊥ab andH||ab. TheTc value (estimated as 13.2 K from the transitionmidpoint
of themeasurement withH= 0) is suppressed up to∼7 Kwith respect to the pristine sample.Moreover, a
resistive tail persists down to∼10 K, fromwhich a transitionwidth of±3 Kmay be estimated. The
background contribution to the resistivity was again obtained by fitting a degree-two polynomial. The fitting
regionwas 25–35 K, consistent with the one in the non-irradiated case (relative to theTc value). The resulting

Figure 3.The temperature dependence of thefluctuation conductivityΔσ for the JP-164 film under various appliedmagnetic fields
applied perpendicular (a) and parallel (b) to the ab layers. The solid lines correspond to equation (1).
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fluctuation contribution to the conductivity is presented in themainpanels offigure 4. In the theoretical approach,
this timewehave introduced a pre-factor f to account for a possible reduction in the superconducting volume
fraction caused by the irradiation.Also, due to the broadened resistive transition, theTc value is a free parameter,
togetherwith the upper criticalfields (or equivalently, the coherence lengths). These parameterswere chosen so
that a good agreement is attained in thewidest possible temperature interval for eachfield amplitude and
orientation. A relatively good agreementwas also obtained (solid lines)butwith some important differences
relative to the pristine sample: the usedTc value (15.1 K) is above the transitionmidpoint but stillwithin the
transitionwidth. The effective superconducting volume fractionhas strongly reduced to 0.18.The upper critical
fields extrapolated toT= 0 K resulted in H T0 50c

0 c2m =( ) (a factor∼2 smaller than in thenon-irradiated sample)
and H T0 110 ,c

ab
0 2m =( ) leading to an anisotropy factor of∼2.2 (slightly smaller than in the non-irradiated

sample). The corresponding coherence lengths are ξab(0)= 2.56 nmand ξc(0)= 1.17 nm.Finally, the cutoff
constant (c= 0.35) is found to be slightly smaller than in thepristine FeSe0.45Te0.55 thinfilm.

A second thin film (JP-211)with composition FeSe0.6Te0.4 but slightly differentTc (∼18 K)was also
studied withH//c. For the irradiation process we used the same proton energy (3.5 MeV) and total dose
(5× 1015 cm−2), but with a proton current of 10 nA (10 times smaller than the one used in sample JP-164). As
can be seen in the ρ(T) curves presented in the insets of figure 5, this time there is no appreciable change inTc

as a post-irradiation effect, although a transition broadening of∼2 K is observed. The fluctuation
contribution to the conductivity was obtained by following the same procedure as in sample JP-164 for the
background contribution (a degree-two polynomial between 35 and 50 K). The result is presented in themain
panels of figure 5. In the case of the pristine sample, a good agreement with the theory (solid lines)was
achieved by usingTc= 18.0 K (corresponding to the resistive transitionmidpoint forH= 0), c= 0.65 (as
corresponds to the reduced temperature for the onset of fluctuation effects), ξab(0)= 1.98 nm, and ξc(0)
= 0.82 nm. These last values are in rough agreement with the ones obtained for JP-164, taking into account
the slight difference in theTc value. After irradiation a relatively good agreement with the theory was also
observed, althoughwith some differences similar to the ones found in JP-164: the usedTc value (18.6 K) is

Figure 4.The temperature dependence of thefluctuation conductivityΔσ in irradiated JP-164filmunder various appliedmagnetic
fields perpendicular (a) and parallel (b) to the ab layers. The solid lines correspond to equation (1). Inset: temperature dependence of
the in-plane resistivity in irradiated JP-164 film formagnetic fields applied perpendicular (a) and parallel (b) to the ab layers,
respectively.
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0.5 K above the transitionmidpoint but still within the transitionwidth. The in-plane coherence lengthwas
found to be ξab (0)= 2.17 nm, close to the one before irradiation. The amplitude of fluctuation effects is a
factor 5 smaller than in the pristine sample. By assuming that ξc(0) is also roughly the same after irradiation,
such a reductionmay be attributed to a reduction in the effective superconducting volume fraction ( f≈ 0.2)
caused by the proton irradiation.

Infigure 6we compare theHc2(T) curves obtained from the shift of the resistive transition (as determined by
using a 50% criterion on the normal-state resistivity), with the ones resulting from the analysis offluctuations
(lines). These last were obtained from the coherence lengths through
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The excellent agreement observed in the case of the pristine samples is an important consistency check of our
analysis. In the case of the irradiated samples this comparison is complicated by the broadening of the resistive
transition.However, as can be seen in the insets in figure 6, theHc2(T) curves obtained from the analysis of
fluctuations are still within the ones resulting from the 50%and the 90% criteria.

Let usfinallymention that the reduction of theTc andHc2 values in the JP-164film after irradiation (not
observed in sample JP-211) could be due to local heating effects because of the temperature increase of the film
during the irradiation process. These local heating effectsmay accelerate the displacement of interstial atoms
and create vacancies and as result there is change in the lattice strain in the irradiated JP-164film, as indicated in
figure 1(b). In spite of the differences in the proton current, the reduction in the amplitude of thefluctuation

Figure 5.The temperature dependence of theΔσ for (a) the pristine and (b) the irradiated JP-211filmunder differentmagneticfields
applied perpendicular to the ab layers. The solid line corresponds to equation (1). The insets show the corresponding resistivity
aroundTc.
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effects after irradiation is similar in bothfilms due to a reduced superconducting volume fractionwhich seems to
be related to the proton energy and dose level which cause similar scattering centers in bothfilms.

Conclusions

Superconducting FST thinfilmswere grown by PLD. The effect of proton irradiation on the superconducting
fluctuation effects aboveTc was analyzed on two different samples in terms of aGL approach for 3D anisotropic
superconductors. The analysis provided information on fundamental superconducting parameters like the
coherence lengths, the anisotropy factor, and the effective volume fraction. Irradiation reduces the amplitude of
fluctuation effects by a factor as large as∼5, which could be attributed to a proportional reduction in the effective
superconducting volume fraction. It was found that a comparatively large value of the proton current leads to an
annealing effect and thus has a detrimental effect on the superconducting properties. However, once properly
tuned, the irradiation has amoderate effect on the upper criticalfields, the anisotropy, and even on theTc value.
This is important from the point of view of potential applications of thesematerials, because it would allow the
use of irradiation to enhance pinning properties without a detrimental effect on other fundamental
superconducting parameters.

Figure 6. (a)Themain panel showsHc2(T) for pristine JP-164 estimated from 50%of the normal-state resistivity for bothfield
orientations. The upper and lower insets showHc2(T) estimated from50%and 90%of the normal-state resistivity in the irradiated JP-
164 formagneticfields applied perpendicular and parallel to the ab layers, respectively. (b)Themain panel showsHc2(T) for pristine
JP-211 estimated from50%normal-state resistivity for the appliedmagneticfields perpendicular to ab layers. The inset shows the
Hc2(T) estimated from50%and 90%normal-state resistivity in the irradiated JP-211 formagnetic fields applied perpendicular to ab
layers. In all the cases the solid lines were evaluated from the analysis offluctuation effects.
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