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Core of the report for the period: Project objectives, work progress 
and achievements, project management  

1 Project objectives for the period  
The recent discovered of high-temperature superconductivity in Fe-based materials (FeSCs) triggered 
worldwide research activities to investigate their fundamental properties. Recent investigations on this 
new class of materials have revealed a lot of similarities to MgB2 and the cuprates. On the other hand, 
there are also important differences like quite isotropic behaviours in contrast to cuprates and the 
peculiar pairing symmetry of the order parameter (OP). The OP symmetry of FeSCs was theoretically 
predicted to the so-called s±state prior to various experimental works. Now most of the experimental 
results favour the s± scenario, however, the definitive evidence has not yet been reported. 

Whenever new superconducting materials are discovered, it becomes immediately interesting to 
explore their potential applications such as Josephson devices. In this project, we will address the 
feasibility of electronics applications by establishing the fundamentals of FeSCs. Examining the 
Josephson effect, the so-called phase-sensitive experiment, also paves the way to understanding 
fundamental properties such as superconducting energy gap and OP symmetry, which is still under 
debate. Various spectroscopy and transport measurements have been conducted to reveal intrinsic 
physical properties of FeFCs. The obtained results are interpreted based on modelling and theory, 
which will also guide for designing better junctions. 

Thin films are indispensable for electronic applications, however, it is not so easy to realize 
epitaxial Fe-based superconducting thin films. Recent success in growing epitaxial Fe-based 
superconducting thin films achieved by our teams open a new avenue to exploring electronics 
applications as well as fundamental investigations. It is worth mentioning that 3 main FeSCs, 
epitaxial thin films are available only in our project in the world, albeit there is still room for 
improving the quality of thin films. Such success led to the first thin film Josephson junctions 
by our project. It is also possible to investigate the aforementioned issues (i.e., 
superconducting gap amplitude) without pattering of films by point contact spectroscopy in 
the regime of Andreev reflection. Additionally, the information obtained through transport 
properties such as critical current densities will be also useful for exploring superconducting 
wire applications. 

2 Work progress and achievements during the period  
In order to establish Òthe basic science and technology for Iron-based superconducting 
electronics applicationsÓ, EU consortium and the counterpart of Japanese consortium have 
worked together. For this objective, IRON-SEA has focused on 4 different area; 1) Fe-based 
superconducting thin films, 2) Technical basis research, 3) Scientific basis research, and 4) 
Educational basis activities. Executive summary for each category is described below. 
   
1. Fe-based superconducting thin films 
For device applications, high quality, epitaxial thin films are necessary. Therefore, we have 
made a lot of efforts to optimise the growth conditions in the first period. As a result, the 
growth condition of all Fe-based superconducting thin films studied in this project, namely 
Ò11Ó, Ò122Ó and Ò1111Ó have been almost established [Ò11Ó: Fe(Se,Te) mainly by pulsed laser 
deposition (PLD)1-2, Ò122Ó: BaFe2As2 by both PLD3-4 and molecular beam epitaxy (MBE)5, 
and Ò1111Ó: LnFeAs(O,F) (Ln: rare earth elements) by MBE6-7]. As mentioned in the 2nd 
periodic report as well as the detailed final report, PhD students were dispatched to the 
Japanese partnerÕs institute to prepare Ln-1111 films due to the technical difficulties for EU 
teams. The partner of CNR has changed a laser source from KrF to Nd:YAG for Ò11Ó. 
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Optimum growth condition was newly achieved with a new Nd:YAG laser that showed better 
reproducibility. Now those films have been readily prepared and provided to all partners. It is 
worth mentioning that Ò1111Ó films have only been prepared exclusively by our consortium 
(Japanese partners, Nagoya university and Tokyo university of agriculture and technology) in 
the world. Additionally, the partners of CU Braislava and CNR have developed a synthesis 
technique for MgB2.  
 
2. Technical basis research 
A solid technology for high resolution patterning of Fe-based superconducting thin films is of 
fundamental importance for all electronic applications. Also for material properties 
investigations in order to obtain quantitative results from dc and, even more from ac analysis, 
it is important that the current flows in the sample through well-defined geometries. This 
implies the necessity of precise patterning of the thin films, a non-trivial process on Fe-based 
superconductors, due to their sensitivity to liquid and vapour water. Based on an acquired 
experience on cuprate superconductors, a working photolithography process has been 
developed. 

We have developed new barrier materials, namely TiOx and AlOx for junctions using 
BaFe2As2. In particular, IcRn product has been increased significantly by using TiOx barrier8. 
Note that such barriers can be used for Ò11Ó and Ò1111Ó system. For realising SIS junctions 
(i.e., all Fe-based superconductors), Ò11Ó, Ò122Ó and Ò1111Ó films have been successfully 
prepared on [001]-tilted bicrystal substrates thanks to the optimised processing conditions. 
We have observed Shapiro steps for Ò11Ó9 and Ò122Ó10 bicrystal junctions, which indicates the 
realisation of ÒSISÓ junctions. For Ò1111Ó structural analyses revealed that grain orientation 
was perfectly transferred from the substrates. Transport properties of the corresponding 
bicrystal films are under way. For this investigation, we concluded that P-doped Ba122 is the 
best candidate for grain boundary junctions. We have also developed Ò122Ó/Pt and Ò11Ó/Pt 
edge junctions by employing focused-ion-beam technique. Finally, we have also 
demonstrated hybrid junctions with MgB2 and P-doped BaFe2As2, which is one of the 
milestones in our project.  

According to our investigations and literature survey, potential application for Fe-based 
superconductors may be nanowire detectors. Here the higher Tc of Fe-based superconductors 
with respect with currently employed materials (mostly NbN) could give a significant 
advantage in simplifying the cryogenic setup of the detectors, a key point for many 
applications, e.g. satellite. Fe-based superconductors could have also advantages with respect 
to traditional superconductors in terms of non-equilibrium properties. 
 
3. Scientific basis research 
By using high quality, epitaxial films, we have investigated physical properties (e.g., 
superconducting gap structures and its amplitude, local density of state) of this class of 
material by a point-contact Andreev reflection spectroscopy11-12 and femtosecond 
spectroscopy methods13-14. Intrinsic physical properties have been also investigated by various 
transport measurements such as noise spectroscopy15-16, resistivity and critical current density 
under an extremely high magnetic field of dc 45 T17. 

Experimentally, gap symmetry is hard to identify for this multiband superconductor. 
Under these circumstances, we have designed phase-sensitive tests for Fe-based 
superconductors18. It is also note that the aforementioned results are interpreted with the aid of 
theoretical modelling: i) demonstration of the presence of electron / spin-fluctuation structures 
in Andreev reflection spectra in Co-doped Ba-122 films and relevant modeling, ii) analysis of 
pump-probe results in Co-doped Ba-122 by three-band s± Eliashberg model14, iii) four-band 
s± Eliashberg model applied to normal and superconducting state of LiFeAs19, and iv) 
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adaption of the RCSJ model for asymmetric current voltage characteristics with excess 
current. 

Currently it is of high interest to develop theoretical model of influence of disorder 
(impurity scattering) in this class of materials. We have formulated microscopic model for 
impurity scattering multiband superconductors with s± or s++ symmetry state20. We have 
shown that the suppression of transition temperature Tc can be described by a single parameter 
depending on the intraband and interband impurity scattering rates. Tc is shown to be more 
robust against nonmagnetic impurities than would be predicted in the trivial extension of 
Abrikosov-GorÕkov theory. We have found a disorder-induced transition from the s± state to a 
gapless and then to a fully gapped s++ state, controlled by a single parameter: the sign of the 
average coupling constant <! >21. 
 
4. Educational basis activities 
Our project has also provided a lot of educational opportunities: 5 PhD students have worked 
for 3 years. 2 students will submit their PhD thesis using the project results. During the 
project, researcherÕs exchanges have been frequently conducted. Additionally, one researcher 
from IFW Dresden has also submitted a habilitation thesis using the project results. 
 
References: 
1) E. Bellingeri et al, Appl. Phys. Lett. 100, 082601 (2012). 
2) A. Kawale et al,  IEEE Trans. Appl. Supercond. 23, 7500704 (2013). 
3) F. Kurth et al, Appl. Phys. Lett. 102, 142601 (2013). 
4) D. Daghero et al, Appl. Sur. Sci. 312, 23-29 (2014). 
5) A. Sakagami et al, Physica C 494, 181-184 (2013). 
6) H. Uemura et al, Solid Stat. Commun. 152, 735-739 (2012). 
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Work Package 1  
 
Work Package Number WP1 Start date 1 
Work Package Title Scientific and technical management 
Activity Type  RTD 
Participant Name 
(only contributing 
partners) 

IFW 
Dresden 

FSU Jena CU 
Bratislava 

Politecnico 
Torino 

CNR University 
Twente 

Person-months 
(X: p-m used in previous 
reporting periods/ Y: p-m 
used in this reporting 
period  / Z: total planned 
p-m) 

1/7.5/8 0.8/0.2/1 0.3/0.7/1 0.54/0.46/1 0/1/1 0/1/1 

 
¥ Summary of progress towards objectives and details for each task 

¥ Kick-off meeting, October 27, 2011, The University of Tokyo, Japan (D1.1) 
¥ 2nd IRON-SEA meeting, May 23-25, 2012, Comenius University Bratislava, 

Slovakia (D1.2) 
¥ 3rd IRON-SEA meeting, March 5-6, 2013, Osaka University, Japan (D1.3) 
¥ 4th IRON-SEA meeting (Turin, Italy) was organized by Politecnico Torino 

together with the EU project coordinator. The number of attendee was 29. 
(D1.5) 

¥  5th IRON-SEA meeting (Nagoya, Japan) was organized by Nagoya University 
(IRON-SEA) Japanese partner together with the EU project coordinator. The 
number of attendee was 31. (D1.6) 

¥ 6th IRON-SEA meeting (Dresden, Germany) was organized by IFW Dresden. 
The number of attendee was 30. (D1.7) 

¥ As a part of training activities, young scientists were appointed as a session 
chair in the 6th meeting. 

¥ For the project continuity, all partners agreed with organizing a satellite 
meeting after major international conferences such as EUCAS and ASC. 
 

¥ Highlights of most significant results 
In line with the project continuity, Japanese coordinator successfully obtained a new 
project together with the EU project partner, Politecnico de Torino. 
   

¥ Work and progress on deliverables not yet submitted: 
All deliverables (D.1.1, D1.2, D1.3, D1.4, D1.5, D1.6, D1.7) have already been 
submitted. 
 

¥ Deviations from Annex I: 
No deviations have been seen. 
 

¥ Use of resources:  
Resources have been used almost as planned. (i.e., Slightly over of 0.5 PM for IFW 
Dresden). 
  

¥ Corrective actions (if applicable) 
None. 



 5 

Work package 2  
 
Work Package Number WP2 Start date 1 
Work Package Title Films fabrication 
Activity Type  RTD 
Participant Name 
(only contributing 
partners) 

IFW Dresden CU Bratislava CNR 

Person-months 
(X: p-m used in previous 
reporting periods/ Y: p-m 
used in this reporting 
period  / Z: total planned 
p-m) 

6.14/4/10 3.9/0.1/4 6/4/10 

 
¥ Summary of progress towards objectives and details for each task 

 
Task 2.1 Co-doped Ba-122 films on bicrystal substrates for junction preparation by PLD  
(Short summary) 
During the first period (project 18 months), the group of IFW Dresden has prepared Co-doped 
BaFe2As2 (Ba-122) thin films on Fe-buffered MgO substrates that led to Òstrain induced 
superconductivity in parent Ba-122 compoundÓ[1], ÒCo-doped Ba-122 on SrTiO3 and MgO bicrystal 
substratesÓ[2], and ÒSuccessful deposition of Fe(Se,Te) on Fe-buffered MgOÓ[3-4]. However, 
ferromagnetic Fe may compromise the junction properties (see detail in WP4 report). Therefore, Co-
doped Ba-122 films on bare substrates without compromising structural as well as superconducting 
properties are highly required. 

For the first period of the project, we have found that CaF2 is a suitable substrate for epitaxial 
growth of Ba-122[5]. Co-doped Ba-122 thin films on CaF2 substrates showed a high Tc of over 28 K, 
which is much higher than the bulk single crystals due to the compressive in-plane strain. It is note 
that fluoride substrates are generic substrates for epitaxial growth of Fe(Se,Te) and LnFeAs(O,F) 
[Ln:Sm and Nd] superconducting films found by our Japanese partners[6-8]. We have conducted a lot 
of experiments using Co-doped Ba-122 on CaF2, which have reported in WP3, WP4 and WP5. 
Despite the generic substrates, fluoride bicrystal substrates have not been available to date. Therefore, 
another substrate for growing Ba-122 without Fe-buffer layer is necessary for realizing bicrystal 
junctions. 

We have re-examined the processing condition of Co-doped Ba-122 on MgO substrates. As a 
result, a high temperature deposition of 850¡C yields epitaxial growth, although a lattice mismatch of 
around 6% between Ba-122 and MgO. This success leads to Co-doped Ba-122 bicrystal junctions, 
since MgO bicrystals are commercially available. 
 
Reference 
[1] J. Engelmann et al,  Nat. Commun. 4, 2877 (2013). 
[2] K. Iida et al, Physics Procedia 45, 189-192 (2013). 
[3] K.Iida et al, Appl. Phys. Lett. 99, 202503 (2011). 
[4] K. Iida et al, Phys. Rev B 87, 104510 (2013). 
[5] F. Kurth et al, Appl. Phys . Lett. 102, 142601 (2013). 
[6] I. Tsukada et al, Appl. Phys. Express 4, 053101 (2011). 
[7] S. Ueda et al, Appl. Phys. Lett. 99, 232505 (2011). 
[8] H. Uemura et al, Solid Stat. Commun. 152, 735 (2012). 
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i) Co-doped Ba-122 on Fe-buffered MgO and Fe/MgAl2O4-buffered SrTiO3 bicrystals  
Co-doped Ba-122/Fe bilayer has been prepared on [001]-tilt MgO bicrystal substrate with a 
misorientation angle, ! GB =36.8¡ by pulsed laser deposition (PLD) in ultra high vacuum chamber. 
XRD patterns in logarithmic scale (fig. 2-1 (a)) clearly show that the film has been grown with high 
phase purity and c-axis texture, i.e. with [001] perpendicular to the substrate surface. Fig. 2-1 (b) 
shows the " -scans of the 103 reflection for Ba-122, the 110 reflection for Fe and the 220 reflection for 
MgO, respectively. It is clear from fig. 2-1 (b) that two grains with misorientation angle with ! GB =37¡ 
are formed due to the perfect transferring grain textures from the substrate via Fe buffer to the Ba-122 
layer. Here the respective average #" Ba-122  and #" Fe are 0.84¡ and 0.80¡ (not corrected for 
instrumental broadening), indicative of good in-plane alignment for both layers.  

After the structural characterization, Au layers were deposited on the films by PLD at room 
temperature and this was followed by ion beam etching to form bridges of 0.5 mm width and 1 mm 
length for transport measurements. Superconducting properties were measured in a Physical Property 
Measurement System (PPMS, Quantum Design) by a standard four-probe method with a criterion of 1 
mV cm-1 for evaluating critical current density, Jc. The R-T curves in fig. 2-2 (a) show that both inter- 
and intra-grains have the same onset Tc as well as zero resistance, indicative of the high quality of 
bicrystal films.  

The field dependence of Jc (B||c) for both inter- and intra-grains at various temperatures are 
displayed in fig. 2-2 (b). Clearly, the intra-grain Jc (Jc

intra) is higher than the inter-grain Jc (Jc
inter) at low 

magnetic fields regime due to the large ! GB. The difference between Jc
intra and Jc

inter is getting smaller 

Fig. 2-1 (a) The ! /2!  scan of Ba-122/Fe bilayer on [001]-tilt MgO bicrystal substrate in Bragg-Brentano 
geometry using Co-K$ radiation. (b) The " -scans of the 103 Ba-122, the 110 Fe and the 220 MgO. 

Fig. 2-2 (a) R-T curves of inter- and intra-grains. Both curves show the same Tc of around 20 K. (b) Jc-B 
performance (B||c) of the corresponding grains at different temperatures. Open symbols represent the intra-
grain and the solid symbols show the inter-grain curves. 
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with increasing applied field and finally both curves overlap at the irreversibility field for ! GB ~ 37¡. 
On the assumption that the weak-link behavior is empirically described by Jc

inter=Jc
intraexp(-! GB/! 0) in 

low field regime, the characteristic angle (! 0) is estimated to around 7.9¡ for the Co-doped Ba-122 
bicrystal films, which is almost twice as large as that of YBa2Cu3O7 [H. Hilgenkamp and J. Mannhart, 
Rev. Mod. Phys. 74 (2002) 485]. 

The growth of epitaxial Fe with smooth surface on SrTiO3 substrate is not straightforward, which 
is presumably due to the difference in crystal structure rather than to the lattice mismatch. As a result, 
epitaxial growth of Ba-122 is hardly achieved on Fe-buffered SrTiO3. Indeed, fiber textured Fe is 
observed (fig. 2-3 (a)), when it is prepared directly on SrTiO3 substrate with the same procedure as on 
MgO substrates. In order to avoid this problem, an additional buffer layer of MgAl2O4 between Fe and 
SrTiO3 substrate has been used. MgAl 2O4 fits better to accommodate the lattice mismatch to Fe rather 
than MgO as shown in Table 2-1. Additionally, a small lattice mismatch of 3.4 % between MgAl2O4 
and SrTiO3 may lead to good epitaxial growth. The lattice mismatch is defined as (af-as)/af, where af 
and as are the lattice parameters of Fe and substrates, respectively. 

Fig. 2-3 (b) shows the 110 pole figure of Fe on MgAl 2O4-buffered SrTiO3 fabricated by the same 
procedure described above. It is clear from fig. 2-3 (b) that a perfect textured growth of Fe is realized 
(average "# Fe=0.61¡). During heating of Fe, evolution of the Fe-layer texture was observed through 
reflection high energy electron diffraction (RHEED), which is a similar observation of Fe on single 
crystalline MgO substrates.[K. Iida et al, Supercond. Sci. Technol. 24 (2011) 125009] The RHEED 
images of the Fe layer on MgAl2O4-buffered SrTiO3 after the high temperature annealing showed only 
streak patterns, indicative of surface smoothing. This architecture also prevents the current-shunting 
effect between SrTiO3 and Co-doped Ba-122. This buffer architecture offers the opportunity to grow 
smooth epitaxial Fe layers on various perovskite substrate such as (La,Sr)(Al,Ta)O3(100) substrate. 

 
Fig. 2-3 (a) The 110 pole figure measurement of Fe on bare SrTiO3 and (b) MgAl 2O4-buffered SrTiO3. 

 
Table 2-1 The crystal structure, lattice parameter and the lattice mismatch to Fe of MgO and MgAl2O4. 

 
 
 

 
 
Structural characterization of Ba-122/Fe/MgAl2O4 on [001]-tilt SrTiO3 bicrystal substrate by 

means of X-ray diffraction is summarized in figs. 2-4. As stated earlier, in-situ Au layer deposition 
was conducted after the Ba-122 deposition, which explains the 111 reflection of Au in fig. 2-4 (a). It is 
further clear from fig. 2-4 (a) that only 00l reflections of Ba-122 with a small amount of the 110 
reflection are observed. Fig. 2-4 (b) displays the f-scans of the 103 Ba-122, the 110 Fe and the 110 
SrTiO3. Clear 8 peaks from two grains with a rotational angle of 30¡ are apparent. Accordingly, an 
epitaxial Ba-122 film is formed on [001]-tilt SrTiO3 bicrystal substrate. The onset Tc = 24 K of the 
film is almost identical to that of Ba-122/Fe bilayers on single crystal substrates. The resultant 
bicrystal junctions properties can be found in [S. Schmidt et al, IEEE Trans. Appl. Supercond. 23, 
7300104 (2013)]. Despite good crystalline quality as well as superconducting properties, the 
implementation of Fe buffer has some disadvantages like the shunting of the current in the normal 
state which leads to necessitating recalculation of the correct Tc. Additionally the normal state 
properties are always hindered by the Fe buffer layer. For instance, a mother compound of Ba-122 has 
shown the spin density wave anomaly in $-T curves at around 180 K, however, this transition is hardly 
recognized in the corresponding thin films on Fe-buffered MgO substrates. Furthermore, the intrinsic 

Materials Crystal structure Lattice parameter (nm) Lattice mismatch (%) 
MgO Rock salt 0.421 3.7 
MgAl 2O4 Spinel 0.8083 (a/2=0.4042) -0.4 



 8 

physical parameters may be influenced by ferromagnetic Fe or FeCo buffer layers, although these 
have been under investigations. 

 
Fig. 2-4 (a) The ! /2!  scan of Ba-122/Fe/MgAl2O4 trilayer on [001]-tilt SrTiO3 (STO) bicrystal substrate in 
Bragg- Brentano geometry using Co-K"  radiation. (b) The #-scans of the 103 Ba-122, the 110 Fe, and 110 STO. 
Average misorientation angles are 30.3¡, 30.2¡, and 30.2¡ for Ba-122, Fe and STO, respectively. (c) Intra-grain 
Tc was recorded as 24 K. 
 
ii) Co-doped Ba-122 on CaF2 substrates 

As stated above, our Japanese consortium members have found fluoride substrates (CaF2 and SrF2), 
which are insulators or wide gap semiconductors, can be used for epitaxial growth of NdFeAs(O,F), 
SmFeAs(O,F) and Fe(Se,Te) thin films by molecular beam epitaxy (MBE) and PLD. Hence we have 
also used CaF2 (100) single crystalline substrates for Co-doped Ba-122 by PLD. Structural 
characterization on such films by XRD was summarized in figs. 2-5. The ! -2!  scan in fig. 2-5 (a) 
shows that Co-doped Ba-122 grows c-axis textured with a small amount of Fe. Figs. 2-5 b) and c) are 
the 112 pole figure of Co-doped Ba-122 and the 111 pole of CaF2 substrate, respectively. A clear 
fourfold symmetry was confirmed for both Ba-122 and CaF2 indicative of epitaxial growth of Ba-122 
layer with its relation (100)[110]Ba-122 || (100) [100]CaF2. Additionally both Dw and Df values are 
small less than 0.8¡, which proves a good crystalline quality (figs. 2-5 d) and e)). 

 
Fig. 2-5 a) ! -2!  scans of Co-doped Ba-122 on CaF2 substrate in Bragg-Brentano geometry with Cu-K"  radiation, 
b) the 112 pole figure measurement of Co-doped Ba-122, c) the 111 pole figure measurement of CaF2 substrate, 
d) the 004 reflection of Co-doped Ba-122 rocking curve, and e) #-scans of the 112 reflection of Co-doped Ba-
122 (green trace) and the 111 reflection of CaF2 (red traces). 
  

The resultant film exhibits a relatively high Tc,90 of 28 K compared to the film on Fe-buffered 
MgO single crystalline substrate. Here Tc,90 is defined as 90% of the normal state resistance at 35 K. 
Transport critical current densities, Jc, for both major directions are displayed in figs. 2-6. It is worth 

b) c) 

d) e) 

a) 
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mentioning that self-field Jc exceeds 1 MA/cm2 even at 10 K. At all temperatures, Jc for B||c (Jc
c) is 

always lower than that for B||ab (Jc
ab), however, differences between Jc

c and Jc
ab are small in low field 

regimes, indicative of the presence of correlated defects along the c-axis. The detailed transmission 
electron microscope investigation revealed that a few line defects are observed, however, the density 
of defects is quite small. 

 

 
Fig. 2-6 Field dependence of Jc for both major directions at various temperatures. Left panel: B||c, right panel: 
B||ab. 
 
iii) Co-doped Ba-122 on MgO without Fe-buffer layers 

We have re-examined the processing condition of Co-doped Ba-122 on MgO substrates. Shown 
in fig. 2-7(a) is ! /2! -scans of x-ray diffraction for films deposited at various temperatures. Clearly 
high temperature deposition yields c-axis textured film, whereas additional reflections like 110 and 
103 were observed below 800¡C. The " -scans revealed that the film prepared at 850¡C grew epitaxy 
[see fig. 2-7(b), green traces]. On the other hand, the film deposited at 800¡C contained in-plane 45¡ 
rotated grains. These results indicate that the optimum deposition temperature is 850¡C for the film on 
MgO substrate, although a large lattice misfit of around 6% between Ba-122 and MgO. This success 
leads to a possible realization of Co-doped Ba-122 films on MgO bicrystal substrates. 

 

 

 

 

 

 

 

 

 

Fig. 2-7 (a) ! /2! -scans of x-ray diffraction for films deposited at various temperatures. (b) " -scans of the 
corresponding films deposited at 850¡C (green traces) and 800¡C (gold traces)  
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 (Task 2.2 F-doped La-1111films by PLD)  
Short summary 
Group of IFW Dresden has tried to optimize the growth condition of LaFeAs(O,F) (La-1111) thin 
films. However, we realized that in-situ growth of La-1111, which is necessary for junction 
preparation, is difficult by PLD. Hence we decided to dispatch a PhD student from IFW Dresden to 
Nagoya University (Japanese side of coordinatorÕs institution) for growing NdFeAs(O,F) thin films by 
molecular beam epitaxy(MBE). It is worth mentioning that NdFeAs(O,F) thin films show a Tc of over 
50 K, which is higher than La-1111 (Tc=25 K). During his stay in Nagoya university he successfully 
prepared NdFeAs(O,F) thin films with the help of member of Nagoya university. After the 5th IRON-
SEA meeting, PhD students from IFW Dresden and FSU Jena have stayed Nagoya University again 
for preparing NdFeAs(O,F) thin films together with staff members of Nagoya university. Although a 
short stay of 2 weeks, NdFeAs(O,F) thin films have been successfully grown on MgO single 
crystalline substrates as well as MgO bicrystal substrates. For wire and tape demonstration, 
NdFeAs(O,F) thin films have been also prepared on technical substrates[1]. After the preparation, 
those films have been structurally and electro-magnetically characterized at IFW Dresden and FSU 
Jena (D2.8, D2.9). 

For NdFeAs(O,F) thin films, two step-process involving the deposition of a parent compound 
NdFeAsO followed by a NdOF cap layer deposition have been employed. A NdOF cap layer works as 
F source. During the annealing process, F is diffused to the mother compound. We have also 
performed high field transport properties of this film at NHMFL, Florida, USA. The detailed results 
will be discussed in WP5. 
 
Reference 
[1] K. Iida et al,  Appl. Phys. Lett. 105, 172602 (2014). 
 
i) F-doped NdFeAsO film on MgO  
Shown in fig. 2-8(a) is a schematic illustration of the current film. X-ray patters showed that film 
contained NdAs and Nd2O3 impurities. Nevertheless, the film is c-axis textured. Later we confirmed 
that film is biaxial textured and the epitaxial relation is (100)[100]NdFeAs(O,F)||(100) [100]MgO. 
The film showed a high Tc of 48 K confirmed by a 4 probe transport method. We have also performed 
high field transport properties of this film at NHMFL, Florida, USA. The detailed data will be 
presented in WP5. Nevertheless, in-field performances of NdFeAs(O,F) for both crystallographic 
direction are shown in fig. 2-9.  
 
 
 
 
 
 
 
 
 
 
Fig. 2-8(a) (left) schematic illustration of the NdFeAs(O,F) thin films. (b) (right) ! /2! -scans of x-ray diffraction.  
 
 
 
 
 
 
 
 
 

MgO sub. 

NdFeAs(O,F) 

NdOF 
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Fig. 2-9 Jc-H properties of NdFeAs(O,F) thin films measured at various temperatures. 
 

(Task 2.3 Te-doped FeSe films by PLD)  
Short summary 
Two partners, IFW Dresden and CNR-SPIN, have worked on this task by using a pulsed laser 
deposition technique. The former has used a Fe-buffer layer and the latter has prepared Fe(Se,Te) 
films directly on substrates. 

The implementation of a Fe-buffered layer is applicable to Fe(Se,Te) thin films, although the 
same drawbacks such as current shunting effect are highly anticipated. Nevertheless sharp out-of- and 
in-plane textured Fe(Se,Te) thin films have been realized on Fe-buffered MgO single crystalline 
substrates[1]. Additionally, clean interface between Fe and Fe(Se,Te) layer can be realized[2], which 
is very similar results what we have obtained in Ba-122/Fe bilayer systems. Using those films, we 
have pointed out the presence of dimensional crossover between the out-of coherence length and the 
interlayer distance[2]. The detailed discussion will be found in WP5. 

CNR-SPIN has prepared Fe(Se,Te) films on various substrates by PLD[3]. Among them, the film 
on LaAlO3 (LAO) substrate shows the narrowest !"  value of less than 0.2¡, indicative excellent 
crystalline quality. Films on SrTiO3 (STO) and CaF2 also show good crystalline quality (i.e. !"  value 
is around 1¡). Here it is worth mentioning that all films have been grown epitaxial. 

In order to increase reproducibility, CNR-SPIN introduced Nd-YAG laser for deposition. As a 
result, CNR-SPIN continuously has provided Fe(Se,Te) films with high Tc of over 15 K to WP4 and 
WP7. High quality thin films were obtained on CaF2 with Tc higher than 20 K and critical current 
density (Jc) larger than 106 A/cm2 with good reproducibility[4]. Large efforts were performed in order 
to increase the reproducibility of growth on STO in order to realize deposition on bycrystal for the 
realization of Josephson junctions, because no commercially available of CaF2 bicrystal substrates. As 
a result, Fe(Se,Te) bicrystal films have been successfully prepared[5]. The detailed discussion will be 
found in WP7. 

 
References 
[1] K.Iida et al, Appl. Phys. Lett. 99, 202503 (2011). 
[2] K. Iida et al, Phys. Rev B 87, 104510 (2013). 
[3] E. Bellingeri et al,  Supercond. Sci. Technol. 25, 084022 (2012). 
[4] E. Bellingeri et al, Appl. Phys. Lett. 100, 082601 (2012). 
[5] E. Sarnelli et al, Appl. Phys. Lett. 104, 162601 (2014). 
 
i) Fe(Se,Te) films on Fe-buffered MgO 
The implementation of Fe-buffered is also applicable to Fe(Se,Te) thin films, although the same 
drawbacks such as current shunting effect are highly anticipated. Nevertheless sharp out-of- and in-
plane textured Fe(Se,Te) thin films have been realized on Fe-buffered MgO single crystalline 
substrates, as shown in figs. 2-10. Additionally, clean interface between Fe and Fe(Se,Te) layer can be 
realized, as shown in fig. 2-10 (e), which is very similar results what we have obtained in Ba-122/Fe 
bilayer systems. 
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Fig. 2-10 (a) The ! -2!  scans of Fe(Se,Te) on Fe-buffered MgO (100) substrate in Bragg-Brentano geometry with 
Cu-K"  radiation, (b) the 002 reflection of Fe(Se,Te) rocking curve, (c) the 101 pole figure measurement of 
Fe(Se,Te), (d) corresponding f-scans of Fe(Se,Te) (blue trace), and (e) bright field TEM image of Fe(Se,Te)/Fe 
bilayer. 
 
ii) Fe(Se,Te) by PLD without buffer layers 
Group of CNR has prepared Fe(Se,Te) films on various substrates by PLD in UHV condition. Among 
them, the film on LaAlO3 (LAO) substrate shows the narrowest Dw value of less than 0.2¡, indicative 
excellent crystalline quality. Films on SrTiO3 (STO) and CaF2 also show good crystalline quality (i.e. 
#$  value is around 1¡). Here it is worth mentioning that all films have been grown epitaxial. However, 

the film on LiF2 substrate contained 45¡ rotated 
grains, confirmed by the 101 reflection of %-scans. 

Shown in fig. 2-11 is the relationship between 
the Tc and in-plane lattice parameters of various 
substrates with different layer thickness of 
Fe(Se,Te). Additionally, the in-plane lattice 
parameters of Fe(Se,Te) as a function of the 
substrate lattice parameters are also plotted in lower 
panel. Films with 200 nm thick have a higher Tc, 
however the thickness is not the only parameter to 
determine the strain. Indeed, appreciable effect of 
the substrate materials on the Tc is observed, as 
shown in fig. 2-11. The measured in plane cell 
parameter of the film plotted as a function of the 
substrate surface lattice parameter shows that the 
accumulated strain is affected by the substrate 
choice. In particular, we observe that on fluoride 
substrate the growth of the films proceeds in a very 
similar way as on oxide substrates. 

An indication of a better substrate/film 
interface in the case of fluorides, however, appears also from the evolution of the RHEED pattern: i.e., 
on oxide substrates the RHEED pattern has the tendency to disappear at the very first stages of the 
growth and successively the diffraction spot become more and more defined as the growth proceeds. 
Conversely on fluorides substrates this effect is not present and the RHEED pattern steadily evolves 
from the substrate to the film ones, without fading out at the first layers of the film growth.        

2.0

1.5

1.0

0.5

0.0

In
te

ns
ity

 (
x1

04  c
ps

)

-2 0 2
!  (¡)

(b)
"! =0.72 ¡

In
te

ns
ity

 (
ar

b.
 u

ni
t)

31527022518013590450
# (¡)

FeSe1-xTex

Fe

MgO

"# =0.83¡

10
0

10
1

10
2

10
3

10
4

10
5

In
te

ns
ity

 (
cp

s)

908070605040302010
2$ (¡)

00
1

00
2

00
3

00
4

F
e,

 0
02

M
gO

, 0
02

K%

(a)

M
gO

, 0
02

 (&
/2

)

(c)

MgO
[100]

Fe
[110]

Fe(Se,Te)
[100]

!

"#

"$

"%

"&

" '

( )

("

*+# *+$ *+% *+& *+' ,+) ,+" ,+( ,+*

*+# *+$ *+% *+& *+' ,+) ,+" ,+( ,+*
*+%)

*+%(

*+%,

*+%$

*+%&

!

!

" ) ) !-./0
!1

2
3

( ) ) !-.

!

456

7 89
: / 6; <9

7 = 6
> : ?

< 9
@

1:
@

A
/@

3
!1

=
3

!
B CDB EF<E@

!1= 3

Fig. 2-11 Critical temperature dependence on 
the a axis of the substrate for different film 
thickness (lower panel) and dependence of the 
a axis of the film on the a axis of the substrate 
for a given thickness (upper panel)  



 13 

From these findings, it results that CaF2 is a very suitable substrate for the growth of Fe(Se,Te), 
allowing to obtain films with high crystalline quality, excellent epitaxy, clean interface and allowing 
the introduction of strain with related Tc enhancement up to similar values as those obtained on LAO. 
 
iii) Fe(Se,Te) films by PLD with a Nd:YAG laser 
Deposition of Fe(Se,Te) thin films on single crystal substrates were optimized using a new Nd:YAG 
laser as a source for PLD. These optimized conditions were employed as starting condition for the 
production of thin film for the junction realization. Up to now two main direction for the Josephson 
junction realization were followed: a) planar Junction (ref. Prof. P. Siedel - FSU Jena) and b) tilted 
grain boundary junction (ref. Dr. E. Sarnelli - CNR Pozzuoli). 

For a) planar junction, thin films were realized on CaF2 single crystal. In order to protect the film 
during the subsequent several etching processes the possibility of implementing a protective cap layer 
was investigated. Fe(Se,Te) films were deposited on 5 x 5 mm2 CaF2 (001) substrate with optimized 
PLD parameters. Gold layer deposition has been made in-situ just after the Fe(Se,Te) deposition at 
optimized conditions. For gold layer deposition, the PLD conditions were: distance between substrate 
and target was 3.5 cm, laser repetition rate of 10 Hz and laser energy 380 mJ. All depositions were 
carried out at room temperature under a high vacuum of 1x10-8 mbar. Gold deposition time was varied 
between 2 to 10 minutes.  

However, as its clear from the Fig. 2-12 below, gold layer was found to be responsible for 
deteriorating the material superconducting properties. 
In order to test the real necessity of the cap layer, many uncovered samples were patterned by different 

techniques such as wet etching and 
dry etching without compromising 
superconducting properties (i.e., 
superconducting transition 
temperature Tc and critical current 
density Jc). As a result, the cap layer 
was judged not mandatory and, 
hence, uncovered samples of 
different thickness were delivered to 
Prof. P. Siedel (FSU Jena) for the 
planar junction realization. 

For b) tilted grain boundary 
junction, many difficulties were 
encountered in deposition of 
Fe(Se,Te) thin films on tilted grain 
boundary SrTiO3 (STO) substrates. 
Indeed a first batch of samples 
deposited on STO bicrystals 
delivered to E. Sarnelli (CNR-SPIN 
Napoli) did not show any 
superconducting properties. 

Optimum growth condition was newly optimized with the new Nd:YAG laser that showed better 
reproducibility and a new batch was recently delivered to CNR-SPIN Napoli Group. 
 
iv) Fe(Se,Te) films on SrTiO3 bicrystal substrates by PLD with a Nd:YAG laser 
Large efforts were performed in order to increase the reproducibility of growth on SrTiO3 (STO) in 
order to deposit Fe(Se,Te) films on bycrystal for the realization of Josephson junctions, because no 
commercially available of CaF2 bicrystal substrates. Optimization of the oxygenation thermal 
treatment of the substrate was done in order to minimize the oxygen migration from the substrate to 
the film during the deposition. Such optimized treatment was then adopted for the preparation of the 
bycrystals on which Fe(Se,Te) thin films with a Tc systematically higher than 15K were grown. A 45¡ 
[001]-tilt symmetric (22.5¡ + 22.5¡) bicrystal substrate was used in order to minimize the barrier 
transparency. In Fig. 2-13(b) a sketch of the device is shown. Very low normal-state resistance values 
are achieved, which is typical of superconducting/normal-metal/-superconducting junctions. The 

Fig. 2-12 Resistance vs temperature of various Fe(Se,Te)  
thin films with and without a gold cup layer. 
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Fe(Se,Te) thin films 150 nm thick are deposited on a STO bicrystal substrate in an ultra-high vacuum 
system. The substrate is glued with silver paint onto a stainless steel sample holder placed on a 
resistive heater. The film is deposited under high vacuum conditions at a residual gas pressure of 
5x10-9 bar at a deposition temperature of about 550¡C. The laser beam with a 2 mm2 spot is focused on 
the target with a fluency of 0.5 J cm-2. The repetition rate is 3 Hz, and the targetÐsubstrate distance is 
fixed at 5 cm. A thin film of 50 nm thick gold is then deposited on the Fe(Se,Te) film through a metal 
mask for defining contact pads. To define the geometry of samples, AZ5214 positive resist and 
standard UHV photolithography is used. Then the sample is etched with an ion beam milling in the 
presence of Ar gas at 8x10-4 Torr. For the etching, the sample holder is cooled to -40¡C, using a 
controlled liquid nitrogen flow. Finally, the resist is removed and the sample is bounded to the chip-
holder. An example of the structures realized is shown in Fig. 2-13. 

 
Fig. 2-13 (a) Photograph showing a detail of the GBJ region. The crystal orientations with respect to the grain 
boundary normal are also indicated; (b) schematic of the coplanar geometry representing a bicrystal GBJ. 

 
(Task 2.4 MgB2 films by dc magnetron sputtering) 
short summary 
CU Bratislava has prepared MgB2 thin films by a co-deposition of Mg and B on the Al2O3 substrate 
and ex-situ annealing in vacuum chamber. Dependence of the structural and superconducting 
properties of MgB2 thin films on the annealing atmosphere was investigated. It has been showed that 
annealing in Ar and N2 atmosphere at 700 Ð 800 oC produces relatively thick MgO layer on the surface 
of the films, while creation of such layer is highly reduced if the annealing is done in reducing 
Ar+5%H2 atmosphere. The XPS and XRD results suggest that the MgO layer prevents out-diffusion of 
Mg from the film during the annealing, what assures better stoichiometry of the films as well as 
creation of larger MgB2 grains. The films with the highest amount of MgO on the surface, annealed in 
nitrogen atmosphere, thus paradoxically exhibited the highest critical temperature of Tc0 = 34.8 K with 
very sharp transition width of 0.1 K. 
 
Reference 
[1] M. Gregor et al, Appl. Sur. Sci. 312, 97-101 (2014). 
 
i) MgB2 films by dc magnetron sputtering 
MgBx thin films prepared by dc magnetron sputtering were grown on non-biased substrates at room 
temperature using dc unbalanced magnetron co-sputtering from Mg target (50 mm in Dia., 99.99% 
purity) and stoichiometric MgB2 target (50 mm in Dia., 99.5% purity) in Ar discharges. The 
magnetron-powers were fixed at 75 W for Mg target and 90 W for MgB2 target yielding a deposition 
rate R of approximately 33 nm.min-1. No heated substrates were placed parallel above the tilted targets 
at a distance of 60 mm. The base pressure in the chamber was below 2x10-4 Pa and the working gas 
pressure during deposition was kept at 0.7 Pa. Samples were several days exposed to the surrounding 
environment to form a passivation MgO layer on the surface. MgBx films were subsequently put into 
the vacuum chamber reaching a base pressure of 10-3Pa and then rapid annealed at 700¡C for a few 



 15 

seconds in Ar atmosphere (700Pa). R-T measurements of MgBx films confirmed their critical 
temperatures Tc,on  ~ 25 K and Tc0 ~ 22 K, as shown in fig. 2-14 a). 

 
Fig. 2-14 R-T characteristics of the MgB2 thin films prepared by dc magnetron sputtering (a) and by co-
evaporation. 
 
Because MgB2 thin films prepared by dc magnetron sputtering exhibited relatively small Tc0, a new 
method (co-deposition of Mg and B from resistive heated source and electron gun, respectively) of 
MgBx precursor thin films was elaborated.   

The second type of MgB2 thin films were prepared by co-deposition of Mg and B from two 
separate sources. The resistive thermal evaporation and e-beam gun were used to get precursor of 
MgB.  Evaporation rate was controled by two thickness monitors. We optimized parameters for MgB2 
as B Ð 0.1 nm/s and Mg Ð 0.2 nm/s (ratio Mg/B=2). After ex-situ anneling in the vaccum chamber, the 
extra Mg was removed from precursor and MgB2 crystalline structure was obtained. Annealing was 
done in argon atmosphere (700 Pa) at the different temperature varying from 650 to 850 ¡C. On the R-
T characteristic is shown typical results of MgB2 thin film annealing at temperatures 700, 750 and 800 
oC, respectively. MgB2 thin films showed the highest transition temperature at Ton= 36.5 K, Tc,0= 36.2 
K. 
 
ii) MgB2 films by dc magnetron sputtering by co-deposition 
CU Bratislava has prepared MgB2 thin films by a co-deposition of Mg and B on the Al2O3 substrate 
and ex-situ annealing in vacuum chamber. Dependence of the structural and superconducting 
properties of MgB2 thin films on the annealing atmosphere was investigated. Results are shown in 
Table I. 

Table I Transition onset temperature (Tc,on), zero resistance critical temperature (Tc0) and transition width (! Tc) 
of the MgB2 films annealed in various atmospheres (Ar, N2, Ar+5% H2) at the temperature of 700, 750 and 
800¡C, respectively. 
 
Atmosphere/Temp. Tc0 (K) Tc,on (K) ! Tc (K) 
Ar / 800¡C 32.3 32.6 0.3 
Ar / 750¡C 31.9 32.3 0.4 
Ar / 700¡C 31.8 32.2 0.4 
N2 / 800¡C 34.8 34.9 0.1 
N2 / 750¡C 32.3 32.6 0.3 
N2 / 700¡C 30.8 31.0 0.2 
Ar+H2 / 800¡C 30.9 31.2 0.3 
Ar+H2 / 750¡C 30.8 31.0 0.2 
Ar+H2 / 700¡C 30.8 31.1 0.3 
 

a)                                                                                     b) 
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It has been shown that annealing in Ar and N2 atmosphere at 700 Ð 800¡C produces relatively 
thick MgO layer on the surface of the films, while creation of such layer is highly reduced, if the 
annealing is done in reducing Ar+5%H2 atmosphere. The XPS and XRD results suggest that the MgO 
layer prevents out-diffusion of Mg from the film during the annealing, what assures better 
stoichiometry of the films as well as creation of larger MgB2 grains. The films with the highest amount 
of MgO on the surface annealed in nitrogen atmosphere thus paradoxically exhibited the highest 
critical temperature of Tc0 = 34.8 K with very sharp transition width of 0.1 K. 

 
Figure 2-15 GIXRD spectra of MgB2 films annealed in the different gases (Ar+5%H2, Ar, N2) at the temperature 
of 750 oC and pressure of 700 Pa. 

Grazing incidence X-ray diffraction measurements (GIXRD) were done using incidence angle of 
0.6 degrees. Measured patterns (Figure 2-15) show mixture of hexagonal MgB2 and cubic MgO phases. 
Samples annealed in N2 atmosphere have the highest MgO/MgB2 ratio of 1.09. For samples annealed 
in Ar+5%H2 atmosphere, this ratio is lowest (MgO/MgB2 = 0.19). To determine the amount and 
distribution of the MgO phase within the film, GIXRD analysis with three different incidence angles 
of 0.25, 0.33 and 0.78 deg. has been used. The increasing of X-ray incidence angle increases the 
penetration depth of X-rays into the material. For all types of samples, i.e. annealing in all 
atmospheres, the ratio of MgB2/MgO has increased 2-3 times as the incidence angle has been 
increased. This result confirms that concentration of MgO phase is highest near the surface, which is 
with agreement with the XPS depth profile analysis (Figure 2-16). 

 
Figure 2-16 XPS depth profiles of the MgB2 films annealed in a) Ar ,  b) N2 and c) Ar+5%H2 atmosphere at 
750¡C. 
 
(Task 2.5 MgB2 by HPCVD) 
short summary 
Hybrid Physical Chemical Vapor Deposition (HPCVD) for MgB2 requires the use of diborane, B2H6, 
as the boron precursor gas. The handling of B2H6 is quite complicated in terms of safety regulations in 
CNR-SPIN. Hence, CNR-SPIN has worked together with the group of Temple University, USA. As a 
result, high quality MgB2 thin films have been realized. In parallel, the group of Tokyo University of 
agriculture and technology (Japanese partner) has also prepared MgB2 thin films by HPCVD. Some of 
the films have been sent to the IFW Dresden for structurally and electro-magnetically characterizations. 
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i) MgB2 thin films by HPCVD  
Epitaxial MgB2 films have been on SiC (0001) by hybrid physical-chemical vapor deposition 
(HPCVD) technique. Usually 4H-SiC and 6H-SiC substrates were used for MgB2 thin films growth by 
HPCVD. In particular (fig. 2-17, left), 4H-SiC (0001) shows a very small (-0.45%) lattice mismatch 
with MgB2Õs one (for instance, compare with the 9% lattice mismatch with Al2O3 substrate, which is 
commonly used for the MgB2 film deposition). 

The close lattice match between the c-cut surface and that of MgB2 results in high-quality epitaxy. 
X-ray diffraction (fig. 2-18) showed that the films are c-axis oriented and epitaxial, with in-plane 
alignment between the a-axis of MgB2 and the a-axis of SiC. The full width at half maximum of the 
0002 MgB2 peak was less than 0.30¡ in 2!  and less than 0.65¡ in w (rocking curve) for the best films. 

The superconducting critical temperature Tc exceeds the bulk-value only when MgB2 films are 
grown on atomically flat (0001) SiC single crystals. All these results further confirm the interpretation 
of the coalescence-driven tensile strain mechanism behind the enhancement of superconducting 
properties in HPCVD-grown MgB2 thin films. 

As final consideration, the realization of high quality MgB2 thin films by HPCVD can be 
considered a demonstrated technology. However such technology requires the use of diborane, B2H6, 
as the boron precursor gas. The handling of this substance requires quite extensive precautions, which 
are very difficult to implement within current safety regulations in our research centers. Consequently 
the realization of a dedicated HPCVD fabrication system, funded by a different project, has seen a 
considerable delay. As a result, currently all the MgB2 thin films are realized through a collaboration 
with the group of Prof. Xiaoxing Xi at the Physics department, Temple University, Philadelphia, USA. 
 

 
Fig. 2-17 Schematic of MgB2 lattice mismatch with SiC (0001) substrates. The values and the sign of lattice 
mismatches are also reported. On the right, typical R(T) behavior of a MgB2 film grown by HPCVD on a 
5x5mm SiC (0001) substrate. 

 
Fig. 2-18 X-ray diffraction spectra of a MgB2 thin film on a (0001) 4H-SiC substrate. ! -2!  scan and " -scan of 
the 101!  2 MgB2 reflection. The substrate peaks are marked by *. 
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¥ Highlights of most significant results 
1) Realizing Co-doped Ba-122 on [001]-tilt SrTiO3 and MgO bicrystal substrates 
2) Preparation of high crystalline quality, epitaxial Co-doped Ba-122 on fluoride substrates 
3) Successful fabrication of Co-doped Ba-122 on MgO without buffer layer 
4) Preparation of clean, epitaxial Fe(Se,Te) films on Fe-buffered MgO(001) 
5) Preparation of high quality Fe(Se,Te) on various oxide substrates 
6) Fe(Se,Te) thin films have been prepared on [001]-tilt SrTiO3 bicrystal substrates 
7) NdFeAs(O,F) thin films have been prepared on MgO single crystalline and bicrystal substrates by 

MBE 
8) Realisation of NdFeAs(O,F) thin films on metal substrates 
9) Achieving high quality MgB2 films by co-evaporation method 
  
¥ Work and progress on deliverables not yet submitted: 

All deliverables (D.2.1, D2.2, D2.3, D2.4, D2.5, D2.6, D2.7, D2.8 and D2.9) have already been 
submitted. 

¥ Deviations from Annex I: 
No deviations have been seen. 

¥ Use of resources:  
Resources have been used almost as planned, however, the partner of IFW Dresden has used a 
slightly over budget as planned (i.e., 0.18 PM). 

¥ Corrective actions (if applicable) 
None. 
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Work Package 3   
 
Work Package Number 3 Start date 1 
Work Package Title Advanced structural characterisation 
Activity Type  RTD  
Participant Name 
(only contributing partners) IFW Dresden CU Bratislava Politecnico Torino CNR 

Person-months 
(X: p-m used in previous 
reporting periods/ Y: p-m used 
in this reporting period  / Z: 
total planned p-m) 

6/1.8/7 3.1/6.9/10 0/3/3 3/3/6 

 
¥ Summary of progress towards objectives and details for each task 

Objectives 
Task 3.1: Films prepared in WP2 will be confirmed their epitaxy and crystalline quality by 
XRD pole figure measurements. 
Task 3.2: Surface roughness, which is very crucial for junctions preparation, will be 
examined by atomic force microscope (AFM) and field emission scanning electron 
microscope (FESEM). In-situ atomic resolved scanning tunnelling microscope (STM) 
analyses will be carried out in Te-doped FeSe thin films. Surface roughness will be 
improved by ion beam etching. For characterisation of the surfaceÕs electronic state of the 
thin films the Scanning Spreading Resistance Spectroscopy (SSRS) will be used at room 
temperature. 
Task 3.3: Defects and interface between film and substrates will be examined in detailed 
by high resolution TEM. TEM lamellae will be prepared by FIB. 
 
Short summary 
All films prepared in WP2 have been routinely checked by pole figure measurements. 
Additionally, some of the films from Japanese consortium have been also characterized. 
Such information is provided to the films grower for further optimizing growth conditions. 
Co-doped Ba-122 on MgO, Fe-buffered MgO and CaF2 substrates, SmFeAs(O,F) thin film 
on CaF2 substrate, NdFeAs(O,F) thin film on IBAD-MgO thin films have been 
investigated through transmission electron microscopy (TEM). As a result, Fe buffer layer 
also works for Fe(Se,Te), for which sharp film/buffer interface is confirmed. Surface 
morphology of Co-doped Ba-122 with different concentration of Co and Fe(Se,Te) thin 
films has been investigated by employing AFM, SSRS, X-ray photoelectron spectroscopy 
(XPS), Auger electron spectroscopy/microscopy (AES) and FESEM. 

 
Task3.1 XRD pole figure measurements 
This task has been routinely carried out by the IFW Dresden and CNR. Structural 
characterization by XRD were performed on following type of the superconducting thin 
films: 
- Co-doped Ba-122 thin films with various concentrations of Co and various types of 

substrates. 
- SmFeSe(O,F) thin films on fluoride substrates 
- NdFeSe(O,F) thin films on MgO single crystalline, bicrystal substrates and IBAD-

MgO 
- Te-doped FeSe thin films on various substrates 
- MgB2 thin films on Al2O3 
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Among of all results, which have already been described in detail in periodic reports and 
published in journals, we will show several results in the final report.  

Group of IFW Dresden found that CaF2 is a suitable substrate for epitaxial growth of Ba-
122. Additionally, MgO is also a suitable substrate by employing a high temperature 
deposition temperature. Hence we briefly present the results of Co-doped Ba-122 thin films 
on MgO(100) substrates by employing a high temperature deposition temperature. Shown in 
fig. 3-1-1(a) is ! /2! -scans of x-ray diffraction for films deposited at various temperatures. 
Clearly high temperature deposition yields c-axis textured film, whereas additional reflections 
like 110 and 103 were observed below 800¡C. The " -scans revealed that the film prepared at 
850¡C grew epitaxy [see fig. 3-1-1(b), green traces]. On the other hand, the film deposited at 
800¡C contained in-plane rotated grains. These results indicate that the optimum deposition 
temperature is 850¡C for the film on MgO substrate, although a large lattice misfit of around 
6% between Ba-122 and MgO. 

 
 

 

 

 

 

 

 

 

 

a)                                                      b) 

Fig. 3-1-1 (a) ! /2! -scans of x-ray diffraction for films deposited at various temperatures. (b) ! -scans of the 
corresponding films deposited at 850¡C (green traces) and 800¡C (gold traces)  

SmFeAs(O,F) thin films prepared on CaF2(100) and SrF2(100) substrates have been sent to 
the IFW Dresden by Tokyo University of A&T (Japanese partner). Fig. 3-1-2 displays the ! -
scans of the 112 reflection of SmFeAs(O,F), the 112 reflection of Sm4O3F6 and the 111 
reflection of CaF2(100) substrate. Clearly all layers even for the Sm4O3F6 cap layer have been 
epitaxial. Here the epitaxial relation was confirmed to (001)[100] Sm4O3F6 || (001)[110] 
SmFeAs(O,F) || (001)[100]CaF2. All films are also epitaxially grown on CaF2 and SrF2 
substrates. It is clear that the film fabricated on SrF2 substrate has a large mismatch of -4.2%, 
which is a direct consequence of large "!  value. However, the Tc shows the highest among 
the films due presumably to lattice strain. 
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Another pole figure measurements were done on NdFeAs(O,F) films on MgO single 
crystalline, bicrystal, and IBAD-MgO substrates prepared by Nagoya University. Shown in 
fig. 3-1-3(a) is a ! -scan for NdFeAs(O,F) film on MgO(100) single crystalline substrate 
prepared by molecular beam epitaxy. The detailed fabrication will be found in WP2. It is 
clear from fig. 3-1-3 that NdFeAs(O,F) film is epitaxially grown. The average "!  value is 
1.2¡. We have also fabricated NdFeAs(O,F) films on a metal tape with MgO buffer layer (i.e. 
IBAD-MgO, technical substrate) for demonstrating oxypnictide superconducting tapes. As 
can be seen in fig. 3-1-3 (b), NdFeAs(O,F) is epitaxially grown on IBAD-MgO substrate. 
Interestingly NdOF cap layer is also grown epitaxial, as shown in fig. 3-1-3 (c). Here the 
epitaxial relation is (100)[110]NdOF||(100)[100]NdFeAs(O,F)||(100) [100]MgO. Thanks to 
the epitaxial growth, self-field critical current density reached 7.3 x 104 A/cm2 at 5 K, more 
than 20 times higher than powder-in-tube processed SmFeAs(O,F) wires. These results have 
been summarized in Ref. [3.1.1] 

In order to make NdFeAs(O,F) bicrystal junctions, NdFeAs(O,F) thin films have been 
deposited on [001]-tilt MgO bicrystal substrate with a grain boundary angle, #GB, of 45¡. No 
impurity phases except for NdOF cap layer were observed from #/2#-scans.  

 
a)                                                  b)                                       c) 

Fig. 3-1-3 (a) ! -scans of NdFeAs(O,F) and MgO substrate. (b) ! -scans of NdFeAs(O,F) and IBAD-MgO. (c) ! -
scans of NdOF cap layer and NdFeAs(O,F).  

Fig. 3-1-2 ! -scans of the 111 CaF2, 112 SmFeAs(O,F) 
and 112 Sm4O3F6. 
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Fig. 3-1-4 ! -scans of NdFeAs(O,F) and MgO bicrystal substrate. 
 

! -scans of the corresponding NdFeAs(O,F) film showed that two grains  with " GB=45¡ 
are grown, indicating that grain orientation is transferred from the substrate (see fig. 3-1-4).  

MgB2 film was prepared by Tokyo University of A&T (Japanese partner) with employing 
hybrid physical vapour deposition (HPCVD) technique. The resultant film showed a Tc of 38 
K with a sharp transition. From the " /2" -scans in Bragg-Brentano geometry, the film is grown 
in c-axis textured. Shown in fig. 3-1-5 is the ! -scans of the 10-11 reflection of MgB2 and the 
10-14 reflection of the Al2O3 substrate. Clear 6-fold symmetry was recognized. MgB2 is 
rotated 30¡ on the basal plane with respect to Al2O3. (i.e. (0001)[1120]MgB2 || 
(0001)[1010]Al2O3) 

!

 

 
Reference 
[3.1.1] K. Iida et al, Appl. Phys. Lett. 105, 172602 (2014).  
 

Fig. 3-1-5  ! -scans of the 10-11 reflection of MgB2 and the 10-14 reflection of the Al2O3 substrate. Average #!  
value is 1.47¡. 
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Task3.2 Surface morphology analyses 

The interface of pnictides in contact with normal metal, dielectric material or another 
superconductor plays crucial role and can significantly change properties of the junctions 
prepared on them. Scanning probe microscopy (SPM) techniques (AFM, SSRM and STM), 
FESEM, XPS and AES were used to investigate surface properties of the Co-doped Ba-122 
and Te-doped FeSe superconducting films. Influence of an ion beam etching, which is often 
used in many technological processes, on their structural and electrical surface properties was 
also investigated by CU Bratislava, Politecnici di Torino and CNR. 

In CU Bratislava the surface topography has been measured in semicontact AFM mode 
using standard silicon AFM tips. The surface conductivity mapping has been done in SSRM 
mode with conductive PtIr-coated silicon AFM tips. For SSRM measurements, voltage was 
applied to the sample and the tip was grounded. For STM measurements, the sample was 
biased and mechanically prepared PtIr tip was grounded. All measurements were carried out 
in nitrogen atmosphere at ambient pressure. Ion gun Platar Klan 53M has been used for Ar ion 
beam etching with ion energy of 500 eV and beam current of 20 mA.!

!
3.2.1   Co-doped Ba-122 thin f ilm deposited on MgO with buffer Fe layer 
The AFM images of untreated as-prepared samples revealed pyramidal objects on the surface 
and weakly visible cracks in the film [Fig. 3-2-1 (a)]. There is no correlation between 
pyramidal objects and cracks. After ion beam etching, rough structure of original surface is 
copied, but pyramidal objects almost disappeared and cracks are clearly visible [Fig. 3-2-1 
(b)]. The same features were measured by FESM in Politecnico di Torino [Fig. 3-2-1 (c)]. 

!
Fig. 3-2-1 AFM surface topography of (a) untreated and (b) Ar ion beam etched Ba(Fe0.9Co0.1)2As2  , FESEM SE 
images of Ba(Fe0.92Co0.08)2As2 film grown on MgO with a Fe buffer layer 
!

AFM and SSRM measurements reveal that the pyramidal objects on the untreated 
sample surface have been spiral structure. The surface conductivity is inhomogeneous and 
copies this spiral structure (Figs. 3-2-2 and 3-2-3 (a)). Similarly as on AFM and SSRM 
images, pyramidal spiral objects on the untreated surface are clearly visible also on the STM 
images [Fig. 3-5 (b)]. 

After etching the spiral structure completely vanished, but the surface conductivity even 
more inhomogeneous [Fig. 3-2-4 (a)]. STM images of the etched surface [Fig. 3-2-4 (b)] 
shows that the ion beam etching at 500 eV ion energy is probably causing serious damage to 
the surface. 

To conclude, surface properties of Co-doped Ba-122 thin films have been studied by 
SPM methods and XPS. Spiral pyramidal objects on untreated surface are clearly visible by 
AFM, SSRM and STM. After ion beam etching, spiral structures disappear, but rough 
structure has been copied. By the SSRM measurements it has been shown that surface 
conductivity is very inhomogeneous and can play significant role in the junction properties"!

(
a
) 

(
b
) 
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!
Fig. 3-2-3 (a) Surface conductivity map (SSRM image measured at +2 V bias voltage) and (b) STM image of the 
untreated Co-doped BaFe2As2 thin film. 
!

                         !
Fig. 3-2-4 (a) Surface conductivity map (SSRM image measured at +1.5 V bias voltage) and (b) STM image 
(tunnelling current 1 nA at bias voltage 0.2 V) of the Ar ion beam etched Co-doped BaFe2As2 thin film. 
!

XPS monochromatic x-rays were used to measure of chemical composition of Co-doped 
Ba-122. As deposited Co-doped Ba-122 exhibits contamination with hydrocarbon, as shown 
in Fig. 3-2-5 (a). After applying of Ar ion beam etching with energy of ions to 800 eV for 30 
min we removed carbon from the surface and we obtained core level photoelectrons Ba3d, 
Fe2p, As3p, Co3p and O1s belong to the pnictide film [Fig. 3-2-5 (b)]. We found small 
contamination of sample by oxygen.  

(a
) 

(b
) 

(a
) 

(b
) 
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Concentration profile of As, Fe, C, Ba, and O along dotted line 

!
Fig. 3-2-5 XPS survey spectrum of Co-doped Ba-122 surface, and (b) after Ar ion beam etching (800eV, 30min) 

!
For further investigation of Co-doped Ba-122, we used Auger electron spectroscopy and 
microscopy (AES). On the SEM image we found small droplets on the surface of these films. 
Using the AES lines scan, which is scanning along the fixed lines we analysed AES signal for 
energy channels corresponding to selected elements (Fig. 3-2-6). We found increasing 
concentration of Ba, O, C and decreasing concentration of the rest of elements. 
            !
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
Fig. 3-2-6 Auger electron spectroscopy of Co-doped Ba-122 thin film. AES lines scan trough the droplet. 
!
3.2.2   Co-doped Ba-122 thin film deposited on CaF2 substrate 
Surface properties of Co-doped Ba-122 epitaxial superconducting thin films deposited on 
CaF2 substrates by IFW Dresden were inspected by X-ray photoelectron spectroscopy, 
scanning spreading resistance microscopy (SSRM) and point contact spectroscopy (PCS) in 
CU Bratislava. It has been shown that surface of Fe-based superconductors degrades rapidly if 
exposed to air, what results in suppression of gap-like structure on PCS spectra. Moreover, 
SSRM measurements revealed inhomogeneous surface conductivity, what is consistent with 
strong dependence of PCS spectra on contact position. In Ref. [3.2.1] we demonstrated how 
the surface of Co-doped Ba-122 film is degraded by measuring X-ray photoelectron 

(a) (b) 
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spectroscopy (XPS) on three different types of films; i) as-received (i.e., stored in a plastic 
bag filled with Ar gas and transferred to the XPS measurements), ii) Ar ion beam etching 
(IBE) processed films, and iii) exposed to ambient air after IBE process for 1 and 3 hours. 
Even though the surface roughness of measured samples was very small (<2 nm peak-to peak, 
see upper part of Fig. 3.2.7 (a)), resulting SSRM images show inhomogeneous surface 
conductivity on nanometer scale in all cases (lower part of Fig. 3.2.7 (a)). 
 

                    
a)                                                                        b) 

Fig. 3.2.7 (a) Typical AFM topography and SSRM map of the surface conductivity measured on as-received 
samples, (b) X-ray photoelectron spectra of (a) Fe 2p and (b) O 1s peaks collected on as prepared sample, after 
IBE (400 eV, 90 min.) and after exposition to air for 1 and 3 hours. 
 

Degraded surface layer was confirmed by XPS measurements. The XPS investigation 
identified that the surface as-received films was contaminated by carbon and oxygen. The 
wide and asymmetric peak of O 1s spectrum indicates that oxygen is present in two chemical 
states (Fig. 3.2.7 (b)). It consists of two peaks with binding energies of 530.7 eV, which 
indicates Fe2O3 and hydroxyl groups (surface contamination by carbon), and 529 eV, which is 
attributed to FeO and BaO. After the IBE, the oxygen concentration was considerably reduced, 
however, returned to the same level after being exposed to air (Fig. 3.2.7 (b)). PCS 
measurements on the aforementioned films confirmed a gap-like structure only for as-
received and IBE processed films, whereas degraded films (i.e., exposed to air for more than 
one hour after IBE) do not show such structure. Additionally, PCS spectra strongly depend on 
the contact position, which is consistent with the results of SSRM measurements.  

The group at Politecnico di Torino has investigated the surface of Co-doped Ba-122 by 
means of FESEM and AFM. From the RHEED image after the deposition and from pole 
figure measurements, it turns out that Co-doped Ba-122 grows in a terraced island mode. 
These results are also visually confirmed by FESEM and AFM, as it will be shown in the 
following. The surface morphology of a series of films with different doping contents x=0.02, 
0.04, 0.08, 0.10, 0.15 grown on single-crystalline CaF2 substrates has been investigated by 
using a field-emission scanning electron microscope (4248 Merlin ZEISS FESEM). No 
particular treatment of the surface was done before the measurements; the only precaution to 
avoid surface contamination /aging was to store them in an evacuated, dry container when not 
is use. In most cases, an analysis by means of atomic force microscopy (AFM) was carried 
out as well in the same films so as to obtain a thorough characterization of their surface. 
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Figure 3.2.8 (a) reports a FESEM image taken on the underdoped, non-superconducting 

film with x=0.02 by detecting the secondary electrons (SE), which provide morphological 
information. The magnification is 100000x. A clear Òcobblestone-likeÓ pattern of regular, 
ordered well-connected grains or coalesced islands (approximately square in shape) of about 
100 nm in size is observed. As highlighted by the black lines, the edges of the grains are all 
parallel; their top surfaces are parallel to the surface of the film, but do not lie exactly on the 
same plane, so that they form regular terraces. This is a direct confirmation of the information 
obtained through the analysis of the RHEED patterns and pole figure measurements. The 
AFM image taken in the same film (b) on an area of 2x2 µm2 shows a number of bright spots, 
probably due to the most protruding terraces, on a darker background. Unfortunately the 
regular texture observed by FESEM is not visible in this image; the application of a Prewitt 
gradient (c) or a local contrast filter (d) allows enhancing the visibility of the elevation of the 
structures. In panel  (e) the distribution of the heights is shown as well. Note that the RMS 
roughness is 1.74 nm. 

Figure 3.2.9 reports instead examples of FESEM images taken in a film with x=0.04. In 
(a) and (b) the magnification is about 44000x. On this scale, the granular structure of the 
surface is barely detectable, but darker areas are observed both in SE (a) and backscattered 
electron (BSE) mode (b). BSE mainly carry compositional information: darker areas should 
thus have lower atomic number (on average) than brighter areas. A bigger magnification SE 
image is reported in (c). Here, no cobblestone-like pattern is observed, but small grains (of 
less than 50 nm in size) scattered on an apparently flat surface. The distance between these 
structures is of the order of 200 nm. 

Figure 3.2.8 (a) Secondary-electron FESEM image of the underdoped non superconducting film with x=0.02. 
(b) AFM image taken on the same film. (c,d) the same image after application of a Prewitt gradient and of a 
local contrast filter. (e) Height distribution. 

(a) (b) (c) 

(d) (e) 
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Figure 3.2.10 (a) AFM image on a 2x2µm2 area of the film with x=0.04. Square structures of roughly 100 nm 
in size are observed (highlighted by white squares). (b) Profiles taken along the three white lines in (a) showing 
the periodicity of the structures. (c) Height distribution. 

(a) (b) (c) 

 
 

Figure 3.2.10 (a) shows an AFM image on the same films, taken over an area of 2x2 µm2 
and showing square structures of apparently 100 nm in size, with parallel edges. Profiles 
taken along the three lines in the figure are reported in (b). They show that the height 
modulation has a period of about 200 nm, which is consistent with regular structures of 
approximately the same size. However, the absence of clear plateaus indicates that these 
structures do not show flat top surfaces (as instead happens in the x=0.02 film) but might have 
a pyramidal shape. This would also explain the reason of the bright spot at the centre of each 
structure (as seen in (a)). This finding is in good agreement with the results of AFM and 
scanning resistance microscopy (SSRM) measurements carried out by the Slovak partner and 
described in the Midterm Report. Panel (c) shows the height distribution in which the ÒtailÓ 
can be associated to the pyramidal structures; on average, these are thus found to protrude 
from the background of about 2.5 nm. Note that the RMS roughness of the film is 1.23 nm. 

 

Figure 3.2.11 reports three examples of FESEM images on films with x=0.08. In all cases, 
rectangular structures with parallel edges and size of the order of 100 nm are observed. In (a) 
and (b), a brighter spot on top of each structure seem to confirm the findings of figure 3.2.9 
and suggest a pyramidal shape rather than a flat top surface.  In (c), instead, the surface has a 
Òcobblestone-likeÓ structure made up of regular well-connected flat islands. 

!"!#$%%#
&#

""%%%#&#""%%%#&# !%%#'(# !%%#'(# ) %%#'(#

(a
) 

(b) (c
) 

Figure 3.2.9 (a,b) FESEM images of a film with x=0.04, taken with the SE (a) and BSE (b) detectors. (c) 
Larger magnification SE image of the same film. 
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Fig.  2. FESEM images  of  the  surface  of  a 8% Co-doped  Ba-122  thin  Þlm  deposited  on  CaF2 substrate.  (a and  b)  Two  representative  secondary-electron  (SE) images  with  different
magniÞcations  (the  scale is indicated  in  the  labels).  Clear, regular,  ßat  terraces  of  rectangular  shape  (side  length  approximately  100  nm)  are seen that  protrude  from  an array
of  well-connected  grains.  (c)  Backscattered-electron  (BSE) image  of  the  same area as in  (b),  that  shows  a diagonal  stripe-like  pattern  not  related  to  the  granular  structure,
and  possibly  indicating  the  existence  of  correlated  defects  parallel  to  the  c axis  (i.e.  perpendicular  to  the  plane  of  the  Þgure).

Fig.  3. Examples  of  AFM  measurements  on  the  surface  of  a Co-doped  Ba-122  thin  Þlm.  (a)  AFM  image  over  an area of  3.75  ! m  !  3.75  ! m,  exhibiting  a clear  pattern  of  ßat,
rectangular  terraces  of  about  100  nm  in  size. A comparison  with  the  FESEM image  of  Fig. 2a (taken  on  a similar  scale)  shows  that  the  morphological  information  provided  by
FESEM and  AFM  is perfectly  consistent;  note  that  the  latter  does not  show  the  stripe-like  pattern  seen in  Fig. 2c. (b)  AFM  image  over  a smaller  area of  2 ! m  !  2 ! m  and  thus
with  a greater  magniÞcation.  (c)  The same image  as in  (b)  but  after  application  of  a Prewitt  horizontal  gradient  Þlter  so as to  highlight  the  elevation  of  the  terraces  above  the
background  of  well-connected  grains.
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Fig.  4. Summary  of  structural  characterization  by  X-ray  diffraction.  (a)  !  "  2!  scans in  the  BraggÐBrentano  geometry  with  Co-Kþ  radiation;  (b)  " -scans  in  a texture  goniometer
with  Cu-Kþ  radiation  for  the  112  reßection  of  Co-doped  Ba-122  and  the  111  reßection  of  CaF2.

Figure 3.2.12 (a) and (b) FESEM images of the surface of a 8% Co-doped Ba-122 thin film prepared on 
a CaF2 substrate. Clear, regular flat terraces of rectangular shape are seen that protrude from an array of 
well-connected grains. (c) Back-scattered images of the same area as in (b) that shows a diagonal stripe-
like pattern not related to the granular structure. 

!""#$%#Mag = 150.00  K X 

Figure 3.2.11 Examples of FESEM SE images taken on three different films with x =0.08: FK-
NEW048 (a), FK-NEW049 (b) and KI-NEW106 (c). In all cases, rectangular structures with straight, 
parallel edges are clearly seen. Note that in (a) and (b) they seem to have pyramidal shape (judging 
from the small bright spots at their centre) while in (c) they look rather like flat terraces. The pattern of 
fi lm (c) is very similar to that shown in figure 3.3. 

(a) (b) (c) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Additional FESEM images in the KI-NEW106 film are shown in Figure 3.2.12 (also reported 
in Ref. [3.2.2]).  Here the grains are even clearer and a stripe-like pattern is also detected both 
in the SE mode (b) and in the BSE mode (c). This pattern seems not to have a merely 
topographical origin and, as argued in Ref. [3.2.2], might instead be related to correlated 
defects parallel to the c axis (whose existence is also inferred from the results of critical 
current density in magnetic field, see Ref. [3.2.2]). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2.13 (a) and (b) show two AFM images taken on the same region of the same 
KI-NEW 106 film, though on a different scale (3.75 x 3.75 µm2 and 2 x 2 µm2, respectively), 
which provide further and complementary information about its surface morphology with 
respect to FESEM. The flat terraces with parallel edges already observed by FESEM are very 
clearly visible here; the additional information is that their top surface is flat but not perfectly 
horizontal.  
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Fig.  2. FESEM images  of  the  surface  of  a 8% Co-doped  Ba-122  thin  Þlm  deposited  on  CaF2 substrate.  (a and  b)  Two  representative  secondary-electron  (SE) images  with  different
magniÞcations  (the  scale is indicated  in  the  labels).  Clear, regular,  ßat  terraces  of  rectangular  shape  (side  length  approximately  100  nm)  are seen that  protrude  from  an array
of  well-connected  grains.  (c)  Backscattered-electron  (BSE) image  of  the  same area as in  (b),  that  shows  a diagonal  stripe-like  pattern  not  related  to  the  granular  structure,
and  possibly  indicating  the  existence  of  correlated  defects  parallel  to  the  c axis  (i.e.  perpendicular  to  the  plane  of  the  Þgure).

Fig.  3. Examples  of  AFM  measurements  on  the  surface  of  a Co-doped  Ba-122  thin  Þlm.  (a)  AFM  image  over  an area of  3.75  ! m  !  3.75  ! m,  exhibiting  a clear  pattern  of  ßat,
rectangular  terraces  of  about  100  nm  in  size. A comparison  with  the  FESEM image  of  Fig. 2a (taken  on  a similar  scale)  shows  that  the  morphological  information  provided  by
FESEM and  AFM  is perfectly  consistent;  note  that  the  latter  does not  show  the  stripe-like  pattern  seen in  Fig. 2c. (b)  AFM  image  over  a smaller  area of  2 ! m  !  2 ! m  and  thus
with  a greater  magniÞcation.  (c)  The same image  as in  (b)  but  after  application  of  a Prewitt  horizontal  gradient  Þlter  so as to  highlight  the  elevation  of  the  terraces  above  the
background  of  well-connected  grains.
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Fig.  4. Summary  of  structural  characterization  by  X-ray  diffraction.  (a)  !  "  2!  scans in  the  BraggÐBrentano  geometry  with  Co-Kþ  radiation;  (b)  " -scans  in  a texture  goniometer
with  Cu-Kþ  radiation  for  the  112  reßection  of  Co-doped  Ba-122  and  the  111  reßection  of  CaF2.
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Figure 3.2.13 Examples of AFM measurements on the surface of a Co-doped Ba-122 thin film. (a) 
AFM image over an area of 3.75 µm x 3.75 µm, exhibiting a clear pattern of flat, regular terraces of 
about 100 nm in size. A comparison with the FESEM image of fig. 3.2.11 shows that the 
morphological information provided by FESEM and AFM is perfectly consistent; note that latter 
does not show the stripe-like pattern seen in fig. 3.2.11 c. (b) AFM image over a smaller area of 2 
µm x 2 µm and thus greater magnification. (c) The same image as in (b) but after application of a 
Prewitt horizontal gradient filter so as to highlight the evaluation of the terraces above the 
background of well-connected grains. (d) z-profiles measured along the three straight lines depicted 
in panel (b), that shows the inclination of the terraces and their elevation above the background. (e) 
Height distribution over an area of 2 µm x 2 µm, showing a ÒtailÓ associated to the protruding 
terraces. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This is visually highlighted by applying a Prewitt filter to the image, as shown in (c), and 
more quantitatively by measuring the profiles taken across the terraces (d). These profiles tell 
us that the top surfaces are flat, but inclined of a constant angle with respect to the horizontal; 
moreover, the highest edge of the terraces protrudes by about 2.5 Ð 3.0 nm out of the 
background. The height distribution (e) calculated over the 2 x 2 µm2 area clearly shows a tail 
that can be imagined as originating from a Gaussian sub-distribution displaced by about 2.3 
nm from the main maximum. Finally, the root mean square (RMS) roughness is 1.15 nm 
while the size of the terraces, determined by means of z-height profile cuts, ranges between 50 
and 200 nm. 
 
3.2.3 Fe(Se,Te) films 
The Comenius University group has investigated surface properties of Te-doped FeSe thin 
films prepared at the University of Tokyo by means of AFM and SSRM microscopy, as well 
as XPS and Auger spectroscopy/microscopy. Influence of ion beam etching on the surface 
properties has also been investigated. 

The AFM topography of the films (Fig. 3.2.14) suggests nanocrystalline structure of the 
film surface with grain size of about 100-200 nm. The SSRM image reveals inhomogeneous 
surface conductivity, which is however much more uniform than in the case of previously 
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studied Ba-122 thin films (these results were included in the previous report). The surface 
conductivity structure follows the AFM topography, while the stripes along the grain 
boundaries visible on the SSRM image suggest that the films grow in a terraced island mode. 

The XPS analysis of the as-received films revealed highly degraded surface layer due to 
oxidation of all film components (Fig. 3.2.15). Relatively high amount of carbon has been 
also detected, which is due to hydrocarbon contamination from the atmosphere, despite the 
fact that the samples were stored in protective atmosphere or vacuum most of the time. 

 

 
a)                                                                                    b) 

Fig. 3.2.14 Typical AFM topography image (left) and SSRM surface conductivity map (right) of the as-received 
Te-doped FeSe thin films. 
 

 
Fig. 3.2.15 Typical XPS spectra of as-received Te-doped FeSe thin films. Oxygen and carbon peaks with 
relatively high intensity are clearly visible due to oxidation and contamination of the surface. 
 
Since the XPS analysis revealed chemically degraded and contaminated sample surface, ion 
beam etching (400 eV ion energy) has been performed to allow us analyse the clean Te-doped 
FeSe surface. The oxygen and carbon peak visible before the etching almost completely 
disappeared and only Fe, Se and Te are visible as expected (Fig. 3.2.16). 
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Fig. 3.2.16 Typical XPS spectra of the ion beam etched Te-doped FeSe thin films.  
 
Although relatively low ion energy (400 eV) has been used, both AFM and SSRM images 
show clearly an ion beam damage of the surface. While no chemical discrepancies were seen 
by XPS, clear marks of the ion bombardment are visible on the AFM topography (Fig. 3.2.17). 
Most importantly, the SSRM measurements reveal highly increased inhomogeneity of the 
surface conductivity, while its structure is strongly correlated with the ion beam damage 
visible on the AFM topography. Our results thus suggest that the ion beam etching is not 
favourable in the process of sample preparation, since it can considerably alter its surface 
conductivity properties.  

 
Fig. 3.2.17 Typical AFM topography image (left) and SSRM surface conductivity map (right) of the ion beam 
etched (400 eV ion energy) Te-doped FeSe thin films. 
 
!

Following the implementation of a new Nd:YAG laser as a source for the PLD system at 
CNR, the deposition of thin Fe(Se,Te) films on single crystal substrates has been optimized, 
as reported in WP2. 

In Fig. 3.2.18 and 3.2.19 are shown a typical morphology of the films (Tc=18 K). The 
STM reveals micrometric domains of characteristic lateral size 150 nm uniformly distributed 
over the surface. They consist of atomic terraces separated by steps of one unit cell height (6 
! ). The growth mechanism at this thickness is clearly generating 2D islands through the!
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formation and coalescence of 2D nuclei on top of existing compact terraces. Atomic scale 
STM contrast shows a squared lattice of 3.8 !  consistent with the arrangement of chalcogen 
atoms above the Fe plane. Small patches of bright and dark contrast highlight the occurrence 
of atomic scale surface disorder. In fact simple steric arguments, bulk structural refined data 
and direct STM imaging of cleaved single crystals, indicate that Se and Te atoms occupy 
distinct positions within the bulk unit cell, corresponding to a Se/Te splitting of 0.24 !  along 
the thin films c-axis direction. Moreover a small amount of excess Fe atoms is expected to be 
embedded in the chalcogen layer. Accordingly, depressions should reflect Se, atoms at 
intermediate height Te, and the occasional bright protrusions excess Fe. The present STM 
imaging attests that this is the case also for the PLD grown thin films (Fig.3.2.19). We 
estimate a Fe coverage of 6-7%, in reasonable agreement with the evaluation for excess 
interstitial Fe atoms from normal state magnetic measurements. 

 !

                                 
!
Fig. 3.2.18 STM image of the typical morphology of the Fe(Se,Te) films obtained with the new PLD source after 
optimization. 

                           
 
Fig. 3.2.19 High resolution STM image of Fe(Se,Te) film. Excess Fe atoms are expected to be embedded in the 
chalcogen layer, appearing as bright protrusions. 
 

Despite the high quality of the topographic images, different difficulties were 
encountered in the acquisition of spectroscopic data probably due to an insufficient control of 
the quality of the STM tip. In STM investigations, indeed, the scanning metal tip is of pivotal 
importance. The shape and chemical purity of the tip is crucial for the stability of the 
tunnelling current and can thus be decisive for the quality of imaging, for the noise levels of 
data and for removing artefacts from spectroscopic data. Since the STM imaging process 
convolutes geometric and electronic properties of sample and tip, the probe also has a great 
impact on the contrast in high-resolution topography. 
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Although the atomic configuration at the apex can normally not be controlled, at least the 
chemical cleanliness of the tips should be guaranteed. For the majority of STM experiments 
under UHV conditions tungsten is still the material of choice for the tip, since electrochemical 
etching techniques for sharp tips are well developed. The mechanical properties of tungsten 
and its high melting point definitely make the material suitable; however, electrochemically 
etched tungsten tips are prone to oxidation under ambient conditions. Oxidized tungsten tips 
can result in unstable tunnelling conditions and poor image quality, or the insulating oxide 
coating can even cause tip crashes during coarse approach. In order to remove not only 
tungsten-oxide layers but also etching remnants and by-products, various procedures are 
proposed in the literature like annealing by electron bombardment, ion-sputtering, dipping 
into hydrofluoric acid (HF), self-sputtering in a noble gas environment and field emission in 
gas environment. Although it is difficult to establish a clear correlation between a specific 
post preparation procedure and achieved quality of STM data, there is a consensus that an 
appropriate after treatment improves the overall performance of STM tips. Within the IRON-
SEA project we have developed a versatile and customisable set-up for the in vacuum post 
preparation of scanning probes described in details in mid term report. 
 

Reference 
[3.2.1]   T. Plecenik et al., Appl. Phys. Lett, 103 (2013) 052601.  
[3.2.2]   D. Daghero et al. Appl. Suf. Sci, 312, 23-29 (2014). 
 

Task3.3 TEM and FIB 
Fe(Se,Te) film has been prepared on Fe-buffered MgO substrates by PLD. Structural 
characterization via XRD confirmed that the film was grown epitaxially on Fe-buffered MgO 
substrate. Shown in figs. 3.3.1 are TEM pictures of Fe(Se,Te) film. It is clear from Figs. 3.3.1 
that no appreciable defects are observed in the Fe(Se,Te) film. Additionally, clean interface 
between Fe(Se,Te) and Fe is realized. Pyramidal growth nature of Fe is also observed (right 
side image), at which several stacking faults are seen. 
 

 
 
Fig. 3.3.1 Bright field TEM picture of Fe(Se,Te) film on Fe-buffered MgO. 

 
Shown in fig. 3.3.2 is bright field TEM image of Co-doped Ba-122 on Fe-buffered MgO 

substrate. As expected, a lot of planar defects are observed (white contrast). This particular 
sample was used for transport measurements in National High Magnetic Field Laboratory 
(NHMFL), Florida. That is the reason microstructural analyses are required to elucidate 
obtained transport properties. In fact, the presence of planar defects is highly expected 
through the transport measurements.  



 35 

 
Fig. 3.3.2 Bright field TEM micrograph of Co-doped Ba-122. 

 
 

We have found that the crystalline quality of 
the Co-doped BaFe2As2 (Ba-122) on CaF2 
substrate is almost identical if not superior to that 
on Fe-buffered MgO substrate. Additionally, the 
film on CaF2 showed a high Tc of 27.9 K, which is 
higher than that of the pulsed laser deposition 
(PLD) target material. Hence it is immediately 
interested in exploring microstructures. Figure 
3.3.3 shows the high-resolution transmission 
electron microscope (TEM) images of the Co-
doped Ba-122 thin film on CaF2 substrate. An 
interfacial layer (~10 nm) between the Co-doped 
Ba-122 and the CaF2 substrate is clearly observed. 
A high resolution scanning TEM (HRSTEM) line 
scan over the interface with combined Ba 
detection using electron energy loss spectroscopy 
(EELS) revealed a small diffusion of Ba into the 
CaF2 substrate. We have observed a small BaF2 
peak in x-ray diffraction. Hence, we assume this 
reaction layer to be BaF2. 
A similar reaction was observed at the film/SrF2 
substrate interface, for which TEM investigation 

was conducted by the Japanese partner. Note that the Tc is reduced for the film on SrF2 
compared to the film on CaF2. Interestingly, an interface structure of the film on BaF2 
substrate is different from what we observed in SrF2 and CaF2. The interface is rather eroded. 
The resultant film showed the lowest Tc among the films on different fluoride substrates. 

Fig. 3.3.3 HRTEM investigations of the Co-doped Ba-
122 film (thickness about 85 nm) deposited on CaF2 (a). 
A closer look at the Ba-122-CaF2-substrate interface (b) 
reveals a reaction layer, which can be assumed to be 
BaF2 due to x-ray diffraction and EELS data. 
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Accordingly, CaF2 substrate is most suitable for growing Ba-122 films without compromising 
the superconducting properties.      

Epitaxial SmFeAs(O,F) thin films have been prepared on (001) CaF2 and (001) SrF2 
substrates by molecular beam epitaxy (MBE). The samples were provided from the Japanese 
partner. Crystalline quality of both films was investigated by x-ray diffraction. Due to a 
relatively large misfit of -4.2% between SmFeAs(O,F) and SrF2, full width at half maximum 
values of both out-of- and in-plane are large compared to the film on CaF2. Figure 3.3.4 is a 
summary of microstructural analyses of SmFeAs(O,F) film on CaF2 substrate, which has been 
conducted by the Japanese partner. As shown in Fig. 3.3.4 a, trapezoid shaped Sm(O,F) cap 
layers, which are changed from SmF3, are aligned discontinuously. Additionally, a 
crystallographically disordered layer with around 20 nm thickness as indicated by the arrows 
is present between Sm(O,F) cap and SmFeAs(O,F) layers. Relatively dark particles are 
observed in the SmFeAs(O,F) matrix, which are identified as iron-fluoride, presumably FeF2, 
by elemental mappings shown in Figs. 3.3.4 b) and 3.3.4 c). This is due to the excess of Fe 
supplied during the film growth. Compared to Fe(Se,Te) [Tsukada et al, Appl. Phys. Express 
4, 053101 (2011)] and Co-doped Ba-122 [Kurth et al, Appl. Phys. Lett. 102, 142601 (2013)] 
grown by pulsed laser deposition, a relatively sharp and clean interface is observed between 
SmFeAs(O,F) and CaF2 substrate, as shown in Fig. 3.3.4 d). Furthermore, SmFeAs(O,F) 
layers contained neither correlated defects nor large angle grain boundaries (GBs). 

Almost similar structure of Sm(O,F) cap layers are observed for the film on SrF2 
substrate, as shown in Figure 3.3.5. This TEM investigation was conducted by the EU team, 
IFW Dresden. However, the film/substrate interface is not sharp as the film on CaF2 substrate. 
Additionally, appreciable defects are visible in the SmFeAs(O,F) matrix. This is a 
consequence of higher critical current density of this film. The detailed defects analyses have 
been underway.     

!"#$% &$&$'(%)*+% ,-.// 0/123".4*5% /2*44"4#% 678% "9*#1% .:% 3;1% <9!1=/)>?!+% 3;"4% :"59% .4% ,*!@%
/AB/3-*31$%=%2-C/3*55.#-*D;"2*55C%E"/.-E1-1E%5*C1-%*/%"4E"2*31E%BC%3;1%*--.F/%"/%D-1/143%B13F114%
<9)>?!+%2*D%*4E%<9!1=/)>?!+%5*C1-/$%)B+%7519143*5%!1%*4E%)2+%!%9*DD"4#/%91*/A-1E%BC%141-#C%
E"/D1-/"G1%H0-*C%/D123-./2.DC$%)E+%I"#;0-1/.5A3".4%678%"9*#1%.:%3;1%<9!1=/)>?!+%3;"4%:"59%"4%
3;1%G"2"4"3C%.:%3;1%,*!@%/AB/3-*31%J%<9!1=/)>?!+%:"59%"431-:*21$ 
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Fig. 3.3.5: Cross-sectional TEM image of the SmFeAs(O,F) thin film on SrF2 substrate. 
 

TEM investigation has been mainly carried out by IFW Dresden. However, during the project, 
a member of IFW has a maternity leave. Hence most of the films during the 2nd period of the 
project have been sent to Central Research Institute of electric power industry (Japanese 
partner). 
As reported in WP2, employing a high temperature deposition yields good crystalline films of 
Co-doped Ba-122 on MgO single crystalline substrate. Shown in fig. 3.3.6 is a TEM image of 
Co-doped Ba-122 thin film in the vicinity of the interface. Neither reaction layer nor defects 
were observed. Similarly NdFeAs(O,F) thin film on IBAD-MgO (see in fig. 3.3.7) also shows 
no reaction layer. These results indicate that MgO single crystalline substrate or MgO-buffer 
layer are suitable for epitaxial growth of Ba-122 and LnFeAs(O,F).   

Fig. 3.3.6 TEM image of Co-doped Ba-122.                 Fig. 3.3.7 TEM image of NdFeAs(O,F) on IBAD-MgO. 
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¥ Highlights of most significant results 

1) Fabrication of NdFeAs(O,F) films on a metal tape with MgO buffer layer for 
demonstrating oxypnictide superconducting tapes with critical current density 7.3 x 
104 A/cm2 at 5 K, more than 20 times higher than powder-in-tube processed 
SmFeAs(O,F) wires. 

2) Epitaxial growth of SmFeAs(O,F) on fluoride substrate is confirmed by pole figure 
3) HPCVD processed MgB2 film is epitaxially grown on Al2O3 substrate 
4) Pyramidal objects on the Ba-122 surface were identified by AFM and SSRM 
5) Surface degradation processes of Co doped Ba-122 and Te doped FeSe thin films by 

SSRM, AFM, AES, XPS and PCS were confirmed. 
6) The growth mode of Fe(Se,Te) is identified by STM 
7) New set-up for the in vacuum post preparation of scanning probes 
8) Confirming clean interface between Fe(Se,Te) and Fe buffer layer 
9) Identified reaction layers between Ba-122 and fluoride substrates 

10) Almost most of the films have been characterized by TEM. As a result, we point out 
MgO might be a suitable material for preparation of Fe-based superconducting thin 
films. 

11) The morphological characterization of the Co-doped Ba-122 films has been 
completed; all the films shows regular patterns of grains/terraces, with parallel edges, 
and size ranging between 50 nm and 200 nm, compatible with the epitaxial growth. 
This structure seems to be rather independent of the substrate (either CaF2 or MgO 
with Fe buffer layer). 

12) For Fe(Se,Te), ion beam etching is not favourable in the process of sample preparation, 
since it can considerably alter its surface conductivity properties. 

 
¥ Work and progress on deliverables not yet submitted: 

All deliverables have already been submitted. 
¥ Deviations from Annex I: 

No deviations from Annex I 
¥ Use of resources:  

Resources have been used almost as planned. However, PM of the partner of IFW 
Dresden has been beyond the planned value (i.e., 0.8 PM). 

¥ Corrective actions (if applicable) 
None 
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Work Package 4 
 
Work Package Number WP4 Start date 4 
Work Package Title Junctions fabrication and their characterisation 
Activity Type  RTD 
Participant Name 
(only contributing 
partners) 

FSU Jena CU Bratislava CNR 

Person-months 
(X: p-m used in previous 
reporting periods/ Y: p-m 
used in this reporting 
period  / Z: total planned 
p-m) 

7.2/11/15 3/4/7 6/4/10 

 
¥ Summary of progress towards objectives 

and details for each task 

(Task 4.1) S-N junctions (FSU Jena, CU 
Bratislava) 
4.1.1. Edge-type junctions of Co-doped Ba-122 
(FSU Jena) 
Edge-type hetero-junctions using Co-doped Ba-
122/Fe bilayers have been fabricated for exploring 
transport properties in the ab-plane. Gold layer 
was covered on a whole film by a sputter. In order 
to avoid the current shunting, a 100 nm of SiO2 
layer was deposited on a possible junction area. 
Additionally it is possible to remove the gold layer 
under the SiO2 by ion beam etching (IBE) that will 
influence the junction properties significantly. The 

Co-doped Ba-122 base electrode was patterned by using photolithography followed by an IBE 
step. Finally we used a Pb counter electrode covered by an indium protection layer. Both 
layers were thermally evaporated. Shown in fig. 4-1-1 is the resultant edge-type junction. 

In our first studies the barrier of this edge-type junction is not influenced by the materials 
contact with air and chemicals necessary for photolithography but mostly by ion implantation 
and modification during the IBE. In later works we will provide an additional mask for the 
depositions of additional material layers (normal metal and insulating oxides). The necessary 
mask layout has been still developed and the technological issues especially for insulating 
oxides deposition are under progress. 

On such junctions we performed on the Andreev reflection studies. The obtained spectra, 
shown in figs. 4-1-2, demonstrate unusual high normalized conductance (>2) once a parallel 
gold shunt on top of the Co-doped Ba-122 exists. This avoids modelling within BTK-theory. 
At current junction preparation we removed the gold shunt by IBE and the conductance 
spectra became more interpretable by BTK-theory. It should be remarked, that all the 

Fig. 4-1-1 Scanning electron microscope 
image of an edge-type junction after the full 
preparation process.  



 40 

prepared edge-type junctions had a non-removable Fe-buffer layer, which could act as 
additional current shunt. 
 
4.1.2. Planar junctions prepared by photolithography (FSU Jena) 
4.1.2.1. Junctions with Au barrier 

 
We tested our well proven layout for planar junctions with FeSe0.5Te0.5 and gold as 

barrier material as it was done for Ba122 in the first project period. Two of the measured 
spectra are shown in fig. 4-1-1-1 and fig. 4-1-1-2. Both show a sharp zero bias peak, but the 
first one without any side dips, the second one with clear dips around V=15mV. 
 
 
 
 
 
 

Fig. 4-1-2 Differential conductance at different temperatures (from 8K to 25K downward) for 
two edge-type junctions. Both junctions were 7 ! m wide and 100 nm high but for the top one 
the gold shunt was removed, while the bottom one still has it. It can be seen that the ratio 
G

0
/G

n 
is much lower for the top one. All curves are shifted downward for clarity. Each top 

curve has original values.  

Fig. 4-1-2-2: Spectrum of a FeSe0.5Te0.5/Au/Pb 
junction with an area of 3x3 ! m2 and a barrier 
thickness of 5nm at different temperatures. 

Fig. 4-1-2-1: Spectrum of a FeSe0.5Te0.5/Au/Pb 
junction with an area of 10x10 ! m2 and a barrier 
thickness of 5nm at different temperatures. 
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4.1.2.2. Junctions with AlOx barriers  
To extend the possibilities of our junctions we 
used metal oxide layers as barrier in addition 
to the gold layers, with the intention to get 
insulating instead of normal conducting 
barriers. One material used was Aluminium, 
which was thermally evaporated and 
subsequently oxidized on atmosphere.  A 
conductance spectrum of such a junction is 
shown fig.4-1-1-3 for the case T>7.2K so the 
Pb counter electrode is in normal state. One 
can see a zero bias peak surrounded by dips 
as it is typical for nodal order parameter 

symmetries. One can observe two gaps, marked with 1 and 2 in fig. 4-1-1-3, with values of 
2.2meV and 8.5meV at 7.45K, which occur as steep increase of conductance. A third feature 
that can be observed is a peak structure at 20meV, which is marked by 3. This peak is not 
related to a superconducting gap, but occurs due to electron-phonon interactions usually at 
energies E=! 2+" Ph, with " Ph is the typical phonon energy. Typically its values are around 
12meV for Co-doped Ba-122. Similar results were also obtained within this project for point 
contact spectra. For details please see WP5.  
 

4.1.2.3. Junctions with TiOx barriers  
A second metal oxide used as insulating 
barriers was TiOx. In contrast to the formerly 
introduced Aluminium, the Titanium was 
sputtered in-situ after the removing of the 
Gold cover layer. This should give a great 
advantage, because a degradation of the 
Ba122 surface is avoided in this procedure. 
The spectra we observed (see fig. 4-1-1-4) 
were similar to the ones with AlOx, a zero 
bias peak with side peaks occurs, which is 
much higher in amplitude compared to the 
one in fig 4-1-1-3. Again this indicates a 
nodal order parameter symmetry.  

 
4.1.3 Junctions preparation by focused ion beam (FIB)  (CU Bratislava) 
4.1.3.1   Ba122/Pt edge junction prepared by FIB 
 

For the purpose of complete exclusion of gallium ions influence, another type of edge 
junction was prepared. Complete Co-doped Ba-122 film was covered with 130 nm insulating 
aluminum nitride layer. Platinum coplanar line structure was deposited through a lift off 
lithography mask on top of AlN (see fig.4-1-3-1). After removing of residual resist and 
cleaning wafer was cleaved into two parts transversely to Pt lines. SEM picture of cross-

Fig. 4-1-2-4: Spectrum of a Ba122/TiOx/Pb 
junction with an area of 25x25 #m2 and a barrier 
thickness of 10 nm at different temperatures. 

Fig. 4-1-2-3: Spectrum of a Ba122/AlOx/Pb junction 
with an area of 20x20 #m2 and a barrier thickness of 
9nm at different temperatures. 
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section is shown in fig. 4-1-3-1. Fresh cut edge was covered with another Pt line directly 
deposited by electron beam. The drawing of edge junction is shown in fig. 4-1-3-1. 

 
Fig. 4-1-3-1 Concept of Co-doped BaFe2As2 / Pt Edge junction and SEM picture of prepared junction. 

 
4.1.3.1   FeSe0.5Te0.5/Pt edge junction prepared by FIB 
Edge SN junctions were also prepared on FeSe0.5Te0.5 (FeSeTe) samples prepared by Maeda 
group in Tokyo. On the surface of FeSeTe thin film was deposited insulating AlN thick film 
by PLD which play a role also as protective layer contrary to degradation processes of 
FeSeTe surface layer. Top platinum electrodes with thickness about 20 nm were deposited by 
magnetron sputtering though the photoresist mask prepared by optical lithography. The 
samples were cleaved perpendicular to the top electrodes structure. The junction, in essence, 
was prepared on the fresh cut edge by direct deposition of platinum from precursor gas in 
Focused Ion Beam tool (FIBCVD) (see Fig. 4-1-3-2).  

The width of the junction was from 150 to 300 nm for individual junctions. The 
differential characteristics dI/dV vs. V were measured after finalizing of the junctions. 
Typical differential characteristics measured at different temperatures are shown in Fig. 4-1-
3-3. 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 4-1-3-2:  Sketch of the FeSe0.5Te0.5/Pt edge junction (left) and SEM picture or real junction (right) 
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a)                                                               b) 

Fig. 4-1-3-3: Differential characteristics measured on FeSe0.5Te0.5/Pt edge junction immediately after junction 
preparation. 

 
On the differential characteristics three features are visible: 

1. Quasi quadratic background (QQB) of differential conductance  
2. Zero bias peak at near zero voltage (ZBP) 
3. Gap-like structure (GLS) at about 2.3 mV  

One coud expect clean NS interface because Pt electrodes were deposited in FIB directly after 
breakage of sample. But junction exhibit QQB which is typical for NINÕ tunnel junctions 
where probability of quasiparticle tunnelling increase with applied voltage. On the other hand 
GLS is typical for direct NS contact where Andreev reflections play a dominant role. Origin 
of ZBP it could be from interaction of quasiparticles with magnetic impurities. From these 
features we can conclude that even if the fresh edge was exposed to the air several minutes 
only, it is plenty of time for degradation of the of uncovered surface on the edge. GLS could 
be measured on the pinholes which create parallel conductive channel. Thus the total current 
through such contact is given as a sum of current through tunnel junction and pinhole. ZBP 
can be realized in both cases.      
 
4.1.3.3   step edge junction prepared by FIB 
For measurement of Andreev reflection and density of states the superconductor Ð normal 

metal edge junctions (EJ) 
were also prepared. In 
such case surface of the 
sample was divided into 
several parts by FIB 
milling. These parts act 
role as bonding pads. 
In the next step separated 
parts connected together 
by Pt lines (deposited by 
Ga+ ions) and two- or 
four-point contacts NS 
junction was created. 

Fig. 4-3-3-1 (a) SEM picture of Co-doped BaFe
2
As

2
 / Pt Edge Junction 

and (b) the detailed of such junction.  

(a) (b) 
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Typical shapes of NS junctions are shown in figs. 4-3-3-1 and 
4-3-3-4. Wideness of the junctions were from 350 nm to 1000 
nm. Thickness on Pt was typically 30 -50nm. In some cases 
platinum at the interface with Co-doped Ba-122 was deposited 
by electron beam instead of ions to decrease of contamination 
of junction by gallium. 

In midterm report was described preparation of step edge 
junctions on Ba-122 thin films by FIB. Differential 
characteristics exhibit undefined shape which reflect non 
uniform interface between superconducting thin film and 
platinum. One of the possible reasons of NS inter face 
degradation is contamination by Ga+ ions during Platinum 
deposition by FIB CVD. For that reason we decided to deposit 

complete top Platinum electrode from precursor gas assisted by electron beam. Similar to 
previous case the Co doped Ba-122 thin film was divided to three parts. One of them was 
used as superconducting electrode, another two play role as contacts pads for normal state 
electrodes (see Fig. 4-1-3-3). After the deposition of thin Pt layer with e-beam assistance, 
thicker Pt film was deposited by ion beam. At cross-section in Fig. 4-1-3-3 are visible two 
layers of Pt. No significant feature from superconducting density of states is visible on 
differential conductance in fig. 4-1-3-4. One of the reason could be local heating of 
superconducting thin film during Ga+ ions milling. 

                                            
                                                                       a) 
 

 
b)                                                            c) 

Fig. 4-1-3-3:   Sketch of  step edge junction (a), SEM figure of step edge junction prepared on Ba-122 thin film 
(b) and SEM figure of cross-section of step edge junction. 

Fig. 4-3-3-2 SEM picture of EJ 
prepared for 4-point 
measurements. 
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a)                                                                b) 

 
Fig. 4-1-3-4: Differential conductance dI/dV vs. V measured on Co doped Ba-122 step edge junction at different 
temperatures (a) and normalized differential conductance measured at temperature 4.2 K (b).  
 
 (Task 4.2) Hybrid S-SÕ junctions with N or I barriers (FSU Jena, CU Bratislava) 
4.2.1. Edge-type junctions of Co-doped Ba-122 (FSU Jena) 
A second effect we could observe in this junction type was the Josephson effect. For a 
junction with an area of ~1 ! m2 we obtained an asymmetric I-V characteristic with a critical 
current of 58.8 ! A (positive) and 41.8 ! A (negative). The corresponding normal resistances 
differ slightly, too. Such behavior can be explained by an RSJ-model, assuming different 

fitting parameters in the positive and the negative 
branches. The I-V characteristics show a large 
excess current (~23 ! A for both directions). This 
lowers the effective IcRn product from 12.6 ! V (8.2 
! V) to 7.5 ! V (3.9 ! V). A similar effect could be 
observed in planar SNSÕ junctions (discussed in sub-
section Task 4.2.2) and their possible explanation 
was discussed therein. 
By irradiation with microwave Shapiro steps could 
be observed but with a clear deviation from ideal 
Bessel-behavior. Also the influence of a magnetic 
field was investigated. We showed that the critical 
current could not be fully suppressed and the 
dependency was not Fraunhofer-like. Instead the 
junction shows SQUID-like modulations. This leads 

us to the assumption that the Fe-buffer layer has negative influence to the junction properties. 
 
4.2.2. Planar junctions with Au barrier  
We produced Josephson junctions based on Co-doped Ba-122 thin films (S) fabricated within 
WP2. The preparation includes photolithographic patterning, ion beam etching (IBE) with Ar, 
sputtering of SiO2 insulation layers and normal conducting Au layers (N) and thermal 
evaporation of Pb as counter electrode (SÕ). Ten different junction areas (ranging from 3 ! m x 

Fig. 4-2-1-1  I-V characteristic of an 1! m
2
 

edge-type junction at 4.2 K. The measured 
data are shown as black dots while the red 
line belongs to an asymmetric RSJ-fit.  
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3 ! m to 100 ! m x 100 ! m) can be realized on a single pnictide thin film on 5 mm x 10 mm 
substrates. The junction areas are confined by an insulating layer of SiO2 to allow transport 
along the c-axis of the pnictide through an Au barrier into the counter electrode and also to 
avoid parasitic electrical contacts, for example within its ab-plane. An additional current path 
through the Au coating, which forms the future barrier can be avoided with another IBE step 
around the junction area beneath the SiO2 insulation. 

By tuning the thickness of the Au barrier layer it is possible to favor either Josephson-like 
or Andreev reflection dominated transport mechanisms between the two superconductors. 
Increasing the thickness from 5 nm to 10 nm suppresses Josephson effects completely. 

In the case of Josephson-dominated behavior a finite excess current could be observed. 
This excess current decreases the effective critical current dramatically, lowering the 
characteristic voltage value ICRN as well. The critical Josephson current of a junction (Co-
doped Ba-122 on (La,Sr)(Al,Ta)O3) with an area of 30 ! m x 30 ! m for example shows a 
formal IC* of 350 ! A, whereas the corrected IC is as low as 150 ! A. The corresponding ICRN 
values are 18 ! V and 8 ! V, respectively [1]. The curvatures can be fitted within the 
resistively shunted junction (RSJ) model assuming asymmetric critical currents (both Ic and 
Ic*) and asymmetric normal resistance RN, as shown in fig. 4-2-2-1. 

The reason for the excess 
current remains unclear. On 
one side there will be 
additional transport of Cooper 
pairs via Andreev reflection 
mechanisms but on the other 
side there may be additional 
weak links, like pinholes and 
shorts through the very thin 
Au barrier. Contact paths at 
the edges of the base electrode 
should only affect the current 
flows if the insulating SiO2 
layer is damaged. 

There are different 
reasons for the drastic 
reduction of the ICRN product 
of several ! V (after correction 
of excess current) in 
comparison to the expected 

value corresponding to the energy gap of several mV similar to YBCO junctions (reduction 
from around 20 mV to 100 ! V). Main problems are caused by surface and interface effects 
where a disturbed region within the base electrode near the barrier shows a drastic reduction 
of the local energy gap or even normal conductivity. This can be described by proximity 
effect models of a two-layer system (see e.g. [2]). 

To avoid the gap reduction near the barrier interface the technology has to be improved 
further more. The ion beam etching of the pnictide films in the junction window and the 

Fig. 4-2-2-1 Current-voltage characteristics of a planar SNSÕ junction 
at 4.2 K with Co-doped Ba-122 as base electrode and Pb as counter 
electrode, separated by an Au barrier of 5 nm thickness. The thin red 

line shows an asymmetric RSJ fit (I
C

pos
=350 ! A, I

C

neg
=280 ! A, 

R
N

neg
=53.8 m" ). 
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deposition processes of both the insulation layer as well as the Au barrier layer have to be 
optimized. This can be done by systematic changes of the etching and deposition parameters 
as well as by new junction layouts. One additional step to avoid shorts may be to deposit a 
thicker Au film and then reduce its thickness be carefully etching at liquid nitrogen 
temperatures. Other barrier materials, i. e. insulators, such as oxides (Al2O3, SrTiO3) should 
also be investigated. 

Additionally to the junctions with Ba122 as base electrode, we used the same layout to 
prepare junctions with Fe(Se,Te) from CNR-SPIN. As for the former junctions we observed 
Josephson effect for gold layers with a thickness of 5nm. A Current-voltage characteristic of 
such a 11/Au/Pb junction with an area of 10x10! m2 at 4.2 K is shown in figure 4-2-2-2. As 
can be seen, the behavior is not pure RSJ-like, but shows a linear increase of voltage for I>Ic. 
Such behavior can occur when there is a parallel shunt of a RSJ-junction and flux-flow.  In 
other junction with bigger area, a nearly pure flux-flow behavior could be observed (compare 
fig. 4-2-2-3). 

The junctions with the mixed state of RSJ-behavior and flux-flow were of similar 
stability as the former Ba122 junction with gold barrier.  Even if the characteristic parameters 

at 4.2 K can be estimated to Ic=500 ! A, 
Rn=20 m"  and IcRn=10 ! V, the IV-
characteristics are noisy and for repeatedly 
measurements the critical current fluctuates. 
However, the normal state resistance is stable 
but slightly increases to 28 m"  at Tc=7.0 K. 
The resulting temperature dependence of IcRn 

is shown in fig. 4-2-2-4. 
 
 
 
 
 
 

Fig. 4-2-2-2: Current-Voltage characteristic of a 
11/Au/Pb junction with an area of 10x10 ! m2 at 4.2 
K. 

Fig. 4-2-2-3: Current-Voltage characteristic of a 
11/Au/Pb junction with an area of 100x100 ! m2 for 
different temperature between 4.2 K and 9.0 K. 

Fig. 4-2-2-4: Temperature dependence of the IcRn-
product of the 11/Au/Pb junction shown in fig. 4-2-
1. 
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4.2.2. Planar junctions with TiOx layers 
By using oxidized Titanium as barrier one 
could observe Josephson effects in this this 
type of planar junctions. In our first attempts, 
we reduced the thickness of the gold cover 
layer from 10nm to <1nm and subsequently 
sputtered titanium in-situ on top, followed by 
an annealing process at atmosphere. 
Nominally, the result was a SNISÕ junction 
(Ba122/Au/TiOx/Pb). Such bilayer barriers 
resulted in junctions with better quality, than 
the former single gold layers. As can be seen 
in figure 4-2-2-5, the Current-Voltage 
characteristics showed clear Josephson effect 

behavior. It was modelled by a sum of the resistively-shunted junction (RSJ) model and an 
additional excess current Iex. Details of this model are given in the report of WP6. At the 
lowest temperature of 4.2K the obtained parameters were a full critical current Ic=132 ! A, a 
reduced critical current Ic

*=88 ! A, an excess current Iex=44 ! A and a normal state resistance 
Rn=0.65 " . Repeating the measurements for several cooling cycles showed small variations in 
all of the parameters, but the overall IcRn-product of #85 ! V was nearly constant and the 
noisy behavior observed in junctions with single gold barrier did not occur. From this one can 
conclude, that the additional TiOx layer gives more stability and a significantly higher IcRn 
than the pure gold barrier junctions.  

A high excess current was observed for the 
former gold junctions, too but now we were 
able to investigate it in more detail to get 
information about its origin. If one follows 
the temperature dependence of the full, the 
reduced critical current and the excess 
current one can see, that their ratio is not a 
constant. As can be seen in figure 4-2-2-6, 
close to the critical temperature of 6.9 K the 
critical current Ic comes completely from the 
reduced Ic

*, while no excess current Iex exists. 
It occurs only for temperature <6.6 K (down 
to 6.3 K for other measurements). 
Furthermore the trend of both currents is very 
different. While Iex is strictly linear, Ic

* shows 
a behavior, which tends to be more Ambegaokar-Baratoff-like, with a strong increase near Tc, 
both a saturation for T$ 0. This could be an evidence for a parallel shunt of two different 
mechanisms of Josephson coupling in the junction. One showing the RSJ-behavior and giving 
Ic

* as a results of Cooper-pair tunnelling, while a second mechanism could be from normal 
conducting shorts in the barrier, which results in coupling by proximity effect or Andreev 
bound states and forms the additional excess current. In the former junctions with pure gold 

Fig. 4-2-2-5: Current-Voltage characteristics of a 
Ba-122/Au/TiOx/Pb junction with an area of 15x15 
! m2. The temperatures range from 4.2K to 7.5K 

Fig. 4-2-2-6: Temperature dependence of different 
IcRn-products of the same Ba122/Au/TiOx/Pb 
junction shown in fig. 4-2-1.  
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Fig. 4-2-2-7: Dependence of the critical current 
and the width of the first Shapiro step from the 
amplitude of irradiated microwaves with a 
frequency of 16GHz for the same 
Ba122/Au/TiOx/Pb junction shown in fig. 4-2-1. 
Shown are the measured data points (symbols) 
with modelled results corresponding to the full 
IcRn (blue straight line) and the reduced Ic

*Rn 
(red dashed line). 

barrier, the excess current therein was characterized as non-superconducting. To prove the 
Josephson effect and investigate the nature of the excess current in our junctions, we tested 
them under microwave irradiation and were able to detect Shapiro steps, as expected for 
Josephson junctions. The shape of the modulation of the critical current (n=0) as well as the 
higher order Shapiro steps (n! 1) depends only on the parameter " =h/2eáfmw/(IcRn), with the 
fmw is the frequency of the irradiated microwaves. Now one can compare the experimental 
results with the theoretical values obtained by solving the normalized Josephson equation: 
 

 
 
This can be done by using the reduced Ic

*Rn, assuming, that only the RSJ-like current is a 
Josephson current, or by using the full IcRn, which means that the excess current is a 
Josephson current, too. The results of this modelling are shown in fig. 4-2-2-7. 

 
 

For microwave irradiation with a frequency of 16 GHz it is very clear, that the modeled 
curves for the smaller Ic

*Rn (corresponding to a higher " =0.62) does not fit to the measured 
data points. The period of modulation is too long for the modeled curve and the values of the 
maxima are too high. However, using the full IcRn corresponding to " =0.38 one can get a nice 
coincidence with the critical currentÕs dependence in periodicity and amplitude. For the first 
Shapiro step the periodicity is from the same good quality, but some deviations occur after the 
first period due to thermal smearing and partly loss of the step. Nevertheless one gets an 
obvious conclusion, that the full IcRn instead of Ic

*Rn has to be used for a correct 
characterization of this type of junctions and thus, the excess current has to be labeled as a 
second Josephson current as well. Furthermore for application a high IcRn is desired, which 
now, has not to be lowered by the excess current as done for pure Au barrier junctions.  

After the successful introduction of TiOx layers to the barrier, we tried to increase their 
thickness and remove the existing gold layer completely to prepare SISÕ junctions. For 
junctions with a pure and thick TiOx barrier Josephson effect could be observed, too and this 
within a wide range of different I-V characteristics and temperature dependencies of IcRn, 
Ic

*Rn and IexRn. We could prepare low IcRn junctions without any excess currents (fig. 4-2-2-
8a). Or we were able to have junctions with a similar low IcRn but existing excess current (fig. 
4-2-2-8b). Similar to the Au/TiOx junctions, the excess current vanishes for temperatures 
significantly smaller than Tc and tends to be linear. More interestingly it contributes to #90% 
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Fig. 4-2-2-8: Temperature dependence of different 
IcRn-products of various Ba122/TiOx/Pb junctions. 
 
 
 
 
 
 
  

to the full Ic at 4.2 K. The reduced Ic
* shows a very interesting temperature dependence. It 

gives full contribution to Ic near Tc reached a maximum value at the critical temperature of Iex, 
nearly vanishes at 4.8 K and increases again. This behavior is similar to 0-!  transitions 
observed in junctions with ferromagnetic barriers, but also predicted by various theoretical 
papers concerning junctions using electrodes with an s+--symmetry of the order parameter. A 
third junction, which should be presented here gives an IcRn of 1.1meV, which is so far the 
highest value observed for hybrid pnictide junctions (see fig. 4-2-2-8c). This junction shows a 
hysteretic IV-characteristic with asymmetric McCumber parameters of " c

+= 1.76 and  
" c

-= 2.50. An excess current is still present but shows a temperature dependence not 
comparable with the formerly presented junctions. Its value is nearly constant over the whole 
temperature range and vanishes just at Tc, while the reduced Ic occurs for much lower 
temperatures. 

For the junctions with an excess current present, by microwave irradiation we were able 
to prove, that it is again a Josephson current, as we did for the Au/TiOx junction in fig 4-2-2-7. 
 

 

(Task 4.3) All -pnictide (S-S) junctions (FSU Jena, CU Bratislava, CNR) 
4.3.1 Bicrystalline grain-boundary junctions 
When regarding applications of superconductor thin films one has to have exact knowledge of 
the physics within the grain boundary. Additionally, results of the grain boundary also deliver 
information of the used material. 

Grain boundary junctions can be formed artificially by overgrowing a bicrystal substrate 
with a superconducting thin film, epitaxially. The lattice mismatch of the substrate is passed 
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on to the superconductor. By patterning a 
bridge over this grain boundary one can 
establish a weak link between the 
superconducting reservoirs on either side of 
the bridge. With optimal bridge width, thin 
film thickness and mismatch angle the weak 
link forms a Josephson junction in a 
reproducible procedure. Due to this 
reproducibility, GB junctions are usually 
used in SQUID technology. 
 
4.3.1.1 Co-doped Ba-122 GB junctions on 
symmetric [001]-tilt STO bicrystals 
Co-doped Ba-122 (Co-content of 8%) can be 
deposited epitaxially on both STO single 
crystals and STO bicrystals by using a buffer 
stack of MgAl2O4 and Fe. This has been done 
by the project partners of IFW Dresden with 
grat success leading to an excellent thin film 
quality. The lattice orientation of the 
bicrystalline substrate is rotated by 45¡ due to 
the Fe buffer. On the interface Fe buffer/Co-
doped Ba-122 it is rotated by another 45¡ and 
thus returns the pnictide orientation to the one 
of the substrate (see Fig. 4-3-1-2). The 
patterning of the Josephson junctions has been 
done by applying a photolithographic mask 
(see Fig. 4-3-1-1) on the whole film in a way 
that every region that was not covered could 
be removed via ion beam etching (IBE). The 
use of this kind of technology enables the 
formation of small structures down to the size 
of a few micrometres. However, layers can 
just be patterned from the top to the bottom. In 
the case of the present buffer stack we are not 
able to remove the buffer in the regions, where 
we want to examine our pnictide. We have 
thus shunts of iron and Mg-spinel beneath the 
actual pnictide thin film. 
Electrical measurements showed no distinct 
Shapiro steps under microwave irradiation. 
This may be caused by a shielding effect of 
the buffer layers. Additionally, the magnetic 

Fig. 4-3-1-1: Schematic of a grain boundary junction 
(small bridge in the middle), which forms a weak link 
between the supercon-ductors on the left and on the 
right side. 
 

Fig. 4-3-1-2: ! -scans of the STO substrate (top), 
the crystalline iron buffer layer (middle) and the 
pnictide thin film (bottom). The double peaks 
separated by 30¡ in all scans represent the 
bicrystal angle. 
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field dependence is influenced severely by the Fe buffer. The highest achieved IcRn product 
was 20.2 ! V. 
 
4.3.1.2 Co-doped Ba-122 GB junctions on symmetric [001]-tilt MgO bicrystals  
To grow Co-doped Ba-122 (Co-content of 8%) on MgO substrates (both single crystals and 
bicrystals) one needs no additional buffer layer to achieve epitaxial growth when employing 
high deposition temperatures. The according phi-scans can be found in the final report on 
WP2. The samples were patterned using photolithographic techniques and ion beam etching. 
Electrical measurements on Co:Ba-122/MgO (18.4¡) junctions showed flux-flow behavior 
(Fig 4-3-1-3). The critical current could be suppressed by microwave irradiation. 

 
4.3.1.3 Fe(Se,Te) on symmetric [100]-tilt STO bicrystals 
 
The CNR group has reported the realization and characterization of Fe(Se,Te) grain boundary 
junctions fabricated on a 45¡ tilt symmetric bicrystal substrates. Also in this case the junction 
show non hysteretic current voltage characteristics. In Fig.4-3-1-4 (a) the detail of the grain 
boundary region of several junctions realized is shown (a), while a schematic representation 
of one of them is shown in Fig.4-3-1-4 (b). 
 

Fig. 4-3-1-3: Current-vs-voltage 
characteristics of a grain boundary 
junction (width = 5 ! m) at different 
temperatures. 
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Fig. 4-3-1-4 (a) Photograph showing a detail of the GBJ region. The crystal orientations with respect to the grain 
boundary normal are also indicated; (b) schematic of the coplanar geometry representing a bicrystal GBJ. 

 

 
 

Fig. 4-3-1-5 Current-voltage 
characteristic of 45¡ [001] tilt 
bicrystal GBJs with different sizes 
measured at T = 4.2 K. In the 
inset, the IV characteristic of a 
junction 20 µm wide shows peaks 
due to ßux motion. 

The IV characteristics of four junctions with different widths are shown in Fig. 4-3-1-5. Their 
electrical parameters are summarized in Table 4-3-1-1. Also in this case the ICRN products of 
the smallest junctions are of the order of 30 ! V. These values are small but nevertheless 
suitable for the fabrication of dc-SQUIDs. The ICRN products are smaller for larger junctions. 
Moreover, the critical current density JC can be reasonably considered a constant, being only 
slightly larger for smaller junctions. It is worth noting that although the critical temperature of 
the Fe(Se,Te) is much lower than that of the ceramic superconductors, the JC values at the 
same temperature are comparable with those of YBa2Cu3O7-x (YBCO) devices. In particular, 
they are close to the highest values reported in the case of 45¡ [001] tilt YBCO bicrystal GBJs, 
[6-7] probably because the decay is much slower than that in YBCO, which is extremely 
appealing and promising for using such materials in applications. The resistance of the 
normal state RN is very small, and ranges from few tenths to several hundreds of m" . The 
normalized resistance values, deÞned as ! 0 = Aj RN , where Aj is the junction area, are 
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reported in Table 4-3-1-1. Assuming a reasonable barrier thickness of about 20 nm, a value of 
resistivity of the order of 5 10-4 Wcm is obtained, which is very close to the value found in the 
case of YBa2Cu3O7-x material in the normal state. In Fig. .4-3-1-6, is shown the magnetic Þeld 
dependence of the critical current for the smallest junction fabricated (W = 2.6 mm). The 
overlap of different lobes in the Þgure, corresponding to different magnetic ßux quanta in the 
junction, is evident. It is well known that such a magnetic Þeld pattern, deviating from the 
Fraunhofer behavior, is typically found in large junctions in which the junction dimension W 
normalized to the Josephson penetration depth ! j is W/! j > 1. This effect is related to the 
presence of magnetic self-Þelds generated by the bias current in the electrodes. For the sample 
shown in Fig. .4-3-4, it is possible to compute W/! j = 2.4. 
 

 

Fig. 4-3-1-6 Magnetic Þeld dependence 
of the critical current of 45¡ [001] 
Fe(Se,Te) symmetric bicrystal GBJ 2.6 
µm wide at T = 4.2 K. 

 
 
 
 
 
 
 
 

 
4.3.1.4 P-doped Ba-122 on LSAT bicrystal substrates 
It is particularly interesting to investigate junctions on high-angle bicrystal substrates, since 
the Ba-122 superconducting grain boundary junctions seem to exceed jc values of cuprate 
conductors at high angles making them desirable for applications. Furthermore, P-doped 
Ba-122 in particular shows even higher jc values (up to one order of magnitude) than the Co-
doped one presented above. Thus, P-doped Ba-122 (P-content of 34%) was deposited via 
MBE by our Japanese project partners in Nagoya on LSAT bicrystals with a lattice mismatch 
of 45¡. There is no need for additional buffer layers between the substrate and the pnictide 
thin film. Using MBE one can tune the composition of the thin film directly by changing the 
temperature of the respective effusion cells of the source materials. Patterning has been done 

W(! m) RN(! ) IC(! A) JC(A/cm2) ICRN(! V) ! j(! m) " 0(!  cm2) 
2.6 0.27 122.5 3.1x104 32.8 1.1 1.05x10-9 
4 0.23 133.5 2.2x104 30.7 1.3 1.38x10-9 
10 0.09 200.0 1.3x104 18.3 1.7 1.37x10-9 
20 0.04 470.0 1.6x104 17.7 1.5 1.13x10-9 

Table 4-3-1-1. Electrical parameters of Fe(Se,Te) grain boundary junctions at T = 4.2 K, fabricated on 
SrTiO3 45¡ [001] bicrystal substrate. 
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using photolithography and IBE once again. 
The high Tc (30 K) of P-doped Ba-122 opens up possibilities to apply pnictide devices 
without the need of liquid helium cooling. IcRn products range up to 45 ! V. Distinct Shapiro 
steps (including half-integer steps) formed under irradiation of microwaves, see Fig. 4-3-1-7. 
Their power dependence is shown in Fig. 4-3-1-8.  
 
4.3.1.5 Nd-1111 thin films on MgO bicrystal substrates 
 
During a scientific exchange of PhD students 
from IFW Dresden and FSU Jena Nd-1111 
thin films could be deposited by MBE under 
the supervision of Prof. Ikuta at Nagoya 
University. Details on the preparation can be 
found in D2.9. The resulting thin films on 
both single crystal and bicrystal substrates 
show high transition temperatures of nearly 
50 K (see Fig. 4-3-1-9). 
 
 
 
 
 
4.3.2. Junctions preparation by focused ion beam (FIB)  (CU Bratislava) 
Conventional optical lithography technique to prepare junctions for measurement of physical 
properties might be difficult, since the superconducting properties of Co-doped Ba-122 have 
been degraded in water and acetone. Therefore an alternative way that prepare patterns by 
focused ion beam (FIB) milling and direct deposition of platinum from metal organic gas by 
Ion or electron beam will be investigated. 

The part of the surface topography gives us an idea for preparation of weak junction 
based on defects of film structure, i.e. Grain boundary junctions (GBJ). As can be seen in fig. 

Fig. 4-3-1-8: Critical current (black) and 
height of the 1st Shapiro step (red) under 
microwave irradiation of 11.0 GHz. 
 
Fig. 4-3-1-9: Resistivity versus temperature of a whole 
film of Nd-1111. 
 

Fig. 4-3-1-7: I-V characteristics of a grain 
boundary junction (width = 10 ! m) under 
microwave irradiation with f = 11.0 GHz. 

Fig. 4-3-1-8: Critical current (black) and height of 
the 1st Shapiro step (red) under microwave 
irradiation of 11.0 GHz. 
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4-3-2-1 (a), there are a lot 
of cracks or grain 
boundaries visible on the 
sample. We expected 

superconductivity 
suppression on such 
boundaries; therefore such 
areas are suitable for 
superconductor properties 
measurement. We select 
one random Ògrain 
boundaryÓ and made a 
ÒbridgeÓ through it, as 

shown in fig. 4-3-2-1 (b). Afterward the region of ÒbridgeÓ isolated from the rest of the film 
by ion beam milling. Typical wideness of ÒbridgeÓ was 400 -500 nm and length 200 -300 nm. 
Critical current density (Jc) is higher than 107 A/cm2 at 4.2 K (fig. 4-3-2-2). Such value of 
critical current indicate that grain boundary cannot play role of weak link even though the 
width of the bridge is narrowed than 500 nm. In collaboration with partner from Napoli 
University (Prof. Giampiero Pepe) we prepared weak links by narrowing of microstructured 
superconducting thin films by FIB milling. On samples with patterns (see fig. 4-3-2-3) we 
made narrow ÒbridgesÓ by FIB with wideness 400 and 650 nm and length about 800 nm. 

 
Fig. 4-3-2-2 I-V and Jc-T characteristics measured on grain boundary junctions 

 
 
 
 
 
 
 
 
 
 

(a) (b) 

Fig. 4-3-2-1 (a) SEM surface topography of Co-doped Ba-122
 
thin film 

after Ar ion beam etching. (b) Grain boundary junctions. 

Fig. 4-3-2-3 Microstructure and detail of the one strip with 
narrowed bridge. 
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 (Task 4.4) SQUIDs (FSU Jena, CNR) 

4.4.1 Conventional SQUID-layouts (FSU Jena, CNR) 

The SQUID is based on a superconducting loop interrupted by one or more Josephson 
junctions. It is one of the simplest circuits that use Josephson junctions. Beside its 
employments for specific and sensitive order parameter phase tests, as was successfully done 
in the case of cuprate superconductors, the interferometric SQUID loop is the core of 
extremely sensitive magnetic field sensors that have a wide range of applications, from 
medicine (magneto-cardiography and magneto-encefalography), material science 
(nondestructive material corrosion testing), to basic science (gravitational wave antenna). It is 
therefore one of the first circuits to realize, once that an adequate control of the fabrication 
process of Josephson junctions is achieved. In the case of iron-based superconductors the 
junctions realized so far, although showing promisig characteristics, still require further 
development. This is in particular true in the case of full iron-based junctions. The attempts 
made, as described in the previous sections, are encouraging and already are in preparation 
test samples including interferometric superconducting loops. To this end a specific sample 
pattern has been realized, as outlined in Fig. 4-4-1. 
 

 
Fig. 4-4-1  Photolithographic mask for the realization of Jospehson junctions and SQUID loops using a bicrystal 
substrate. 
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Different attempts to realize superconducting quantum interference devices (SQUIDs) were 
done at FSU Jena using the thin films of the project partners of IFW Dresden and Nagoya 
University. Standard processes of thin film technology, i.e. photolithography and ion beam 
etching were used. In Fig. 4-4-2 a DC-SQUID is visible consisting of two junctions over the 
grain boundary (vertical line through the picture just left from the golden bridge oriented 
upwards) separated by a small loop hole. Multiple SQUID structures in an array have also 
been tested (Fig. 4-4-3). Electrical measurements of either layout did not show clear SQUID 
modulations up to now. Further improvements are underway in order to find the reason for 
missing modulations. 

A variety of hybrid SQUID structures in order to determine the order parameter 
symmetry of pnictide superconductors were presented in deliverable D 4.9. 
 

4.4.2 Phase sensitive devices (FSU Jena) 
After successful preparation of Josephson 
junctions with edge-type (task 4.2) and 
planar (task 4.2) junctions, the next step will 
be the combination of these types to an 
phase-sensitive structure, which could be 
able to determine the order parameter 
symmetry. Similar to corner-SQUIDS with 
cuprates, a combination of two edge-type 
Josephson junctions under certain angle 
could give evidence for s+-symmetry (see 
WP 6 for details). Additionally a 
combination of the two junction types with 
different barrier transparencies would act the 
same way. We developed such structure and 
now applied it the first time on a Co-doped 
Ba-122 thin film on CaF2 substrate (see fig. 

Fig. 4-4-2: DC-SQUID layout with two bicrystal 
grain boundary junctions (width: 3 ! m each) and a 
loop of 1" 12 ! m#. 
 

Fig. 4-4-3: Straight bridge (left) and two arrays of 
SQUIDs (right) over a grain boundary (thin 
horizontal line). 
 

Fig. 4-4-4 Microscope image of a new developed 
multi-junction structure, which allows combinations 
of a planar and an edge-type junction or two edge-
type junctions. The border of the insulating 
framework is marked by blue (dashed) line for 
clarity. 
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4-4-4). In this design it is possible firstly to characterize each junction itself, before in a 
subsequent step the connection to the third junction is cut and one SQUID is measured. First 
measurements on this structure will follow in the very near future. 
 

¥ Highlights of most significant results 

¥ Preparation of grain boundary junctions of Co-doped Ba-122 by FIB 

¥ Preparation of Co-doped Ba-122/Pt edge junction by FIB 

¥ Preparation of SNSÕ junctions (S: Co-doped Ba-122, N: Au, and SÕ:Pb)  

¥ Realizing edge-type hetero-junctions using Co-doped Ba-122 and Pb 

¥ Preparation of grain boundary junction of Co-doped Ba-122 by employing 
bicrystal substrate 

¥ New layouts for phase sensitive Josephson junctions and SQUIDs 

¥ Successful implementation and optimization of metal oxide barriers into two 
well-established hybrid junction geometries 

¥ By using TiOx barriers the hybrid junction stability has been improved 
dramatically and the fundamental junction parameter IcRn could be enhanced to 
1.1 mV 

¥ The origin of the observed excess currents has proven to be Josephson-like 

¥ Josephson junctions have been realized based on a wide range of different 
pnictides, substrates and mismatch angles and showed pure RSJ-like to flux-
flow-like behavior 

¥ P-doped Ba-122 bicrystals have proven to be the most promising candidate for 
applications based on (both artificial and natural) grain boundaries  

¥ A great variety of Josephson junctions has been optimized to enable the 
realization of hybrid phase-sensitive devices in the near future. 

!
¥ Work and progress on deliverables not yet submitted All deliverables have been 

submitted on time 

¥ Deviations from Annex I: No deviations from Annex I 

¥ Use of resources: The resources were used as planned 

¥ Corrective actions (if applicable) 
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Work Package 5 
 
Work Package Number WP5 Start date 4 
Work Package Title Advanced spectroscopy and transport investigation 
Activity Type  RTD 
Participant Name 
(only contributing 
partners) 

IFW Dresden CU Bratislava 
Politecnico  

Torino CNR 
University 

Twente 

Person-months 
(X: p-m used in previous 
reporting periods/ Y: p-m 
used in this reporting 
period  / Z: total planned 
p-m) 

3.77/3/6 1.9/5.1/7 14.41/11.98/25 10/6.58/12 7.2/0.6/7.8 

 
Summary of progress towards objectives and details for each task 

(Task 5.1) Point-contact spectroscopy 
The goal of pointÐcontact spectroscopy (PCS) measurements carried out within the Project 
was manifold:  

i) highlight the possible effects of the substrate and/or of the Fe buffer layer on the 
surface superconducting properties of thin films;  

ii)  test the spatial homogeneity of the superconducting properties in the film;  

iii)  test the compatibility of the superconducting properties of the films with those of 
single crystal samples;  

iv) determine the doping dependence of the gaps, in terms of amplitude, number and 
symmetry/structure in the reciprocal space;  

v) study the effect of disorder induced by irradiation on the gaps and on the critical 
temperature; 

In the following the details of the activity will be clarified. 

5.1.1 Experimental configurations. 
The point-contact measurements were performed by using two different setups. CU Bratislava 
used the standard Òneedle-anvilÓ configuration depicted in Fig. 5.1.1(a), in which a sharp tip 
of a normal metal is gently pressed against the surface of the superconducting sample, so as to 
establish a small (point-like) N/S contact. Politecnico di Torino used instead a ÒsoftÓ 
technique in which the point contact is made without applying pressure on the film surface, by 
putting a small drop of Ag paste on top of the sample surface (see Fig. 5.1.1(b) and (c)); in 
some cases, a simple Au wire stretched across the sample was used (see Fig. 5.1.1(d) ).  
Irrespective of the experimental configuration, in epitaxial thin films the contact was mainly 
placed on the top surface, which means that the current was injected along the c axis.   
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The samples investigated by point-contact spectroscopy during the Project are the following:  

¥ Co-doped Ba-122 films grown by IFW Dresden on MgO with Fe buffer layer  

¥ Co-doped Ba-122 films grown by IFW Dresden on CaF2  

¥ P- doped Ba-122 films grown at Nagoya University (by prof. IkutaÕs group) on MgO 

¥ Fe(Se,Te) films grown at University of Tokyo by prof. MaedaÕs group 

¥ Fe(Se,Te) single crystals grown at CRIEPI by prof. TsukadaÕs group 

¥ CaFe2As2 crystals (grown outside the Project, at ETHZ)  

¥ SrFe2(As,P)2 crystals grown at Osaka University by prof. TajimaÕs group 

 

5.1.2 Study of surface degradation in Ba(Fe,Co)2As2 films 
The study of surface degradation was mainly carried out by CU Bratislava in films of Co-
doped Ba122 (Co 10%) grown by IFW Dresden on CaF2 and MgO substrates. The study was 
carried out by means of point-contact spectroscopy (PCS), Scanning Spreading Resistance 
Spectroscopy (SSRS), XPS, and  Scanning Tunnelling Spectroscopy (STM). Here we will 
focus only on PCS; the other measurements are described in Task 5.2. Additional information 
on the sample aging was collected by means of transport measurements by Politecnico di 
Torino (see Task 5.6). Further details on this topic can be found in WP 3. 

The samples were kept in protective Ar atmosphere after preparation as well as during 
transportation from Dresden to Bratislava. Samples were unwrapped immediately before point 
contact  measurements (in helium protective atmosphere). To avoid destruction of the Ba-122 
surface layer, the contact was made by using a V-shaped PtIr wire of diameter equal to 200 
! m, gently pressed against the film surface, in a setup similar to that shown in Fig. 5.1.1 a. 
The small diameter of the wire ensures that the force applied on the film surface is small, and 
the point-contact area is less than 1 ! m2.  

Differential characteristics dI/dV vs. V by four probe, low-frequency (777 Hz) phase-sensitive 
technique were measured. The measurements were first carried out on the surface of the as-
prepared samples, immediately after the samples unpacking. In accordance with the results of 
Scanning Spreading Resistance Spectroscopy (SSRS) measurements (inhomogeneous surface 
conductivity, see section 5.2) two types of differential characteristics were measured, as 
shown in Figure 5.1.2.  Both types of spectra show a typical, strong decrease of differential 
conductivity with bias voltage. In the first type of spectra, the gap-like structure is clear 

! "# $"#

Fig.5.1.1 (a) Conventional needle-anvil configuration for point-contact spectroscopy, used by CU 
Bratislava; (b) the configuration of the ÒsoftÓ technique used by Politecnico di Torino. (c) Picture of a soft 
point contact (made as shown in panel b) on a Ba(Fe,Co)2As2 thin film. The size of the film is 0.5 x0.5 
cm2. (d) Picture of a point contact on the same film, where the contact is directly made between the film 
and a thicker (! =125 µm) gold wire. 
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visible (see detail in Figure 5.1.2 (a)) however no gap-like structure is visible in the second 
type of characteristics (see Figure 5.1.2 (b)). These results are fully consistent also with XPS  
and Scanning Tunnelling Spectroscopy, STM (section 5.2) measurements where an 
inhomogeneous and partially degraded surface layer was detected. 

After these measurements the surfaces of the samples were etched by Ar+ ion beam at energy 
400 eV with the purpose of removing the degraded layer from the surface. After this operation, 
most of differential characteristics exhibit gap-like structure (Fig. 5.1.3), although with a zero-
bias maximum, and no significant changes of the differential conductance at higher voltages.  

In these cases, it was possible to determine the energy gap values by using an effective two-
band 1D BTK model, in which the normalized conductance is expressed as 

, where  is normalized differential conductance for the i-th 
energy gap and w is the weight of band 1. The energy gap values obtained by the BTK fit 
were determined as ! 1= 2.5 meV and ! 2= 10.0 meV and the corresponding BCS ratios turned 
out to be 2! 1/(kBTc) = 3.1 and 2! 2/(kBTc) = 12.2 for Tc= 19K (see Fig 5.1.4).  

 

Fig. 5.1.3  Differential characteristics 
measured on Ba-122/PtIr point 
contacts at temperature of 4.2 K after 
Ar+ ion beam etching. 
 

(a) 

(b) 

Fig.5.1.4  Differential conductance characteristic measured on a 
sample prepared on the CaF2 substrate after IBE and 2-gap BTK 
fit with energy gap widths ! 1 and ! 2, weighting parameter w and 
broadening parameters " 1 and " 2 for each gap. 

 

Fig.5.1.2 Typical types of differential 
characteristics dI/dV vs. V measured on 
the as-prepared Ba122 samples (details 
in narrow voltage scale). 

(a) 

(b) 
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Of course in some places on the surface we measured a different type of characteristics (Fig. 
5.1.3 (b)) because of the inhomogeneous surface conductivity (as probed by SSRS, see Fig. 
5.2.1 (b)). Finally, the same samples were exposed to air for 1 hour, then measured, and then 
exposed again to air for 2 hours. The differential characteristics again exhibit background 
with decreasing of differential conductance for higher bias voltage and disappearing of the 
gap-like structures, as shown in Figure 5.1.4. 

 

In conclusion, these results together with those obtained by SSRS, STM and XPS indicate that 
the surface of the Co-doped Ba-122 films is quickly degraded when exposed to air and 
moisture. An ion-beam etching is then necessary to fulfill the conditions for standard PCARS 
measurements.  
 
Fortunately, as we will show in the following, PCARS measurements with the ÒsoftÓ 
technique can be made as well even on the as-grown surface. The reason is that the spot of Ag 
paste that acts as the counterelectrode has a diameter of about 50 µm and is that several 
parallel nanoscopic (and thus ballistic) contacts can form here and there within the apparent 
contact area. This allows a natural ÒselectionÓ of the more conducting channels between the 
Ag paste and the sample surface, even if a large part of the area is covered by a degraded, 
poorly conducting layer. It can even happen that the ÒsoftÓ point contact does not show any 
spectroscopic feature, but the application of short current or voltage pulses to the contact 
(ÒfrittingÓ) allows opening conducting channels through the poorly conducting or insulating 
surface layer, that act as pinholes in a SIN junctions and allow the measurements of the 
spectroscopic curves.  
  

Fig. 5.1.4  (a) Temperature dependence of typical differential characteristic measured on Ba-
122/PtIr point contacts at temperature 4.2 K after etching and 1 hour exposition to air. (b) 
Typical differential characteristic measured on Ba-122/PtIr point contacts at temperature 4.2 K 
after etching and 1+2 hours exposition to air. 

(a) (b) 
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5.1.3 Study of the effect of the Fe buffer layer on the local superconducting 
properties of Ba(Fe,Co)2As2 films 
Point-contact Andreev-reflection spectroscopy measurements (PCARS) on Co-doped 
BaFe2As2 films grown on MgO, with a Fe buffer layer, were performed by Politecnico di 
Torino and Cu Bratislava. These measurements are complementary to those of transport 
properties and were aimed at determining the effect of the Fe buffer layer on the local 
superconducting properties. 
Politecnico di Torino made a very large number of point contacts (more than 20) on different 
places of a 8% Co-doped film, using both the configurations of Fig. 5.1.1 (c) and (d), but only 
a very small fraction of them gave curves that could be fitted by the 2D-BTK model; the two 
extracted gaps turn out to be slightly greater than those obtained in single crystals of Ba(Fe1-

xCox)2As2 at the same doping content (M. Tortello et al., PRL 105, 237002 (2010)), as shown 
in Fig. 5.1.9. 

 
The large majority of the spectra showed anomalies (mostly a zero-bias conductance peak, 
ZBCP) that prevented the extraction of the gap values (two examples are shown in Fig 5.1.5 
(a) and (b)). This peak suggests that some phenomena (that do not occur in single crystals of 
the same compound) are taking place in these films, most probably a strong quasiparticle 
scattering. However, the spectra do not show the typical signs of the breakdown of the 
ballistic condition, e.g. pronounced dips and a reduced Tc; therefore the peak seems not to be 
simply related to diffusion or heating in the contact. (The vertical shift of the curves, which is 
not present in bulk samples, is however ubiquitous in films and will be discussed later; let us 
just anticipate here that it is related to the much larger normal-state resistance of the films 
with respect to single crystals.)  
Also CU Bratislava carried out point-contact measurements in 10% Co-doped Ba-122 thin 
films prepared on MgO/Fe substrates, by using the standard Òneedle-anvilÓ technique, and 
both on as-grown films and after Ar+ ion etching. All the curves exhibit zero bias peak both on 
as-received samples (Fig. 5.1.5 c) as well as on the samples after IBE (Fig. 5.1.5 d). In most 

Fig. 5.1.5.  Temperature 
dependence of raw PCARS 
spectra in a  Co-doped Ba-
122 films on MgO+Fe 
buffer layer. 
(a,b) ÒsoftÓ PCARS spectra 
on a 8% Co-doped film (KI-
NEW-076) showing a ZBCP 
already at low temperature. 
The film surface was as-
grown.   
(c) standard PCARS spectra 
on a 6% Co-doped film in 
the as-received state. (d) 
Standard PCARS spectra in 
the same film after ion beam 
etching. 
 

a) b) 

c) 
d) 
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cases, no contribution from superconducting density of states was observed. The question for 
what reason the zero bias peak disappears above the critical temperature of thin film remains 
open. 
Such type of ZBCP could be caused by pair-breaking scattering, arising from the interaction 
between electron spins and localized magnetic states. The compound itself contains Fe, so 
localized magnetic states could exist in the form of either free iron or iron oxide, producing 
magnetic disorders/impurities on the NS interface. However, in similar films without buffer 
layer, the occurrence of ZBCP in the spectra is much less frequent, so we suspected that the 
Fe buffer layer was responsible for this effect.  
Politecnico di Torino then performed a magneto-optical imaging investigation on the 8% Co-
doped film; the results are shown in Fig. 5.1.6. The left image, recorded at room temperature, 
shows the stray field from the sample edges, indicating "soft" ferromagnetic properties with 
the easy axis in plane, due to the ferromagnetic buffer layer, even though Fe moments are 
mainly oriented in the plane. The image on the right panel, recorded at low temperature, 
shows that the sample is rather inhomogeneous, containing normal regions and trapped flux.  

These results, together with what reported in WP2 (shunting of the current in the normal state, 
hindering of the normal state properties), indicates that the use of the Fe buffer layer can have 
undesired side effects and completely prevents extracting information from the temperature-
dependence of the resistance; the determination of the amplitude of the gaps by PCARS is, if 
not impossible, very difficult. 
 
 

5.1.4 Test of the spatial homogeneity of the superconducting properties in 
Ba(Fe,Co)2As2  films on CaF2 
In order to characterize the distribution of local critical temperatures and gap values on the 
films, the partner of Politecnico di Torino expressly performed a set of transport and PCARS 
measurements. The transport measurements are described in the relevant section 5.6. The 
PCARS measurements were performed by placing the contact in different positions on the 
film surface, for example arranged in a regular 3x3 matrix. The local critical temperature can 
be determined by PCARS simply by looking at the temperature dependence of the raw 
conductance curves; Tc is identified with the temperature at which the features related to 
Andreev reflection disappear and the conductance ceases to be strongly temperature 
dependent. The local Tc determined for each contact can then be compared to the critical 

Fig. 5.1.6. Magneto-optical imaging on Ba(Fe1-xCox)2As2 thin films grown of MgO with 
Fe buffer layer. Left panel: room temperature image. Right panel: low temperature (10 
K) image. Bright regions correspond to preferential vortex penetration and normal zones. 
Dark regions are screened zones. 



 66 

temperature of the whole film as determined by resistance measurements (as explained in 
section 5.6) and/or susceptibility or magnetization measurements.  
We generally observed that: 
- In films with Co content x !  0.08, the local Tc determined by PCARS agrees well with the R 
vs T curve. The local Tc values fall in most cases between Tc

10 and Tc
90 even though in some 

cases they are close to the onset of the resistive transition. This is a usual finding in PCARS; 
the absence of local Tc values that fall in the lower 10% of the resistive transition indicates 
that there is no significant heating in the contact region (that would instead lead to an apparent 
reduction of Tc). Figure 5.1.7 reports some examples of this comparison.  
- When different 5 mm x 5 mm pieces of the same film (whose original size was 10 mm x 10 
mm) were separately investigated, the local Tc values turned out to be compatible not only in 
a single piece, but also between different pieces. The same happens of course with the R vs. T 
curves (see section 5.6). 
- In the underdoped film (x=0.04) called FK-NEW 043, the local Tc apparently always fall 
well above Tc

90 of the resistive transition. This is definitely an anomalous result, but the 
explanation is simply that in this film the PCARS spectra show an additional structure (in the 
form of a zero-bias peak) that disappears above Tc and is therefore not related to 
superconductivity but, probably, to some magnetic scattering. Indeed, it is present only in the 
underdoped regime and, although in a different form, also close to optimal doping, but absent 
in the overdoped films. 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
As a further test of homogeneity, we also compared the values of the gaps determined from 
PCARS spectra taken in different regions of the same film. The gap values were extracted 
from the normalized PCARS spectra by means of a fit with a two-band BTK model, which is 
based on the simplifying assumption of spherical Fermi surfaces in both the normal metal and 
the superconductor. In all cases, two isotropic gaps were used in the model. In this case, the 
fitting function contains the two gap amplitudes " 1 and " 2, the broadening parameters #1 and 
#2, the barrier parameters Z1 and Z2, and the relative weight of the two bands that contribute 
to the conductance (w1 and w2=1-w1). 
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Fig. 5.1.7. The local Tc values determined by PCARS compared with the R vs T curve in: a,b) two different    
5 mm x 5 mm pieces of film FK-NEW 049 (8%Co-doped); c) film FK-NEW-070 (15 % Co doped); d) film 
FK-NEW-043 (4% Co-doped). The inset shows schematically the surface of the film, with the contacts for 
resistance measurements (white dots) and the regions where the point-contact measurements were carried 
out (yellow dots). In some cases, e.g. in (a) and (b) they partially coincide. 
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Examples of this procedure, applied to 8%  and 4% Co-doped films, are reported in Pecchio et 
al., Phys. Rev. B 88,  174506 (2013).   
In Figure 5.1.8 the values of the gaps determined from the fit of PCARS spectra in three 
different films of 8% Co-doped Ba-122 on CaF2 are compared to those measured in 
optimally-doped single crystals, and to the few determined in Ba(Fe,Co)2As2 film with 
nominally the same doping content, but grown on MgO with a Fe buffer layer.  

Note that: 
¥ in the film with Fe buffer layer, the number of PCARS spectra that allowed us to 

extract the gap values was very small because of the frequent emergence of the ZBCP 
(see above). Even though these values are too few to draw a conclusion, the small gap 
seems to be larger than that obtained in single crystals and in the films with on CaF2 
(with no Fe buffer layer);  

¥ in the film on CaF2, the majority of the gap values fall in a range compatible with the 
measurements in single crystals, although not  strictly compatible with the 
measurements along the c axis.   

¥ the ranges of gap values obtained in the three films with equal doping largely overlap. 
Considering all the three films on CaF2, one obtains that ! S = 3.05 Ð 4.5 meV and ! L = 
7.4 Ð 11.4 meV.  If one considers only one film (i.e. FK-NEW 048) the range is ! S = 
3.8 Ð 4.5 meV and ! L = 9.2 Ð 11.4 meV.  

 
 

5.1.5 Determination of the gaps and their symmetry as a function of doping in 
Ba(Fe,Co)2As2 

The group at Politecnico di Torino performed ÒsoftÓ PCARS measurements in Ba(Fe,Co)2As2 
films at different doping levels from strongly underdoped (4%) to overdoped (15%). This 
allowed us to construct the phase diagram of these films, and to determine the effect of 
aliovalent doping on the number, amplitude and symmetry of the energy gaps. The results of 
this study have been reported in Pecchio et al., Phys. Rev. B 88, 174506 (2013).  
It is worth noting that: 
¥ In the films with x "  0.08 all the fits were possible by using two isotropic gaps. There is 

thus no sign of a change in the gap symmetry and structure on increasing the doping 
content, even though DFT calculations predict the occurrence of node lines in the gap at 

Fig. 5.1.8. Values of the gaps 
extracted from PCARS 
measurements in three 8% Co-
doped Ba-122 film on CaF2 (open 
symbols), in a 8% Co-doped film 
on MgO with Fe buffer layer 
(solid squares), and in single 
crystals, with current injected 
along the c axis (solid triangles) 
and along the ab plane (solid 
circles). Hatched regions indicate 
the spread of gap values obtained 
in single crystals.  
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15% Co doping. The discrepancy is probably due to the strain due to the substrate that 
makes the phase diagram of films on CaF2 be different from that of single crystals (and the 
DFT calculations were performed with unstrained cell parameters). 

¥ In the underdoped film (x=0.04), many spectra (not shown here) feature a zero-bias 
conductance peak that cannot be reproduced by using the 2D BTK model with two 
isotropic gaps and disappears above the bulk critical temperature, as shown in figure  5.1.7 
(d). Owing to the fact that in the underdoped region there is a coexistence of 
superconductivity and magnetism, we hypothesized that this peak might be due to Kondo-
like scattering. We will show later (section 5.1.7) that indeed introducing an additional 
Lorentzian term (as expected for Kondo effect) in the conductance, the fit of the curves is 
possible. Anyway, in a subset of spectra this peak is weak enough not to hinder the fit with 
the 2D BTK model using two isotropic gaps. 

¥ Many conductance curves show additional structures at energies higher than the large gap 
that are not fitted by the 2D BTK model and are likely to be related to the strong electron-
boson coupling; the same happens in Ba(Fe,Co)2As2 single crystals (Tortello et al., Phys. 
Rev. Lett. 105, 237002 (2010)) but here, at least in the underdoped regime, these features 
seem to be even more pronounced. These structures can be reproduced only by the 
combined use of Eliashberg theory and BTK model: the relevant discussion is in the report 
about WP6 (theory). In the underdoped sample FK-NEW 043 (nominal 4% Co doping) 
these structures are often very clear and may be confused with gap structures; only in a few 
curves these structures were not visible and allowed a good fit of the curve in the whole 
voltage range.  

 
The gaps obtained in the different samples can be plotted as a function of the local critical 
temperature. The result is shown in figure 5.1.9. Here the vertical error bar shown for each 
point indicates the range of variation of the gaps determined in different point contacts on the 
same sample or on different samples with the same doping; the horizontal error bar represents 
the spread of local Tc values. Several other gap amplitudes taken from literature are also 
reported for comparison. Further details can be found in Pecchio et al., Phys Rev B 88, 
174506 (2013) 
 At the highest Tc values, corresponding to x = 0.08 and x = 0.10: 

¥ the gap values agree rather well with those given by PCARS in single crystals, as 
already shown in Figure 5.1.8.  

Fig. 5.1.9 Average gap 
amplitudes in Ba(Fe1! xCox)2As2 
thin films with different Co 
content (filled circles), plotted as 
a function of the local Tc 
The other data points are taken 
from literature. The upper and 
lower dashed lines correspond to 
a gap ratio 2! /kBTc equal to 3.52 
and 9.0, respectively. 
From Pecchio et al, PRB 88, 
174506 (2013). 
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¥ The large spread of ! L values given by PCARS has already been noticed in various Fe-
based compounds and its origin may be either intrinsic (e.g., anisotropy of ! L) or 
extrinsic (uncertainty due to the normalization).  

¥ The values of ! L given by PCARS are systematically larger than those given by 
optical measurements and specific-heat measurements. This may be due to the 
approximations on which the fit of the curves is based, but may also hide some more 
fundamental property of Fe-based compounds.  

¥ The small gap ! S is much better defined; the values provided by different techniques 
are well consistent with one another.  

Concerning the gap values away from optimal doping: 
¥ Up to optimal doping (i.e. all points apart the ones at Tc = 20.2 K that refer to the x = 

0.15 film) the gaps depend almost linearly on Tc. The small gap is approximately 
BCS: 2! S/kBTc = 3.7 ± 0.8, while the large gap is definitely in the strong-coupling 
limit:  2! L/kBTc "  9 

¥ The points at x = 0.15 are instead outside this trend since the gap values here 
correspond to reduced gap ratios, 2! S/kBTc = 2.6 ± 0.3 and 2! L/kBTc "  6.5. 

This point can be clarified by plotting the gap amplitudes as a function of the nominal doping, 
as in figure 5.1.10. Here, the gaps qualitatively follow the trend of the critical temperature and 
have a maximum at x =0.10,  but in the overdoped region the gaps decrease more than the 
critical temperature so that the gap ratios decrease. Solid lines are the results of calculations 
within the Eliashberg theory (see WP6) that show that the Tc and the gap amplitudes can be 

explained within a model of spin-fluctuation mediated superconductivity, and their doping 
dependence indicates that the coupling constants (inset) decrease in the overdoped region, as 
expected because of the suppression of spin fluctuations on moving away from the 
antiferromagnetic region of the phase diagram.  
In conclusion: the doping and critical temperature dependence of the gaps of Ba(Fe,Co)2As2 
films has been determined. The results have been shown to be compatible with a 
superconducting coupling mediated by spin fluctuations.  
 
 

Fig. 5.1.10 Doping dependence 
of the superconducting gaps 
measured by PCARS (symbols, 
left vertical scale) compared to 
the doping dependence of the 
critical temperature from 
resistivity measurements (lines, 
right vertical scale).  
Lines are the results of 
calculations within the 
Eliashberg theory. Inset: doping 
dependence of the coupling 
constants 
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5.1.6 Study of the zero-bias anomaly in PCARS spectra in Ba(Fe,Co)2As2 
In Fe-based superconductors, zero-bias anomalies occur rather frequently in PCARS spectra, 
and very often they cannot be associated to the breakdown of ballistic conduction through the 
contact because they coexist with gap structures.  
In Gonnelli et al., J Supercond Nov Magn 26, 1331 (2013) the partner of Politecnico di Torino 
has shown that a zero-bias anomaly (in the form of an excess conductance at zero voltage) can 
be put in evidence even in PCARS spectra that can be fitted very well by the 2D BTK model, 
if the more correct, directional 3D BTK model is used. As a matter of fact, the 2D BTK model 
is based on the assumption of spherical Fermi surfaces, while in Ba(Fe,Co)2As2 (and, in 
particular, for c axis injection) this assumption is untenable. The 3D version of the BTK 
model relaxes this assumption and takes into account the real shape of the Fermi surface, as 
obtained for example from DFT calculations (Daghero et al., Rep. Prog. Phys. 74,124509 
(2011); Daghero et al., Low Temp. Phys. 39, 261 (2013)), by actually modeling it with 
analytical surfaces for ease of calculation. The conductance can then be calculated for 
different directions of current injection. In J. Supercond. Nov. Magn. 26, 1331 (2013) we 
found that, for  c axis injection in optimally-doped Ba(Fe,Co)2As2,  the 3D BTK model - based 
on the Fermi surface calculated by DFT with lattice parameters taken from literature Ð 
predicts a very deep zero-bias minimum which is not observed experimentally (see figure 
5.1.11 (a) and (b)). 

 
This minimum cannot be eliminated (i.e. it is not just related to the specific choice of the 
parameters of the model FS) unless the geometry of the Fermi surface changes completely, i.e. 
at least one of the two sheets becomes completely 3D. Neither this minimum can be removed 
if node lines develop on one of the FS sheets, as proved by numerical simulations. It is worth 

Fig. 5.1.11 (a) An example of  low-temperature conductance curve measured in the film KI-NEW-076 (grown 
on MgO with a Fe buffer layer) and the relevant fit with the 2D BTK model (red line) and with the 3D BTK 
model (blue line). (b) Same as in panel (c), but for a conductance curve measured in the film KI-NEW-106, 
grown on CaF2. Both films have a nominal doing equal to 8%. (c,d) Comparison between the fit made with the 
3D BTK model (blue lines) and with the 3D BTK + a Lorentzian zero-bias peak, for the same curves as in (a) 
and (b).  
 
 
 The same conductance curves shown in Fig. 5.1.10 (c ) and (d), with the relevant 3D BTK fit (blue dashed 
lines) and 3D-BTK fit including a Lorentzian term as expected for magnetic scattering (red solid lines).  
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noting that, as shown in Daghero et al., Low Temp. Phys. 39, 261 (2013) and in Gonnelli et al., 
J Supercond Nov Magn 26, 1331 (2013), this problem does not exist when the current is 
injected along the ab plane, which is possible in single crystals but not in epitaxial films. 
The fact that the experimental curves do not show this minimum might suggest that there is 
another effect that gives rise to a zero-bias maximum superimposed to the Andreev signal.  
This effect might be related to magnetic scattering that would give rise to a Lorentzian term in 
the conductance. This hypothesis is based on several experimental facts: 

¥ according to the phase diagram of films on CaF2, the films with 8% Co-doping are 
slightly underdoped, and thus lie on the border of the region where antiferromagnetic 
ordering still exists; 

¥ a weak zero-bias peak often develops out of the Andreev signal when the temperature 
is increased. This would mean that the zero-bias region is determined by a 
phenomenon that has a different temperature dependence than the superconducting 
gaps; 

¥ in a fraction of contacts in the 8% Co-doped films, a zero-bias peak is present (and 
visible) already at low temperature. These curves were not taken into consideration for 
the 2D BTK fit because it is clear that this anomaly cannot be fitted; 

¥ in the underdoped films, as discussed above, a zero-bias peak is very often present at 
low temperature, and this peak disappears above the critical temperature of the film, 
which indicates that it does not have a superconducting origin. Well below optimal 
doping, indeed, the magnetic ordering sets in at a higher temperature than the 
superconducting transition. 

 
Indeed, as shown in Figure 5.1.11 (c) and (d), the same curves can be fitted by adding to the 
ÒsuperconductingÓ conductance a Lorentzian curve peaked at zero bias, i.e. by using the 
fitt ing function 
 
 
 
where the first term is the usual Andreev term, and the second is a Lorentzian curve L(E) 
peaked at zero energy, whose parameters are ! K (width) and K (such that the amplitude is 
2K/! K).  A similar additional model  has been used in literature for the case of Kondo 
scattering; in this case, theory predicts that these parameters should evolve in temperature and 
magnetic field in a specific way. In particular, as a function of temperature one should have 
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Moreover, the width is expected to increase in magnetic field (Zeeman splitting). 

A confirmation of the fact that the phenomenon giving rise to this peak is magnetic scattering 
requires extracting the T-dependence and B-dependence of the parameters of L(E) from the fit 
of PCARS spectra. To do so, it is better to use spectra where the Lorentzian curve gives rise 
not only to a ÒfillingÓ of the zero-bias minimum, but to a clear zero-bias peak. In the 8% Co-
doped films, these spectra are relatively few, while they are the majority in the 4% doped film. 
Figure 5.1.13 and 5.1.14 show an example of this procedure with the relevant results. Both ! K 
and K follow the expected behaviour (equations 1 and 2 above) for TK "  20 K and s=1. The 
latter means in particular that the magnetic impurities are in the mixed-valence regime 
(observed in heavy-fermion compounds) and not in the Kondo regime (non-interacting, 
diluted magnetic impurities). 
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Unfortunately, Kondo scattering would be expected to give rise to peaks in the differential 
conductance of tunnel junctions, but to zero-bias dip in the Andreev-reflection regime. 
Nevertheless, the similarity of the behaviour of ! K and TK with the expected one is striking, 
and the possible presence of localized Fe impurities is rather reasonable in these films. 
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Fig. 5.1.13 (a) Temperature dependence of the normalized conductance of a point contact in a 8% Co-doped 
film (symbols) with the relevant fit with the 3D-BTK model including a Lorentzian term. (b,c,d) Temperature 
dependence of: b) the gaps extracted from the fit; c) the width of the Lorentzian peak; the factor K. Lines in (b) 
represent the BCS-like temperature dependence of the gaps; dashed lines in (c) and (d) represent the theoretical 
T-dependence of the relevant parameter that best fit the points. From these fits, the Kondo temperature TK "  20 
K and the exponent s=1 can be extracted.  
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Fig. 5.1.14 Low-temperature conductance of a point contact in a 8% Co-doped film in zero field and in a field 
of 8 T parallel to the film surface, with the relevant fit obtained with the 3D-BTK model + Lorentzian peak. 
(b) Field dependence of the gaps and of the width of the Lorentzian peak. 
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Fig.5.1.15 Temperature dependence of 
normalized differential conductance 
spectra obtained by PCS on Te-doped 
FeSe films prepared on MgO substrate in 
the as-received state. 

Fig.5.1.16 Temperature dependence of 
normalized differential conductance spectra 
obtained by PCS on Te-doped FeSe films 
prepared on MgO substrate after IBE. 

5.1.7    Determination of the energy gaps in Fe(Te,Se) films 
PCARS measurements in Fe(Te,Se) films have been carried out as usual with the ÒstandardÓ 
needle-anvil technique by CU Bratislava and with the ÒsoftÓ technique by Politecnico di 
Torino. 

AFM, SSRM and XPS measurements carried out by CU Bratislava and summarized in Task 
3.2 showed that the surface of Fe(Te1-xSex) films with x=0.5 grown on CaF2 by prof. MaedaÕs 
group (University of Tokyo) exhibits a terrace-like structure, similar to Ba-122 samples 
prepared on MgO/Fe substrates. Differential characteristics measured on as-prepared samples 
exhibit (Fig. 5.1.15) zero bias peak without any features related to superconducting density of 
states (Andreev reflection from NS contact or tunneling phenomena from NIS contact). 
Similar characteristics were obtained after etching of the surface in Ar ion beam with ion 
energy of 400 eV (see figure 5.1.16) 

 

Soft PCARS measurements were performed at Politecnico di Torino in films with x=0.3, 0.4 
and 0.5 grown by the same group. Many details about these measurements have been reported 
in the Deliverable D5.1; the final results have been published in Daghero et al., Supercond. 
Sci. Technol. 27, 124014 (2014). 

The soft technique allowed obtaining conductance curves with clear gaplike features, that 
were indeed fitted rather well by using the two-band, 2D BTK model. As usual in films, a 
downward shift of the conductance curves in the region of the resistive transition (because of 
the spreading resistance effect) was observed, so that the low-temperature curves cannot be 
normalized by using the PCARS spectrum at Tc. This adds some uncertainty to the fitting 
procedure, that can be taken into account in the error bar of the resulting gap values. No shift 
and no anomalies were observed in the spectra at the lower temperatures, that can thus be 
safely used to extract the gap amplitudes. 

It is worthwhile to note that: 

¥ In all the films, most PCARS curves present conductance maxima (or a plateau) at 
energies of the order of 3 meV, which are the signatures of a superconducting gap, and 
additional shoulders or small peaks at about 9-10 meV. These last features are very 
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unlikely to be due to a superconducting gap because their energy is too high (it would 
give a gap ratio 2! /kTc of the order of 13 which is unreasonable. Therefore, we 
concluded that these features might be the hallmark of a strong electron-boson 
coupling. 

¥ Since it is impossible to get rid of these electron-boson interaction (EBI) structures, 
the problem is how to extract the amplitude of the superconducting gap. Simulations 
within the  Eliashberg theory (see Deliverable D6.6 and  Daghero et al. Supercond. Sci. 
Technol. 27, 124014 (2014)) show that the high-energy structures are indeed 
compatible with EBI features associated to spin fluctuations, and that the most reliable 
value of ! E is obtained by a two-band BTK fit in which the EBI structures are treated 
as if they were a larger gap ! *. 

¥ The values of ! E obtained in this way turn out to nicely scale with the critical 
temperature of the point contacts, i.e. ! E "  2.75 kBTc. This gap is thus considerably 
higher than the BCS value ! BCS=1.76 kBTc, and clearly conflicts with the result of  
THz conductivity measurements in the same films (with x=0.5) that gives instead a 
gap of 2.1 meV in a film with Tc = 18 K, corresponding to !  =  1.35 ± 0.25 (Maeda et 
al., Applied Surface Science 312 (2014) 43Ð49).  

The solution to this apparent conflict stays in 
the fact that, if multiple gaps are present, THz 
conductivity is sensitive to the smallest of them, 
while PCARS may not; in particular, the weight 
of the different bands in the PCARS spectra 
depends on the shape of the relevant Fermi 
surface sheets.  

Traces of a smaller gap ! H of the order of 2.5 
meV were indeed sometimes observed in the 
film with x=0.5 ( see Figure 5.1.17 (a) and (b)) 
and, more clearly, in few PCARS curves in 
which the EBI shoulders are hardly detectable 
(for unknown reasons) and the Andreev-
reflection structures are not, or poorly, disturbed 
by them (see figure 5.117(c)).  These spectra 
can be fitted by a two-band BTK model in 
which ! E is the large gap and a smaller ! H "  2.5 
meV is present as well. 
 
But the most striking proof of the existence of 
the smaller gap ! H comes from PCARS 
measurements in single crystals of 
Fe(Te0.8Se0.2) (grown at CRIEPI by prof. 
TsukadaÕs group) carried out with the current 
injected along the c axis as in films. An example 
of these curves is shown in figure 5.1.17 (d). In 
this case, the Andreev signal is very high and is 
dominated by ! H while the weight of ! E and of 
the EBI structures is considerably suppressed in 
comparison with the case of films.  

Figure 5.1.17 (a,b) Two examples of 
PCARS  spectra in FeTe0.5Se0.5 films that 
show some traces of a small gap ! H.  
(c) One of the few PCARS spectra in the 
same films that show suppressed EBI 
structures and can be fitted with only ! E 

and ! H. (d) A PCARS spectrum in single 
crystals of FeTe0.8Se0.2 showing a 
dominant contribution from ! H . 
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Plotting altogether the values of ! H, ! E and ! * (extracted from the fit of the various PCARS 
curves in films and single crystals) as a function of the local critical temperature results in the 
graph of figure 5.1.18. The same figure also reports most of the experimental values of the 
gap(s) present in literature.  
It is clearly seen that: 
1) the large gap ! E scales with Tc according to ! E"  2.75 kBTc. This gap is in agreement with 

that recently observed by ARPES (up blue triangle, from Miao et al, PRB 85, 094506, 
2012) on the electronlike Fermi surface (hence the name ! E). 

2) the small gap ! H scales with Tc according to ! H"  1.75 kBTc and agrees very well with the 
gap measured by THz spectroscopy in the same films (Maeda et al., Applied Surface 
Science 312 (2014) 43Ð49). This gap might be a sort of ÒaverageÓ of the two gaps recently 
observed by ARPES (orange triangles, from Miao et al, PRB 85, 094506, 2012) on the 
holelike Fermi surface (hence the name ! H). Note that these two gaps are too close to each 
other to be distinguished by PCARS. 

3) The gap values present in the literature and obtained by different techniques perfectly fit in 
this trend. 

In conclusion, this is the first study of the energy gaps as a function of doping (or critical 
temperature) in FeTe1-xSex. All the previous measurements appeared in literature were carried 
out at a single doping content and the considerable scattering was difficult to rationalize 
within a unifying picture. Our measurements instead provide a perfectly reasonable and 
simple framework in which all these measurements fit. 
 

5.1.8    Study of the gap structure in Fe(Te,Se) single crystals 
All the PCARS spectra in films were fitted by using the two-band 2D BTK model with two 
isotropic gaps. This is actually an approximation for two reasons: i) the model is based on the 
assumption of spherical Fermi surfaces, which is obviously not the case here; ii) it does not 
allow extracting detailed information about the gap structure (i.e. anisotropy, presence of 
nodes and so on).  This is particularly important since evidences for an in-plane fourfold 
anisotropy of the electronlike gap were extracted from directional specific-heat measurements 
(Zeng et al., Nature Commun. 1:112, (2010)). 
To better investigate this point, we performed directional PCARS measurements in Fe(Te1-

xSex) single crystals grown at CRIEPI (see Komiya et al., J. Phys. Soc. Japan 82 064710 
(2013)). The Se content was x = 0.2 and x = 0.3. Figure 5.1.19 shows some examples of low-

Figure 5.1.18 Gap amplitudes ! H 
(orange symbols) and ! E (blue symbols) 
and EBI energy ! * (red open symbols) 
as a function of the local critical 
temperature Tc

A . Data from literature 
are added for 
comparison; in these cases, the critical 
temperature is the one declared in the 
original papers. The data come from 
PCARS , STS, ARPES, tunnel 
spectroscopy, specific heat and THz 
spectroscopy. These latter measurements 
have been carried out in films from prof. 
MaedaÕs group. 
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temperature PCARS spectra measured with current 
parallel to the c axis and parallel to the ab plane.  
¥ In c-axis contacts, the spectra feature two symmetric 

maxima associated to ! H, shallow shoulders (better 
visible when one tries to fit the curves with the BTK 
model) related to ! E, and weak signatures of the EBI.  

¥ The spectra taken along the ab plane instead 
systematically show a zero-bias maximum. 

This anisotropy of the curves is suggestive of an 
anisotropy of the superconducting order parameter. 
Indications in this sense have been given by directional 
specific-heat measurements (Zeng et al., Nature 
Commun. 1:112, (2010)). 
We thus assumed that the gap on the electronlike FS  has 
a fourfold anisotropy, i.e. possesses four vertical lines of 
zeros intersecting the Fermi surface. Since the Fermi 
surface is not spherical, we need to use the 3D BTK 
model. Using as a reference the Fermi surface calculated 
by Zeng et al, we constructed a model FS, which is 
shown in Figure 5.1.20 together with the 
superconducting gaps. 
 

 
With this assumption, it is possible to fit very well the PCARS spectra along both directions. 
Two examples are given in Figure 5.1.21. Note that:  

¥ when the current is injected along the c axis, the weight of the electronlike FS in the 
conductance is small because this FS is centred about M and is characterized by kF 

vectors with large in-plane component (for which the probability of electron injection 
is small) and therefore the isotropic small gap on the holelike FS dominates the 
conductance; 

¥ when the current is injected along the ab plane instead the weight of the electronlike 
Fermi surface is no longer small and the anisotropy of the larger gap has effect on the 
PCARS curve, giving rise to the zero-bias maximum. 
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Figure 5.1.20. Left: Fermi surface of Fe(Te,Se) from Zeng et al., Nat. Commun. 1:112, (2010). The color 
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Note that in both cases there are ÒshouldersÓ at higher energy (between 5 and 10 meV) that 
cannot be fitted by the model because are due to the strong electron-boson interaction, as 
already shown in the case of films (see Daghero et al., Supercond. Sci. Technol. 27 (2014) 
124014). It is possible to reproduce these features by using in the BTK model energy-
dependent gaps as obtained by solving the Eliashberg equations, as described in the 
Deliverable D6.5. 

5.1.9    Study of the gap amplitudes in BaFe2(As,P)2 films 
PCARS measurements have been carried out also in films of P-doped Ba-122 grown by MBE 
at Nagoya University by prof. IkutaÕs group. Three films grown on MgO single-crystal 
substrates have been used. Their critical temperatures are shown in the phase diagram taken 
from literature in Figure 5.1.22. 

As clearly seen, and as 
pointed out in Kawaguchi 
et al, Supercond.Sci. 
Technol. 27, 065005 (2014), 
the superconducting dome 
of these films is a little 
shifted to lower doping 
contents with respect to 
that of single crystals. The 
films are all c-axis oriented, 
epitaxial, with extremely 
good crystalline quality as 
evidenced in the same 
paper. 

Figure 5.1.23 (a) shows 
some examples of PCARS normalized spectra measured in the film n. 360, which has 
particularly good isotropy of transport properties. The spectra show Andreev-reflection 
features but the signal is always very low. The fit is always made with the two-band 2D-BTK 
model (apart from the case of the third line from the top, where a single-band model was 
used) with isotropic gaps. The position of the gap structures is indicated by vertical lines.  

 

Figure 5.1.21. Fit of two PCARS spectra in FeTe1-xSex crystals for current injected along the c axis (left) 
and along the ab plane (right). The 3D BTK model with the FS and the gap structure shown in figure 
5.1.20 have been used. The parameters of the fit are listed in the labels. 
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In the film n. 370 (x=0.3) the rate of success of PCARS measurements was much lower; the 
spectra shown in figure 5.1.23 (b) have very low amplitude and, possibly for this reason, most 
of them show one single pair of features and can be thus fitted by a single-gap BTK model 
(only the top curve, which is higher, was fitted with a two-band BTK model). In most cases 
there are ÒdipsÓ just above the gap edge that probably signal the departure from the 
spectroscopic limit, prevent the identification of the bigger gap structures and possibly 
question the reliability of the determination of the small gap as well. Note that all the spectra 
of panels (a) and (b) are compatible with isotropic gaps, but several characteristics with zero-
bias peaks were observed as well (panel (c)). The resistance of these contacts is very low and 
possibly indicates non-ballistic transport, so that ZBCP might be an artifact. The amplitudes 
of the gaps extracted from the fit of the available spectra are reported in figure 5.1.24. 
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Figure 5.1.23 (a): some examples of normalized PCARS spectra (symbols) with the relevant fit (lines). A two-
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Figure 5.1.24 (a) Gap amplitudes resulting from the fits of the spectra measured in films n. 360 and 370, as a 
function of the contact resistance. (b) The gap amplitudes as a function of the local critical temperature. The 
data are a subset of those reported in panel (a) just because in some cases we were not able to follow the 
temperature dependence of the PCARS spectra up to the critical temperature, so that the local Tc remained 
undetermined.  
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5.1.10   PCARS in irradiated BaFe2(As,P)2 films 
One of the most intriguing issues of Fe-based superconductors is the effect of impurities and 
disorder. Once the properties of the ÒidealÓ material are known, inducing disorder can be of 
some help both for applications (i.e. increase of the critical currents) and for a deeper 
fundamental understanding of the mechanisms of superconductivity. 

We have irradiated a film of BaFe2(As1-xPx)2 with x=0.2 from NagoyaÕs group (the n. 360 
mentioned in section 5.1.10 above) with Au ions having an energy of 250 MeV, creating 
correlated defects along the c axis. Because of the very small thickness of the film (100 nm), 
the ions are certainly not implanted in the superconductor. The film was divided in four 
quadrants that were then irradiated with increasing fluences, as indicated in figure 5.1.25 (a). 

We then performed point-contact measurements in the most-irradiated regions, i.e. C and D.  
Two examples of PCARS spectra measured in the zone C are shown, with the corresponding 
two-band BTK fit, in figure 5.1.25 (b) and (c).  

 

Two examples of PCARS spectra measured in the most irradiated zone (B) are shown in 
figure 5.1.26.  In general, all the curves present ÒdipsÓ at an energy higher than the large gap, 
which probably means that the mean free path of the film has decreased after irradiation 
Nevertheless, a fit is possible because the dips are not too close to the gaps; the fitting 
parameters are indicated in the legends of the figures.  

Note that each PCARS measurement does not provide only the information about the local 
gaps but also about the local critical temperature. By collecting the results of various PCARS 
measurements in these two regions of the film, we were thus able to plot the gap amplitudes 

Figure 5.1.25  (a) picture of the film with the four quadrants with different levels of irradiation with Au 
ions. (b,c) two examples of normalized PCARS curves measured in region C, with the relevant wo-gap 
BTK fit (lines). 
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Figure 5.1.26  Two examples of PCARS spectra measured in the zone B of the film, with the 
relevant two-band BTK fit (lines). The fitting parameters are listed in the labels.  
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and the local Tc values as a function of the Au fluence. The results are shown in figure 5.1.27: 
the irradiation seems to have little effect on the local critical temperature, but makes both the 
gaps decrease. This is an unexpected result since the gaps do not scale with the critical 
temperature. The meaning of this puzzling result is not clear up to now and deserves further 
investigation, especially from the theoretical point of view. 

 

5.1.11    PCARS in SrFe2(As,P)2 single crystals 
We have performed PCARS measurements in SrFe2(As1-xPx)2 crystals grown in Osaka by prof. 
TajimaÕs group with the intent to determine the amplitude and the symmetry of the energy 
gap(s). Indeed, this compound is particularly interesting since evidences of nodal gap have 

been reported on the basis of NMR (T 
Dulguun et al., PRB 85, 144515 (2012)), upper 
critical field (S. Yeninas et al., PRB 87, 
094503 (2013)), London penetration depth (J. 
Murphy et al., PRB 87 140505(R) (2013))  
measurements. The crystals were grown as 
described in Kobayashi et al., J. Phys. Soc. Jpn. 
81, SB045 (2012). We measured crystals with 
three different doping levels, i.e. x=0.35, 0.39 
and 0.46, that fall in the overdoped region of 
the phase diagram (see figure 5.1.28). We 
studied both as-grown crystals and crystals 
annealed as described in T. Kobayashi et al., 
PRB 87, 174520 (2013). 

Many PCARS measurements have been performed but, unfortunately, the results turned out to 
lack of a systematic character and it was impossible up to now to find a coherent 
interpretation. For the same reason it is very difficult to summarize the results here. Just to 
provide some partial information: 

1) in as-grown samples and for c-axis injection we observed only featureless spectra in the 
form of a broad V-shaped curve or a zero-bias cusp; in the same crystals, ab-plane injection 

Figure 5.1.28 Phase diagram of SrFe2(As1-xPx)2. 
The three doping levels studied here are 
indicated by arrows.  

(a) (b) 

Figure 5.1.27. (a) Local critical temperature (from PCARS) compared to the transport Tc as a function of 
the fluence.  (b) Energy gaps as a function of the Au ion fluence. Lines in (b) are guides to the eye. 
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gave spectra with some more ÒclassicÓ structure (i.e. conductance maxima) but the signal was 
too low to fit them, and multiple peaks often showed up. 

2) in annealed samples, we obtained (in almost 100% of the cases) c-axis spectra with a zero-
bias peak and a non-standard shape that we could not fit with any available model for 
Andreev reflection. In some cases, the ZBCP was higher than 2, as expected if zero-energy 
bound states are formed at the interface. The ubiquitous zero-bias peak could be the signature 
of a nodal gap, but when the current is injected along the c axis there is no way to obtain zero-
energy Andreev bound states, no matter what symmetry of the gap is used. Moreover, the 
resistance of all the contacts is rather low, which suggests that non-ballistic transport effects 
may be at play.  

In conclusion, as long as the spectroscopic nature of the contacts cannot be assessed in a 
indisputable way, any interpretation of the data would be dubious. It is however interesting to 
note that some of the observed features look very similar to those recently predicted to arise 
from interference effects, in turn associated to the different sign of the order parameter on the 
holelike and electronlike FS sheets (F. Romeo and R. Citro, arXiv:1407.7397).   

 

5.1.12    Study of the order parameter symmetry in CaFe2As2 under pressure 
During the second half of he Project we have finalized a work on pure (undoped) CaFe2As2. 
This material is an antiferromagnetic metal but becomes superconducting under small non-
hydrostatic pressures, and thus offers the possibility to investigate superconductivity in Fe-
based compounds without the complications of chemical doping and the consequent disorder. 

The superconducting phase has been identified with a low-temperature non-collapsed 
tetragonal lattice structure, stabilized by uniaxial pressure,  that coexists with a non-
superconducting, non-magnetic collapsed tetragonal phase and represents a small volume 
fraction of the bulk. The CaFe2As2 single crystals were grown at ETHZ (Switzerland) by Z. 
Bukowski and J. Karpinski and the PCARS measurements were carried out at the Max Planck 
Institute for Solid State Research in Stuttgart. Note that these are the first PCARS 
measurements ever carried out in a sample under pressure. The sample was mounted in a 
pressure cell, and the PCARS measurements were made as a function of pressure (up to 1 
GPa) and temperature. All the spectra, measured either with the current parallel to the c axis 
or to the ab planes, show a zero-bias peak and shoulders at an energy of the order of 3 meV. 
Their shape suggests the existence of two energy gaps of different amplitude, of which the 
smaller one is anisotropic or has lines of nodes. Additionally, a reasoning based on the 3D 
BTK model indicates that the presence of a zero-bias peak for c-axis injection implies that the 
Fermi surface sheet that hosts the anisotropic gap is very likely to have a 3D character. 

To collect indications about the shape of the Fermi surface in the superconducting phase, ab-
initio DFT calculations of the electronic structure have been carried out by G. Profeta 
(Universitˆ dellÕAquila, Italy) for different values of the lattice parameter ratio c/a to simulate 
the effect of uniaxial pressure. The results allow clarifying that, in the proximity to a first-
order transition from an antiferromagnetic orthorhombic (AFM OR) phase to a non-magnetic, 
collapsed tetragonal (cT) phase, there is an intermediate, thermodynamically unstable 
structure TÕ that still keeps a non-zero Fe magnetic moment and is identified with the 
superconducting phase. The TÕ phase is on the verge of a topological 2D-3D transition of the 
holelike Fermi surface, which, in the cT phase,  is split in two closed pockets centered at the Z 
points and disappears at the zone centre.  
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Suggestions about the structure of the gaps in this phase have been obtained from calculations 
carried out by K. Suzuki and K. Kuroki, now at Osaka University. The results indicate that the 
order parameter is almost isotropic on the electronlike Fermi surface but instead displays an 
in-plane fourfold anisotropy and a horizontal line of nodes on the holelike Fermi surface, at kz 
!  !  " . This finding is in agreement with earlier predictions about the emergence of a 
horizontal line of nodes on the outer holelike FS in 122 systems in suitable conditions. 

These theoretical results gave us all the necessary ingredients to build up a model Fermi 
surface and to express the k-dependence of the gaps to use the 3D BTK model to fit the data.  

Figure 5.1.29 shows the model FS with the relevant gaps #h (on the holelike FS) and #e (on 
the electronlike FS) and some results of the fitting procedure. The 3D BTK model can fit  very 
well the experimental curves, for both ab-plane and c-axis injection. The values of the gaps, 
as well as the gap ratios 2#h /kTc and 2#e /kTc are reported as a function of pressure in figure 
5.1.30. There is a narrow range of pressures where the gaps and the gap ratios increase, 
possibly suggesting an enhancement of superconductivity which occurs in correspondence 
with the 2D-3D topological transition of the Fermi surface (Lifshitz transition).   

J // ab 

J // c 

Figure 5.1.29 Top: model Fermi surface used in the 3D BTK model (matt surfaces) to mimic the calculated FS of the 
TÕ phase. Only the upper half of the Brillouin zone is shown. The yellow surface is the electronlike sheet, the blue 
surface is the holelike sheet.  Gridded surfaces represent the gaps: the large gap on the elecronlike FS is isotropic, the 
small gap on the holelike FS has a fourfold in-plane anisotropy and a horizontal line of nodes where it changes sign. 
Bottom: examples of normalized low-temperature PCARS spectra measured at different pressures (symbols) with the 
relevant 3D BTK fit (lines). The parameters are listed in the labels. In all cases except the last one, the current was 
parallel to the ab planes. 

(a) (b) 

Figure 5.1.30. (a) Pressure dependance of the gap amplitudes #h and #e (orange, purple) and of the local 
critical temperature (black). The small gap #h is the anisotropic one. (b) Pressure dependence of the gap 
ratios 2#h/kBTc and 2#e/kBTc. 
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5.1.13   Assessing realization of hybrid junctions with Fe-based 
superconductors and MgB2 
As stated in the DOW, in the third year of the Project the partner of Politecnico di Torino has 
also investigated junctions between MgB2 and a Fe-based superconductor (by the way, this 
corresponds to Milestone MS6). 

The measurements have been carried out by using the conventional needle-anvil technique in 
which the tip (here consisting of a single crystal of Mg11B2) is brought into contact with the 
surface of the sample (here a Fe-based superconductor) at low temperature, by means of a 
suitable movable shaft. 

Figure 5.1.31 shows a picture of the mounting. A zoom of a tip is shown in the inset. The 
sample is a 30% P-doped Ba-122 film (n. 370) from Nagoya University, already used for 
PCARS measurements. The persistence of superconductivity in this film was determined by 

means of a 2-wire 
resistance measurements 
on cooling. The onset Tc 
was 30.2 K and the 
transition was rather 
sharp. 

Thanks to the epitaxial 
character of the film and 
the way the MgB2 crystal 
was mounted, the 
junction was ab/c.   

 

 

Unexpectedly, when the tip was pushed against the film surface we reproducibly observed 
Andreev-reflection like spectra and no Josephson effect. In particular,  when we varied the 
contact resistance at 4.2 K we observed that:  

¥ When the resistance is of the order  of a few Ohms, the conductance shows very 
classic Andreev spectra with two symmetric maxima at about 2 meV and broad 
shoulders around 6 meV.  

¥ On decreasing the resistance below 3 ! , a zero-bias peak appears, initially coexisting 
with the maxima and then becoming dominant over them.  

¥ At lower resistances, the contact was Ohmic, did not show any evidence of Josephson 
effect (even by increasing the current up to more than 10 mA) and was dominated by 
Maxwell (thermal) conduction.  

Focusing on the more classic Andreev-reflection curves (contact resistance above 3 ! ) it is 
interesting to see what are the energy gaps that give rise to the structures. Figure 5.1.32 (a) 
and (b) show a representative example of a PCARS spectrum, normalized in two different 
ways, and fitted with the 2D two-band BTK model. The best-fitting parameters are listed in 
the labels. It is interesting to note that the gaps probed by PCARS are those of MgB2. This 
means that the Fe-based material acts as if it was non-superconducting. This cannot be due to 
the existence of a non-superconducting layer because the tip scratches the surface of the film 
and even penetrates into the film itself. 

 

MgB2 
crystal 

BaFe2(As,P)2 

film  

Figure 5.1.31.  Photograph of the setup for making hybrid MgB2- Fe 
based superconductor junctions. The c axis of the MgB2 crystal is 
parallel to the plane of the film. The film is n. 370 from Nagoya. The 
junction is thus ab/c. The inset shows a particular of another ÒtipÓ made 
of a MgB2 crystal stuck into a InSn cylinder. 
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The fit of figure 5.1.32 (a,b) is not perfect and shows discrepancies with respect to the 
experimental curves that cannot be removed by changing the fitting parameters or the 
normalization. The difference between the experimental spectrum and the theoretical one 
(blue line in figure 5.1.32 (a,b)) has well-defined maxima at ±3.5 meV and ±9.5 meV, that 
correspond to the energy of the gaps in BaFe2(As,P)2. The position of these maxima does not 
depend on the normalization of the experimental spectrum. It thus looks that, despite being 
dominated by the signal coming from the gaps of MgB2, the spectra also contain some traces 
of the gaps of the Fe-based superconductor. Their weight is much smaller, but it must be 
borne in mind that, in general, the Andreev reflection signal in these materials (and in 
particular in films) is always very low. 

In other contacts, obtained with the same film and the same MgB2 crystal, the spectra still 
look similar, though the position of their features is less easily identifiable. Figure 5.1.32 (c) 
and (d) show two of these curves, together with the relevant two-band 2D BTK fit. The best-
fitting values of the gaps are ! 1= 2.12 meV and ! 2=4.5 meV in the top panel, and ! 1= 2.1 
meV, ! 2=6.0 meV in the bottom panel. While the small gap seems to be robust despite the 
different position of the maxima, the larger gap can be roughly compatible with that of MgB2 
in the second case and with that of BaFe2(As,P)2 in the first one.  

Further measurements have been carried out on a single crystal of (Ba,K)Fe2As2 (onset Tc "  
40 K) just to rule out the possible role of the surface of the films and check how general these 
findings are. Note that the crystal used here is similar to those used for the deliverable D5.2 
(Report on tunnel junctions). The results are actually very similar to those presented up to 
now. For (Ba,K)Fe2As2, the gaps should be around 4 meV and 16 meV (see Daghero et al., 
Rep. Prog. Phys. 74 (2011) 124509, figure 9), with a large dominance of the first for c axis 
conductance, as in our case (the sample was indeed mounted exactly as the films). 
Nevertheless, the conductance curves always show maxima around 2.0-2.5 meV (that can be 
associated to the small gap of MgB2) and apparently no reproducible evidence of structures 
around 4 meV.  

Figure 5.1.32 (a,b) Fit of the same PCARS spectrum, normalized in two 
different ways. Black lines: normalized experimental spectrum. Red lines: fit 
with the two-band 2D BTK model. Blue lines: difference between the 
experimental spectrum and the fitting curve, showing maxima at about 3.5 meV 
and 9.5 meV.   (c,d)  Two additional examples of spectra, normalized and fitted 
with the two-band 2D BTK model. The fitting parameters are reported in the 
labels. 
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In conclusion, we have assessed the feasibility of direct junctions between MgB2 and Fe-
based superconductors. For the time being, due to experimental constraints, only ab/c 
junctions have been studied.  

The most surprising and robust result is the lack of evidences of Josephson effect and instead 
the ubiquitous observation of Andreev-reflection structures dominated by the gaps of MgB2. 
However, it seems that at least in some cases traces of the gaps of the iron-based compounds 
are also observable. These observations are already very promising, especially from the point 
of view of fundamental physics, and the results are a challenge for theory. Note that instead, 
as already reported elsewhere (deliverable D5.2) junctions between a PbIn alloy and  
(Ba,K)Fe2As2 do provide clear evidences of Josephson effect, with the expected Shapiro steps 
in the presence of irradiation with microwaves. Hence, the lack of Josephson supercurrent in 
junctions with MgB2 seems to be associated to the peculiarity of magnesium diboride (i.e. its 
multiband, multigap nature). 

 

(Task 5.2) Low temperature STM and tunnelling spectroscopy (CU 
Bratislava) 

5.2.1 STM 
For STM measurements carried out by CU Bratislava the Co-doped Ba122 (Ba(Fe1-xCox)2As2, 
Co 10%) on CaF2 substrates prepared at IFW Dresden were used. The samples were kept in 
protective Ar atmosphere after preparation as well as during transportation from Dresden to 
Bratislava. They were unwrapped immediately before SSRM (in nitrogen protective 
atmosphere), XPS (in UHV vacuum) and STM (in helium protective atmosphere) 
measurements. STM measurements were performed in transport Dewar tank using low 
temperature STM/STS but unfortunately without success because the STM tips were damaged 
before measurement.  
In WP3 it is shown that the surfaces of the iron-based superconductors are very 
inhomogeneous, with significant differences in surface conductivity within several hundred 
nanometers area. Moreover, creation of oxides of the elements contained in the layer has been 
shown by means of XPS spectroscopy. Due to the degradation processes, nonconductive, less 
conductive and conductive islands arise on the surface, which prohibit measurement of the 
local density of states by cryogenic STM/STS. For this reason, the STM needle was destroyed 
immediately after approaching the surface.  
For this reason, the study of surface properties was continued by SSRS, XPS and classical 
Point contact spectroscopy (see Task 5.1). All these techniques indicated that the surface of 
the as-prepared samples is degraded and no relevant differential characteristics related to 
superconducting state were measured.  
 
In section 5.1 measurements of the density of states by PCARS method using so-called "soft" 
techniques have been described. Contacts prepared by such method have relatively large area, 
what can lead to creation of many parallel conducting channels, like  NS, NIS, N1-N2, N1-I,-
N2 etc. between the N electrode (created by silver paste) and the superconducting thin film 
due to inhomogeneous surface of the superconducting films. However, the large area of the 
contact gives high probability for existence of several NS conductive channels and thus 
successful measurements of density of states. On the other hand, for preparation of SQUIDs 
and devices based on Josephson junctions, it is necessary to provide uniform superconducting 
surface properties of thin films as well as sharp interfaces in contacts with the barrier material 
or electrode. 
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For this reason, we have focused our attention on the possibility of removing the degraded 
surface layer by Ar ion beam etching prior to testing the surface properties by point contact 
spectroscopy. For this purpose, we use a more robust system with the possibility to readjust 
the contacts (Au or PtIr tips) directly in liquid helium. The differential characteristics dI/dV vs. 
V were measured by a low frequency phase sensitive detection technique, using a resistance 
bridge. The dI/dV vs. V characteristics were obtained by numerical inversion of the measured 
data. Estimated point contact area was is in the order of 102 nm2. 
The Comenius University group has investigated Co Ð doped BaFe2As2 thin films prepared by 
IFW Dresden, Te-doped FeSe thin films prepared at the University of Tokyo and MgB2 films 
prepared by the Comenius University group. In all cases, the differential characteristics were 
measured on the as prepared samples and after Ar ion beam etching (IBE). 
While the results of PCS have been already reported in Task 5.1, here we will summarize 
some results of SSRS and XPS in thin films of Co-doped Ba-122. 
 

5.2.2 Scanning Spreading Resistance Spectroscopy on Ba(Fe1-xCox)2As2 thin 
films 
The SSRM measurements were done by CU Bratislava on NT-MDT NTegra Aura 
microscope in a chamber with pure nitrogen atmosphere. Standard silicon AFM tips with 
conductive Pt coating were used. During the measurement the sample was grounded and the 
tip was voltage biased, while current through the tip-sample contact was monitored. Resulting 
SSRM images show inhomogeneous surface conductivity on nanometer scale in all cases. The 
average current varied depending on a position on the sample and was unstable in general. 
However, on average it was possible to see that the surface conductivity of the as-received 
sample was much lower than after the ion beam etching when the degraded surface layer was 
removed. After exposition to air the surface conductivity was considerably decreased again. 
Typical SSRM images are shown in Fig. 5.2.1. 

(a) (b) 

(c) (d) 

Fig. 5.2.1: SSRM map of the surface conductivity measured on the samples a) as-
prepared, bias voltage 2 V, b) after Ar ion beam etching (400 eV), bias voltage 1 V, c) 
after etching and 1 hour exposition to air, bias voltage 1 V, d) after etching and 3 hours 
exposition to air, bias voltage 3 V. 
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5.2.3 X-ray Photoelectron Spectroscopy on Ba(Fe1-xCox)2As2 thin films 
X-ray photoelectron spectra (XPS) were recorded on Omicron multiprobe system with 
hemispherical analyzer and monochromatic x-rays.  Analysis was performed by 
monochromatic Al K alpha x-rays (1486.6 eV). Spectra were measured at ambient 
temperature with photoemission of 45 degree from the surface.  To minimize the effects of 
charging on the BaxCo1-xFeAs, a low-energy electron gun was used for charge neutralization 
with the energy below 1 eV.   The carbon 1s line (for hydrocarbon, binding energy 284.8 eV) 
has been used to calibrate the binding-energy scale for XPS measurements. 
XPS investigation of Co doped BaFeAs (as prepared sample) showed carbon C1s and O1s 

contamination on the surface 
and all photoelectrons peaks 
coming from sample (see 
Figure 5.2.2). Deconvoluted 
high resolution XPS 
spectrum of carbon C1s 
indicates a presence of three 
chemical species: 
hydrocarbons, carbons with 
bound hydroxyl groups and 
carboxyl groups. Based on 
the previous studies, the 
spectra were deconvoluted 
into three Gaussian-Lorentz 
peaks centered at 284.6, 
285.8, and 288.4 eV. The 
main peak at 284.6 eV was 
attributed to carbon in 
hydrocarbons (C-C, C-H). 

The peak at 285.8 eV belongs to hydroxyl groups. The peak at 288.4 eV is caused by carbonyl 
and carboxyl groups, respectively.  
The Fe 2p spectra in Figure 5.2.3 (a) indicates that Fe is present in more than one chemical 
state with the binding energy of 705,9 eV and 709,7 eV for Fe 2p3/2. The peak at 705,9 eV is 
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Fig. 5.2-2 X-ray photoelectron spectrum of Co doped Ba111 collected 
on as prepared sample, after ion beam etching (400eV, 90min) and 
after exposition to air (from top to bottom). 
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Figure 5.2.3 (a) X-ray photoelectron spectrum of Fe2p collected on the as-prepared sample, after ion beam 
etching (400eV, 90min) and after exposition to air (from top to bottom). (b) X-ray photoelectron spectrum of 
O1s collected on the as-prepared sample, after ion beam etching (400eV, 90min) and after exposition to air 
(from top to bottom). 

Fe 2p1/2

Fe 2p3/2

10

20

30

40

50

60

C
P

S 
x 

10
-1

728 724 720 716 712 708 704
Binding Energy (eV)

(a) (b) 



 88 

Fig.5.2.4:  Various types of normalized differential conductance spectra obtained by PCS on as-received Co-doped 
Ba-122 films prepared on both Fe/MgO (blue curves) and CaF2 (black curves) in the both as-received (left) and IBE 
(right) states. Different PCS spectra represent different contact positions on the sample surface. The resistance 
values on the right denote the resistance of the junction at 4.2 K. 

coming from pnictide and is very close to binding energy for Fe metal. The peak with energy 
of 709,7 eV corresponds to chemical state Fe2+ or Fe3+ which indicates the presence of FeO or 
Fe2O3 mainly on the surface of as-prepared sample and sample exposed on air for 1 hour. 
After Ar ion beam etching, the peak with energy of 709,7 eV disappeared and only a peak 
with energy of 705,9 eV was present.   
The wide and asymmetric XPS peak of O 1s spectra indicates that oxygen is present in two 
chemical states (Figure 5.2.3 (b)). The O1s spectra contain two peaks with binding energy of 
530.7 eV and 529 eV which can be attributed to two oxidation state of FeO or Fe2O3 and also 
hydroxyl group. After application of ion beam etching, the concentration of the oxygen was 
reduced. By exposition to air for 1 hour the concentration of O1s was again increased to the 
same value.    
 

5.2.3 Correlation between surface properties of Ba(Fe,Co)2As2 and Fe(Te,Se) 
and needle-anvil PCS spectra 
To conclude, surface properties of Co-doped BaFe2As2 thin films prepared by pulsed laser 
deposition on MgO with Fe buffer layer (Fe/MgO), CaF2 substrates and FeSe0.5Te0.5 thin films 
prepared on MgO substrate were investigated by PCS spectroscopy as reported in Task 5.1. 

Scanning spreading resistance microscopy (SSRM) measurements showed very 
inhomogeneous surface conductivity in all cases.  However, the surface of the Co doped Ba-
122 thin films prepared on CaF2 substrate is very smooth and in some cases the differential 
conductance exhibit some features which could correlate with superconducting density of 
states (see figure 5.1.4). Unlike in the previous case, differential conductance in the shape of 
an inverted V without additional contributions from the superconducting state has been 
measured on the other two types of samples e.g. Ba-122 on MgO/Fe substrates (see figure 
5.1.5), and FeSeTe (see figures 5.1.15 and 5.1.16).  Both these types of thin films, i.e. Ba-122 
on MgO/Fe substrates and FeSeTe, exhibit similar terrace-like structures on the surface. From 
these similarities, one can conclude that a strong degradation of the surface has occurred, by 
effective and fast oxidation of the individual elements through ab planes in terraces, what 
leads to the loss of superconductivity in surface layers. After Ar ion beam etching, the oxygen 
content on the surface was significantly reduced by removing the degraded surface layer. 
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However, although relatively low ion energy (400 eV) has been used, both AFM and SSRM 
images show clearly (WP 3, task 3.2) an ion beam damage of the surface. Thus, the zero 
conductance peak is most likely caused by the interaction of quasiparticles with magnetic 
impurities. 
 

      !!!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5.2.5   SSRM map of Co doped Ba-122 thin film prepared on CaF2 substrate (a) on MgO/Fe substrate 
(b) and FeSe0.5Te0.5 thin film prepared on MgO substrate (c).  

 

(a) (b) (c) 
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(Task 5.3)  Scanning SQUID spectroscopy (Univ. Twente, CNR) 
Superconducting Quantum Interference Device (SQUID) microscopy is one of the most 
sensitive techniques for detecting magnetic flux. Utilizing SQUID, scanning SQUID 
microscopy (SSM) provides a unique and powerful solution for imaging magnetic flux 
distribution at sample surface with spatial information and excellent sensitivity. The 
magnitude resolution of our SSM is about ~ 10-4 ! 0 where ! 0 is the magnetic flux quantum 
with value of 2.068 x 10-15 Wb. For superconducting samples, the superconducting state 
intrinsically has diamagnetic response and vortex formation. The diamagnetic response and 
vortex will manifest as flux inhomogeneity, which can be easily detected by SSM. The 
essential part of the SSM is the pickup loop, which is coupled to a SQUID, with the inner 
diameter of ~ 3 µm and the outer diameter of ~ 6 µm. The small size of the pickup loop 
enables our SSM achieve a typical spatial resolution between 0.5 to 1 µm, in this case limited 
to about ~10 µm by the stepper motor controlled movement of the pickup loop.  

 

In the investigation, the following four bi-layer samples produced by Japanese partner 
(Nagoya University) have been imaged by SSM at 4 K: 

a) top film: (Ba,K)Fe2As2 with 70 nm Ag; bottom film: Ba(Fe,Co)2As2 with As buffer layer 

b) top film: (Ba,K)Fe2As2 with 70 nm Ag; bottom film: Ba(Fe,Co)2As2 without As buffer 
layer 

c) top film: (Ba,K)Fe2As2 with 100 nm Au; bottom film: Ba(Fe,Co)2As2 with As buffer layer 

d) top film: (Ba,K)Fe2As2 with 100 nm Au; bottom film: Ba(Fe,Co)2As2 without As buffer 
layer 

 

The samples Ba(Fe,Co)2As2 are electron-doped and (Ba,K)Fe2As2 are hole-doped.  

All the samples are expected to be superconducting at 4 K, and the SSM should observe 
diamagnetic response and magnetic flux of vortex. 

However, the received samples show no signal in SSM, indicating that the samples are not 
superconducting at 4 K. This might be due to degradation of the films. Since the samples were 
posted from Japan to the Netherlands in about a week time, sample might degrade during the 
process of mail post. 

Further investigation is required. 

 

(Task 5.4)  Low frequency noise spectroscopy (CNR) 

5.4.1 Basics 
The study of transport in the normal and superconducting state may yield precious 
information for the understanding of unconventional superconducting mechanisms in iron-
based superconductors, which are to date a matter of debate. For this purpose, using different 
experimental techniques to probe transport properties is particularly useful, due to the 
complexity of this material band structure. Electric noise measurement has already been used 
for the sensitive and non-destructive investigation of transport processes in condensed matter, 
providing valuable information on the dynamic behaviors of the charge carriers. In 
addition, Ófluctuation spectroscopyÓ has been proved to be a very sensitive and non-



 91 

destructive technique for revealing possible strategies to lower the intrinsic noise response, a 
mandatory requirement in the field of applied physics [S. Kogan, Electronic Noise and 
Fluctuations in Solids, 1st ed. Cambridge, Great Britain: Cambridge University Press, 1996]. 
Indeed, unusual mechanisms have been detected by means of ßuctuation spectroscopy in 
double perovskites, manganites, and electron-doped cuprate superconductors.  

All the experimental investigations reported here were carried in a closed-cycle refrigerator, 
operating in the 9-300 K range. Temperature stabilization was obtained through a GaAlAs 
thermometer and a resistance heater controlled in a computer-controlled feedback loop to 
better than 0.1 K. A Cernox resistor thermometer, in contact with the sample holder, was used 
to measure the sample temperature. 

Electrical transport and noise properties of the films were investigated by four-probe contact 
technique. After the characterization of the dc transport properties, low-frequency voltage-
noise analysis was performed at various bias currents and temperatures. All the noise 
measurements were done using a low-noise dc current bias source and the resulting voltage 
was sent to a dynamic signal analyzer (HP35670A), through a low-noise preamplifier 
(PAR5113). The spectra were acquired in the 1-105 Hz frequency range and the overall 
instrumental background noise was typically 1.3! 10" 17 V2/Hz. In order to rule out the 
existence of electrical noise generated by the contact probes, the experimental technique 
described in [C. Barone e al., ÓExperimental technique for reducing contact and background 
noise in voltage spectral density measurementsÓ, Rev. Sci. Instrum., vol. 78, pp. 093905, 
2007.] was used. 

 

5.4.2 Noise in Fe(Te,Se) thin films 
In FeTe0.5Se0.5 system, a previous study of the noise in unpatterned thin Þlms has revealed the 
existence of thermal activated excess 1/f contribution, which is also driven by an external bias 
[C. Barone et al., ÓThermal and voltage activated excess 1/f noise in FeTe0.5Se0.5 epitaxial 
thin filmsÓ [Phys. Rev. B 83, 134523 (2011)]. 
During this project additional measurements have been made on FeTe0.5Se0.5 thin films 
deposited by pulsed laser deposition on SrTiO3 and Lanthanum Aluminate substrates, with 
thicknesses in the range 150Ð200 nm. The films were grown by pulsed laser ablation 
deposition in ultrahigh vacuum system starting from a Fe(Te,Se) target prepared by direct 
synthesis from high purity materials, and deposited on single crystal with (001) orientation. 
The details of fabrication procedure are reported in WP2. The optimized deposition conditions 
were: deposition temperature of 550 ¡C; pressure 5x10" 9 mbar; laser repetition rate 3 Hz; laser 
wavelength 248 nm; laser fluency 2 J/cm2; spot size 2 mm2; target-substrate distance 5 cm. 
Typical film thickness was 150-200 nm, calibrated by x-ray reflectometry. XRD analysis 
allowed to identify the PbO-like tetragonal phase for Fe(Te,Se), without any trace of 
elementary oxides or hexagonal phase, indicating an optimum c-axis alignment of the growth. 
Moreover, the a and b axes are found to be parallel to those of the substrate, without evidence 
of any other orientation. All the samples have a superconducting transition at temperature 
higher than the bulk value, due to the compressive strained growth on the lanthanum 
aluminate substrate. 
An accurate photolithographic process has been developed to deÞne several striplines with 
different size and orientations with respect to the in-plane substrate crystalline axes (see inset 
of Fig.5.4.3). Resistance versus temperature dependence has been measured in current-pulsed 
mode by biasing the samples with a current of 1 mA. The superconducting transitions, defined 
at 50% of normal state resistance, occur at different critical temperatures: Tc = 18.0 K for an 
unpatterned sample and Tc = 15.2 K for a patterned one. The decrease of Tc after patterning 



 92 

could be due to the patterning process and/or to sample aging, after air exposure. Further work 
is necessary to reduce this effect. 
A detailed characterization of the low-frequency voltage noise was performed for several bias 
currents and temperatures. For all the investigated samples and configurations, the voltage-
spectral-density traces showed the same frequency dependence. Apart from a number of peaks 
at definite frequencies due to external noise sources, a large 1/f ! component, with !  = (1.14 ± 
0.05), is followed by a constant amplitude spectrum at higher frequencies as 
 

SV = A(I,T)/ f 
! + C(T,R)   (1) 

  

where A is the bias- and temperature-dependent 1/f noise amplitude, and C the white noise 
component (see Fig. 5.4.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.4.1  Low-frequency voltage-noise spectra of a 16 µm wide strip in FeTeSe patterned sample, 
taken at different temperatures (20, 100, 200, and 300 K) and for different dc bias currents (0-8 mA). 
 
All the coefficients in (1) have been experimentally evaluated with an high level of accuracy 
and a statistical error lower than 2%. 
 

 

Figure 5.4.2. Low-frequency 
noise spectra of a FeSe0.5Te0.5 
stripline for different dc bias 
currents and at temperature of 
70 K. 
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In Fig.5.4.2 another typical low frequency spectrum is shown, which, as said above, follows a 
generic expression: SV(f) = A/f ! + C.    The frequency exponent !  is normally between 0.8 and 
1.2, and C is a frequency independent component, due to the sample Johnson noise and to the 
readout electronics background noise. The peaks visible at specific frequencies are all due to 
external induced signal and are not considered in the analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

In the case of the FeTe0.5Se0.5 here studied an electric Þeld threshold is found, above which a 
nonlinear excess noise is activated, see Fig 5.4.3. This represents a new physical feature of 
iron chalcogenide superconductors. The experimental data are well fitted by a modified 
Hooge relation: SV(f) = A/f  

!áV2
dcá(E/E0)" #

(E-Eo) + C, where A, C,  ! , and "  are fitting parameters, 
E0 is the experimental electric field threshold and # is the Heaviside function.  
The mechanism by which electric field activates the excess noise is, at least to us, unknown. 
Other cases of electric field activated noise have been reported, although on different 
materials. The threshold field is temperature independent and has an experimental value of E0 
= (1720 ± 10) V/m. This surprising result has been verified on different samples, fabricated in 
the same condition, both patterned and unpatterned. At temperatures T < 70 K the noise 
amplitude scales always quadratically with the electric field, suggesting that the noise 
generated is due to resistance fluctuations.  
 
In Fig. 5.4.4 the temperature dependence of the parameters A and "  is shown. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 5.4.3. Electric Þeld 
dependence (log-log scale) of 
the normalized 1/f voltage 
spectral density. A photo of 
the sample patterned with 
different strip widths (2, 4, 8, 
16 !  m) is shown in the inset. 

 

 

Figure 5.4.4. Temperature 
dependence of the Þtted 
noise amplitude A (left y-
axis) and of the exponent "  
(right y-axis). "  follows a 
quadratic power-law, as 
shown in the inset. The error 
bars are in all cases smaller 
than the symbol size. 
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The excess noise increases with temperature following a square-law and is quite uncommon. 
This suggests possible changes in the transport properties above and below the bias threshold. 
Below the electric Þeld threshold, the noise has a standard quadratic dependence and its 
amplitude is constant at low and high temperatures, while a step-like increase features on in 
the temperature region 70Ð200 K. This temperature dependence cannot be explained in terms 
of standard models involving mobility or quantum ßuctuations, and could be related to the 
presence of a structural transition occurring in Fe(Te, Se) below 100 K.  
Resistance and Hall effect measurements are consistent with the presence of multiband 
conductivity in Fe-chalcogenide compounds. In particular, electron-type carriers, supposed 
responsible of superconductivity, seem to coexist together with predominant hole-type ones at 
high temperatures. A transition region is observed between 70 and 100 K. Possible effects due 
to interband coupling cannot be excluded and a model, for this material, should be developed. 
Figure 5.4.5 shows the temperature dependence of electron and hole mobility and of overall 
resistance. 
 

 

Figure 5.4.5. Temperature 
dependence of the carrier 
mobilities (left y-axis) and 
of sample resistivity (right 
y-axis). 

 
Overall, the noise properties of FeTe0.5Se0.5 thin Þlms show peculiar features that are not 
explained by current models. However, a strong correlation with temperature driven carrier 
mobility and structural transition is evident, and should be taken into account when models of 
electric transport in these compounds are developed. 
 

5.4.3 Noise in BaFe2As2 thin films and GB junctions 
The presence of high angle grain boundaries (GBs) has severely limited the use of high-Tc 
cuprate superconductors in developing practical applications, such as superconducting wires 
and tapes. Iron-based superconductors, for their metallic nature in the normal state, small 
anisotropy in superconducting properties, and a highly symmetric order parameter (i.e., s± 
pairing), seem to be more favourable than cuprates with respect to the supercurrent 
conduction across the high angle GBs and, as a consequence, more attractive for applications. 
In particular, Co-doped BaFe2As2 compound appears to have great potential for devices 
realization, due to the easy film growth by pulsed laser deposition (PLD) and chemical 
stability at ambient atmosphere. In view of all these considerations, a detailed characterization 
and interpretation of the noise-spectral density in Ba(Fe0.92Co0.08)2As2 films and GBJs is here 
presented. The samples, having thickness of 100 nm and deposited by PLD on roof-type 
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bicrystal SrTiO3 substrates, have been subsequently patterned by ion beam etching to form 
several geometrical configurations with characteristic size from 2 to 100 mm, see Fig 5.4.6. 
  

 

Figure 5.4.6  Layout of the strips 
patterned on the bicrystal substrate. 
The vertical black dashed line 
represents the bicrystal boundary. 
The black dots indicate the contact 
pads for strip1 and strip2. 

 

 
Figure 5.4.7 Resistance versus temperature data. Red squares refer to the strip1; green triangles refer 
to the strip2; blue circles refer to the intrinsic GBJ). In the inset, the full investigated temperature 
range. 

 
By measuring two different strips, one crossing the bicrystal grain boundary and the other not, 
it is possible to study separately the transport characteristics and the noise contribution of the 
film and of the GB junction. In Fig. 5.4.7 the temperature dependence of the strips resistance 
is shown, as well as the extracted GB resistance. It is evident that no visible variation is 
present crossing Tc, while a linear, metal-like, behaviour is observed in the whole temperature 
range (see the inset of Fig. 5-4-7 for details). The Ohmic nature of the samples is also 
confirmed by linear current-voltage characteristics, found at all investigated temperatures. A 
detailed electric noise analysis has been performed on the strip1 and the strip2 in absence and 
in presence of the GBJ, respectively. The experimental voltage-spectral densities, measured 
between 10 and 300 K, are shown in Fig. 5.4.8 at three representative temperatures (i.e., 
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above Tc , below Tc , and at Tc ) by employing the same bias current of 1 mA. Using the 
same procedure as for the dc resistance, it is possible to separate the noise due to the strip 
from that due to the GB. After such procedure, the analyzed results show that the 1/f noise 
amplitude has a net quadratic bias current dependence for all the strips and investigated 
temperatures. Therefore, the source of electric noise can be ascribed to pure resistance 
fluctuations. The observed quadratic dependence down to very low current values (50 mA), 
together with linear IÐV characteristics, rule out any possible Joule heating effect. The 
physical mechanism producing the measured resistance fluctuations can be identified by 
studying the temperature evolution of the frequency exponent ! . This dependence appears as a 
very striking feature in Fig. 5.4.9, in the case of the GBJ noise. More in detail, for strip1, 
without GBJ, !  shows very small variations around the average value 1.00 ± 0.01 in the whole 
investigated temperature range (red open squares in Fig. 5-4-9). This means that Co-doped 
Ba-122 film is characterized by pure 1/f noise spectra, as observed in several common metals 
and conventional superconductors. By using the strip1 as a reference system, it is possible to 
compute the frequency exponent of the GBJ voltage-noise-spectral density. In this case, Fig. 
5-4-9 (blue full circles) shows that !  decreases linearly in temperature going from 1.5 at Tc , 
to 1.2 at 300 K. Moreover, a step-increase up to 2 is found below Tc. This indicates that, 
although resistance fluctuations are the source of GB noise, the mechanism of such 
fluctuations is unconventional. 
 

 
Figure 5.4.8  Voltage-noise spectra. The spectral densities, at three reference temperatures and at a 
fixed bias current, are shown for the strip1 (left panel) and for the strip2 (right panel). The traces (1) 
black are the zero-bias background noise. 
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Figure 5.4.9  Temperature dependence of the frequency exponent. Red open squares refer to the strip1; 
blue full circles refer to the intrinsic GBJ. 

 
In conclusion, the low-frequency noise of Co-doped Ba-122 films and GBJs show distinctive 
behaviours. By suitable geometrical rescaling, the resistive and noise components of the film 
and of the GBJ can be separately analyzed. The film has a regular 1/f noise, a quadratic 
current dependence, and shows a 3D percolating network behaviour near Tc. The bicrystal 
junction noise also shows a quadratic current dependence but with an anomalous frequency 
dependence, and has nonzero amplitude with a Lorentzian spectrum below Tc . The presence 
of a small number of fluctuating Josephson weak-links seems to be a crucial ingredient to 
explain the noise in the superconducting state of the GBJ. 
 

(Task 5.5)  Pump probe optical analysis (CNR) 

5.5.1 Basics 
The simultaneous presence of superconductivity and magnetism in the phase diagram 
suggests that magnetism plays an important role in determining the superconducting 
properties and in forming electron Cooper pairs. Then, the importance of the spin degrees of 
freedom for the superconducting pairing interaction becomes immediately apparent, and 
investigating the Fe pnictide compounds from the point of electronÐphonon and spin-charge 
interactions is therefore beneficial for understanding the nature of the superconducting 
coupling in the doped compounds. Time-resolved spectroscopy is a very useful technique to 
investigate the nature of the electronic excitation in superconductors, the role of the electron-
boson interaction, and mechanisms involved into the competition between superconductivity 
and magnetism. In the Fe-based superconductors the ultrafast spectroscopy has been used to 
reveal the existence of pseudogap state the competition between SDW and superconducting 
state [4] and the role of the interband interactions and gap symmetry. Previously, this 
technique has already been used to investigate the QP dynamics in Fe-based superconductors 
to reveal that the electron-doped BaFeCoAs is a multi-gap superconductor . 
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The research activity at the CNR SPIN has been focused on the characterization of some iron 
based pnictides thin films using an ultrafast pump probe technique.  
The ultrafast measurements were performed using a standard pump-probe technique, based on 
a regenerative amplifier mode-locked Ti: sapphire laser, delivering pulses at 82 MHz 
repetition rate, with 810 nm center wavelength, 100 fs duration. The sample was mounted on 
a cold finger in a temperature controlled liquid helium continuous flow optical cryostat 
operating down to 5 K. The photo-induced reflectivity change ! R/R was measured using a 
weaker probe pulse (1:20 the ratio between probe and pump beam) at variable delay time, and 
as a function of the temperature. The pump fluence is raging range from 3.0 µJ/cm2 to 9.0 
µJ/cm2. 
The samples provided by the IRON-SEA partners, and measured using the pump probe 
method are summarized into Table 5-5-1. 
 

Table 5.5.1 
Thin film  Doping Tc (K) Substrate Provided by 
FeTeSe Se=0.5 14Ö19 LAO and STO CNR Genova 

Ba(FeCo)As Co=8% 26 MgO/Fe and CaF2 IFW Dresden 
FeTeSe Se=0.3,0.4,0.5 12Ö14 CaF2 University of 

Tokyo CRIEPI 

 

5.5.2 FeTe0.5Se0.5 films 
 
In the case of 11 family (provided by CNR SPIN) thin films of FeTeSe (Se=0.5 and Te =0.5) 
optimally doped deposited on LAO and STO substrates has been measured. The data analysis 
of the reflectivity transient gives the relaxation time as function of the temperature (Figure 
5.5.1),  from which it is possible to estimate some parameters such as the superconducting gap. 
The value of  the superconducting gap of the measured thin films are of the order of 4Ö5 meV 
that corresponds to a superconducting ratio 2! /kBTc > 3.5. Moreover, further data analysis 
gives the value of the electron-phonon coupling constant " =0.6, which demonstrates that the 
only electron phonon interaction is not able to justify the superconductive critical temperature 
that characterize these thin films. Moreover, it is interesting to note that the FeTeSe optimally 
doped shows a significant variation of the relaxation time not only in correspondence of the 
superconducting transition but also at about 50-60K. This result is probably due to the SDW 
transition, so that further experiments, in collaboration with the research group of CRIEPI  
and University of Tokyo,  has been carried out to better understand such result. To this aim 
measurements on the FeSeTe under and optimally doped  thin films have been carried out.    
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 Fig. 5.5.1: the relaxation time as function of 
temperature for the FeTeSe optimally doped 
sample. It shows a significant variation of the 
relaxation time not only in correspondence of the 
superconducting transition (14 K)  but also at 
about 50-60K. It could be considered as a feature 
of the SDW transition.   

 
Concerning the samples provided by University of Tokyo and CRIEPI, we estimate the 
relaxation time of the quasiparticles as function of the Se content. In particular in figure 5.5.2, 
the temperature-dependence of the relaxation time in the sample with Se=0.3 and Se=0.5 are 
reported (left and right, respectively). It could be noted that in the underdoped sample there 
are two variations of the relaxation time, close the Tc and at T=50K. In the optimally doped 
sample (Se=0.5) the variation is present only at Tc! 20K. Then, it could be asserted that the 
relaxation time of the samples depends on the doping so that changing the Se content it is 
possible to change the electronic behavior of the sample. Moreover, the electrons relaxation 
time is able to detect the presence of a SDW transition by means of a peak close T=50K, 
which is not present in the Se=0.5 sample. 
 
 
 

Fig. 5.5.2: the relaxation time as function of temperature for the FeTeSe sample provided by university 
of Tokyo/CRIEPI, with Se=0.3 and 0.5 (left and right) respectively. 

 

5.5.3  Co-doped BaFe2As2  epitaxial thin films 
 
Regarding the characterization of optimally Co-doped BaFe2As2 (Ba-122) epitaxial thin films 
grown on Fe-buffered MgO(001) substrates (Ba-122/Fe) using an ultrafast pump-probe 
technique, analyzing the relaxation time and the transient reflectivity change, an evaluation of 
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two superconducting gaps has been carried out using numerical model based on the 
conventional electron-boson interactions. 
 
 

 

Fig. 5.5.3: transient reflectivity of Ba-122/Fe as a 
function of delay times measured at various 
temperatures; the black solid line represents the 
fitting curves with the double exponential 
function; (inset) comparison between the 
normalized transient reflectivity of Fe (20 
nm)/MgO and Ba-122/Fe/MgO thin films at room 
temperature. 

 
Measurements of transient reflectivity on Ba-122/Fe thin film at various temperatures are 
summarized in Fig. 5.5.3. It could be asserted that the ! R/R reflects only from Ba-122 thin 
film, since optical penetration depth on this material is shorter than the film thickness. This 
assumption is supported by the inset of Fig. 5.5.3 too, where the comparison between the Fe 
and Ba-122/Fe thin films is reported. It could be noted that the Fe thin film is characterized by 
a different relaxation dynamics respect to the Ba-122/Fe. Therefore, since the ! R/R related to 
the transient reflectivity of Ba-122/Fe does not reproduce the relaxation dynamic of Fe thin 
film it could be asserted that the curves in Fig. 5.5.3 are produced only by the Ba-122 thin 
film. From the data analysis of these curves, the amplitude and the relaxation time can be 
extracted up to T=26 K by a double-exponential decay fit, while from 27 K to room 
temperature a single exponential fit is used, see Fig. 5.5.4. 
 
 Fig. 5.5.4: Relaxation time 

extracted from double-
exponential decay fits for the 
Co-doped BaFe2As2 (Ba-
122) on Fe-buffer layer 
MgO. The arrows show that 
in  correspondence of the 
superconducting transition 
temperature and the spin 
density wave transition the 
relaxation time shows a 
variation.    
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Using the approach based on the bottleneck scenario and the MattisÐBardeen model applied to 
the relaxation components, it is possible to evaluate the small gap at the Fermi level, and the 
larger gap due to SDW Fermi surface nesting for the sample Ba-122/Fe/MgO with a thickness 
of 100 nm for the Ba-122 thin film. The value for the two gaps are: 3.67�� 0.13 meV and 6.1
�� 0.1 meV, respectively. Moreover, the superconducting gaps for the samples Ba-
122/Fe/MgO and Ba-122/CaF2 with thickness of Ba-122 ranging from 100 nm to 20 nm have 
been estimated. The results are summarized in table 5.5.2. 
   

Table 5-5-2 
Sample Tc (K) ! (meV) 

Ba(Fe0.92Co0.08)2As2(100nm)/Fe/MgO 26.5 3.67�� 0.13 and 6.1�� 0.1 
Ba(Fe0.92Co0.08)2As2(50nm)/Fe/MgO 16 4.24�� 0.01 
Ba(Fe0.92Co0.08)2As2(20nm)/Fe/MgO 10.5 2.20 �� 0.07 
Ba(Fe0.9Co0.1)2As2(100nm)/CaF2 25.6 5.8 �� 0.2 
Ba(Fe0.9Co0.1)2As2(50nm)/CaF2 27 12.1�� 0.3 

 
Part of the activity research has been dedicated to study the effect of the buffer layer on the 
superconducting and normal state properties of the Ba-122 thin film. With this aim the 
comparison between the Ba-122 (50 nm) with and without Fe buffer layer, and a single thin 
film of Fe, have been proposed. Fig. 5.5.5 shows that in the sample Ba-122/Fe it is evident the 
transition temperature (T=60 K) correlated to the Spin Density Wave (SDW) phase which is 
not present in the Fe and Ba-122/CaF2 sample. 
 
 
 Fig. 5.5.5: relaxation time 

in Ba-122(50nm)/Fe/MgO, 
Ba-122(50nm)/CaF2 and 
Fe (50 nm)/MgO thin film. 
a variation about 60K is 
evident for the Ba-
122/Fe/MgO sample. The 
comparison with the phase 
diagram gives the 
possibility to address this 
feature to the SDW 
transition. 

 

5.5.4  MOKE characterization of Co-doped BaFe2As2  epitaxial thin films 
 
A further investigation of the magnetic properties of the Ba-122 thin film with and without the 
Fe buffer layer has been carried out by means of a Magneto-Optical Kerr effect (MOKE) set-
up. This experimental method measures the hysteresis loop of thin film detecting the rotation 
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of a polarized laser light. The MOKE measurements at 300 K show (figure 5.5.6 left) that the 
coercitivity of the sample increases with the thickness of layer of Ba-122 instead the 
measurement performed at 5 K, reported in the (figure 5.5.6 right), indicate an opposite 
behaviour. In the latter case the coercitivity of the thin film reduces when the thickness of the 
sample increases. At room temperature we obtain for Ba-122/Fe of 20 nm thickness a 
coercitivity of Hc=(1.3±0.1) mT while for Ba-122/Fe 40nm it is Hc = (1.8 ±0.1) mT. 
 
Both the samples show an Hc larger than that of the only iron thin film 20 nm thick. This 
result demonstrates that the MOKE measurements reveal the contribution to the magnetic 
behaviour mainly due to the Co-doped Ba-122 thin films. Moreover, since the Hc is larger 
than the only Fe thin film, it is reasonable that the hysteretic loops of Ba-122/Fe of 40 nm and 
20 nm include also the Co magnetic contribution. 
Regarding the figure 5.5.6 (right) the increasing of the Hc at low temperature for both Ba-122 
samples could be addressed to the possible coexistence of the SDW and superconducting 
phase. This statement could be due considering the hypothesis that the samples are not 8% 
Co-doped but they are underdoped samples since a strong Co diffusion into the Fe buffer can 
be observed. Further experiments are currently in progress aiming to better understand the 
nature of such results. 
 

 
Fig 5.5.6. (left)  MOKE measurements at room temperature of the 20 nm and 40 nm Ba-122/Fe are 
compared with the Fe 20 nm thick thin film; (right) comparison of MOKE measurements of the Ba-
122/Fe thin film of 20 nm and 40 nm measured at 5K. 

 
 

(Task 5.6)  Transport properties  
During the entire IRON-SEA project standard transport measurements were performed in 
Torino, in Dresden and at the National High Magnetic Field Laboratory in USA. The 
experiments performed in Torino at zero magnetic field simply aimed to test the homogeneity 
of the epitaxial Co-doped BaFe2As2 films grown at IFW, and to study the possible aging 
effects. Transport properties of epitaxial Co-doped BaFe2As2 (Ba-122), Fe(Se,Te) prepared 
by IFW Dresden and SmFeAs(O,F) (Sm-1111) thin films prepared by Tokyo University of 
A&T (Japanese consortium member) were investigated in both low and high magnetic fields 
up to dc 45 T at the National High Magnetic Field Laboratory, Florida, USA. This work was a 
partial dissemination and training activity. Owing to the high field magnet, almost full picture 
of the magnetic phase diagram of Co-doped Ba-122 thin film was unveiled. For Sm-1111 thin 
film, crossover from extrinsic to intrinsic pinning is clearly observed. Furthermore, the 
dimensional crossover between the out-of-plane superconducting coherence length and Fe-
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Se(Te) interlayer distance was observed. The portion of this work performed at the National 
High Magnetic Field Laboratory was supported by National Science Foundation Cooperative 
Agreement No. DMR-0654118, the State of Florida, and the U.S. Department of Energy. In 
the second part of the project, also the high-field transport properties of P-doped Ba-122 and 
NdFeAs(O,F) thin films prepared by Japanese partners have been studied in detail. 

 

5.6.1 Zero-field resistance measurements in Co-doped Ba-122 films: test of 
aging and homogeneity 
Standard resistance vs temperature measurements were performed by the partner of  
Politecnico di Torino, either in Torino or at IFW Dresden (during the visit of the PhD student 
Paola Pecchio and Dr. Daghero, which was a partial training-dissemination activity). The 
samples were the same films of Co-doped Ba-122, on CaF2 substrates, and at different Co 
contents used for PCARS measurement. The standard resistance measurements were carried 
out either in the four-probe configuration (with collinear contacts) or in the van-der-Pauw 
arrangement with the double aim of: i) checking whether the superconducting properties of 
the film degrade because of aging effects; ii) determining the homogeneity of the films on a 
macroscopic scale. Both these points were very important in view of the use of these films for 
the fabrication of electronic devices.  

To study the aging effects, resistance measurements were carried out in Torino in a 4He 
cryostat (with the sample mounted on the cold head of the cryogenic insert used for PCARS) 
just after receiving the sample from IFW, and after some time. It is worthwhile to note that the 
samples were shipped sealed in a contained filled with Ar in order to avoid exposure to air 
and moisture. We noticed that: 

- Unexpectedly, the measurement carried out just after receiving the sample always gave a 
smaller Tc than that measured at IFW just after film deposition, by using a PPMS. In order to 
test whether this effect was due to some fast aging of the samples, the same comparison was 
later made at IFW during Paola PecchioÕs visit there, by using both setups just after the film 
deposition. The result was the same and this indicated that this discrepancy is not due to aging 
effects. The explanation is, rather, that the very low thermal conductivity of CaF2 makes the 
thermalization of the sample be very slow if the sample is kept in vacuum (as in the PPMS), 
while it is much faster when there is an exchange gas (He) as when a cryostat is used. 

- If the sample is kept in atmosphere with no particular caution, every time it is removed from 
the cryogenic insert, a degradation of the superconducting properties can be observed. In 
particular, in the FK-NEW-049 film (8% Co) after one week Tc

mid has decreased by 1.9 K. 
Moreover, the resistance has increased by about 300% (though the contacts were not exactly 
the same in the two subsequent measurements) and the foot of the transition (i.e. the part of 
the R vs T curve close to zero resistance) has become smoother. Finally, the degradation also 
gave rise to a stronger inhomogeneity of the superconducting properties on the macroscopic 
scale: a difference appeared between the R vs T curves measured in different regions of the 
film (see fig. 5.6.1 (a)). 

- if the sample is kept in dry atmosphere (i.e. in a container with hygroscopic salts or silica 
gel) every time it is removed from the cryogenic insert, there is no apparent degradation (see 
fig. 5.6.1 (b)). The parameters of the superconducting transition (Tc

10, Tc
mid and Tc

90) remain 
practically identical. This indicates that it is not the Oxygen that can cause a degradation, but 
the moisture.  
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To check the homogeneity of the superconducting properties over large areas, two kinds of 
strategies were used: 

-  The resistance of the same portion of film (5 mm! 5 mm) was measured by using two fixed 
contacts (placed on opposite corners of the film) as current source and drain, and different sets 
of voltage contacts placed between them in the collinear configuration, in order to probe 
different regions of the same film, in the same pattern of current density (see fig. 5.6.1 (c)). In 
these cases we always found that the R vs T curves recorded in different configurations 
present the same values of Tc

mid, Tc
90 and Tc

10, indicating a good homogeneity over a surface 
of 0.25 cm2. 

-  The resistance of different portions of the same film were measured and compared. The 
original film was deposited on a 1 cm x 1 cm substrate ad then cut into 4 pieces by using a 
diamond blade; each portion was then investigated separately. Also in this case, the R vs T 
curves turned out to be compatible with one another. As an example, in three pieces of the 
same 8% Co-doped Ba-122 film called FK-NEW 049, the onset of the transition turned out to 
be rather robust (Tc

90 of different portions differ of 0.17 K); the spread of Tc
10 is a little larger 

(up to 0.25 K) as shown in fig. 5.6.1 (d). 
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Fig. 5.6.1 (a) R vs T curves obtained in a part of the 8% Co-doped Ba-122 film FK-NEW 049 with the 
two contact configurations shown in (c), immediately after the film was delivered to Torino (red points) 
and after one week of exposure to atmosphere and moisture. A degradation of the film and an increase in 
inhomogeneity is clear; (b) The same kind of measurements in another part of the same film that was 
kept in dry (but not inert) atmosphere. No measurable difference in the superconducting transition was 
observed; (c) The contact configuration A and B allow testing different portions of the same film with 
the same current pattern; (d) R vs T curves obtained in three parts of the same film, and in the two 
configurations shown in (c). The spread of  Tc

10 and Tc
90 is indicated.  
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5.6.2  Construction of the phase diagram 
Figure 5.6.2 (a) presents the results of R vs T measurements in films with different doping 
content. All the resistance curves have been normalized at 220 K and vertically shifted for 
clarity. It is clear that both the residual resistivity ratio (RRR) and the shape of the curves 
change as a function of the doping content. A comparison of the shape of the curves with 
those obtained in single crystals and reported in literature show however that: 

- in films at low doping, the resistance displays a local shallow minimum followed by a low-
temperature upturn. At 8% Co-doping, the minimum is around 80 K. The upturn disappears 
between x = 0.08 and x=0.10; 

- in single crystals, the same crossover happens between x= 0.05 and x=0.06, that means (if 
referred to the phase diagram of single crystals) just before optimal doping (which is at x = 
0.065). 

This fact seems to indicate that the actual doping content of the films is smaller than the 
nominal one. Indeed, if one reports the critical temperatures of the aforementioned films as a 
function of the doping content, superimposed to the phase diagram of single crystals, one 
obtains the graph shown in Figure 5.6.2 (b): There is a clear discrepancy between the doping 
dependence of Tc in our films and in single crystals. In particular, the highest Tc of films is 
obtained at x=0.10 while in single crystals this happens between 0.06 and 0.07. Two 
possibilities exist to explain this fact:  

i) the actual doping content of the films is really much smaller than the nominal one. Since the 
nominal doping content corresponds to the actual Co content of the target used for deposition, 
this may indicate that there is a ÒlossÓ of Co during deposition. One possibility is that the 
excess Co segregates in some regions of the films. Further analyses are necessary to clarify 
this point. 

2) The doping content is correct, but for some reasons (e.g. strain due to the substrate) the Tc 
is much higher than in single crystals. Accurate measurements of the lattice parameters (not 
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Fig. 5.6.2 (a) Resistance vs. temperature for different films, from non superconducing underdoped (2% Co) to 
overdose (15% Co). The Co content is nominal. The curves are normalized at 220 K and vertically offset for 
clarity. (b) The values of Tc

10 and Tc
90 obtained by resistance measurements (in 4He cryostat) in the studied films 

(up and down triangles) compared to the phase diagram of single crystals (from literature). Yellow triangles 
represent the temperature of magnetic ordering measured in our underdoped films by Dr. V. Grinenko (IFW 
Dresden) by means of susceptibility / SQUID magnetometry. 
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only c, but also a) have been undergone by IFW Dresden to investigate this point. The local 
doping has been studied as well by microanalysis (at IFW and at Polito) and by fluorescence 
spectroscopy at IFW. 

The results of this detailed analysis of the local doping content show that the reason of the 
discrepancy between the doping dependence of Tc in our films and in single crystals has to be 
attributed mainly to a strain effect produced by the CaF2 substrate. 

5.6.3  High field transport measurements on Co-doped Ba-122 
The resistive curves of the Co-doped Ba-122 thin film for B||c and B||ab measured in fields up 
to dc 35 T are shown in Figure 5.6.3 (a) and (b). Here the upper critical field, Bc2, is evaluated 
through R-T curves by employing a 90% criterion of the normal state resistance at 30 K. 
Shown in Figure 5.6.3 (c) is the extracted Bc2 for both major directions. The Bc2 anisotropy is 
observed to decrease from 1.75 to 1.6 with decreasing temperature, which is an evidence for 
multi-band superconductivity (inset of the fig. 5.6.3 (c)). 

 

 

 

 

 

 

 

 

 

 

Figure 5.6.4 (a) displays the transport critical current density, Jc, of Co-doped Ba-122 films as 
a function of magnetic field at 4.2 K for both major directions. The pinning force density, Fp, 
calculated from fig. 5.6.4 (a) shows that the pinning mechanism for B||c is clearly different 
from that for B||ab. (fig. 5.6.4 (b)) Both curves may be fit by using Fp~(B/Birr)

p(1-B/Birr)
q, 

where Birr, p and q are fitting parameters. The respective Birr for B||c and B||ab are evaluated 
as 36.0±0.3 T and 37.8±0.2 T. For B||c, the fitting parameters are p=0.48±0.02 and 
q=2.19±0.16, indicating that the Kramer model for shear breaking of the flux line lattice holds. 

Fig. 5.6.4 (a) Jc-B properties of Co-doped Ba-122 thin films for B||c and B||ab measured in fields up to 35 T at 
4.2 K and (b) the corresponding pinning force densities as a function of applied magnetic fields. (c) The Birr as 
a function of T. Solid symbols are from figs. 5.6.3 (a) and (b). 

Fig. 5.6.3 Resistance as a function of temperature for (a) B||c and (b) B||ab measured in fields up to dc 35 T. 
Field increment was 5 T. (c) The extracted Bc2 for both directions as a function of temperature. The inset 
shows the temperature dependence of Bc2 anisotropy. 
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On the other hand, the parameters for B||ab (p=0.56±0.02 and q=1.10±0.02) suggest surface 
core pinning at superconductor-insulator interfaces. Indeed, a lot of planar defects (mainly 
stacking faults) were observed through microstructural analyses by transmission electron 
microscope. Fig. 5.6.4 (c)  shows the Birr for both directions as a function of temperature. 
Owing to a high magnetic fields, the Birr is almost fully mapped. The temperature dependent 
Birr for B||c follows Birr~(1-T/Tc)

n with an exponent n of 1.38. Similar relation (n=1.12) also 
holds for B||ab up to 10 K. Below 10 K, the Birr is gradually increased with decreasing T, 
indicative of the change in the pinning mechanism at this temperature region. 

5.6.4  High field transport measurements on Sm-1111 

Shown in figs. 5.6.5 (a) and (b) are R-T curves measured in fields up to dc 45 T for both 
major directions. Unlike Co-doped Ba-122 broadening of the transition is significant when 
magnetic fields are applied. Fig. 5.6.5 (c) shows the temperature dependence of the upper 
critical fields (Hc2) and irreversibility fields (Hirr) defined by 90% and 10% criteria of the 
normal state resistance at 55.5 K. The temperature dependence of Hc2 and Hirr for both major 
directions can be expressed by the following relation, (1-T/Tc)

n. The evaluated exponent 
values are summarized in Table 5.6-1. 

 

 
 
 
 
Shown in fig. 5.6.6 (a) is the Jc-H performance at 4.2 K for both major directions. The 
corresponding N values, which are expressed by V !  IN, where V is the voltage and I is the 
current, are also plotted in fig. 5.6.6 (b). Clearly Jc is always higher in H||ab than in H||c, due 
to the moderate anisotropy of this material. Another prominent feature is to observe a field 
independent Jc at H>32 T. Correspondingly the N value starts to increase with field. This is 
the so-called crossover field from extrinsic to intrinsic pinning. Here the intrinsic pinning for 
H||ab arises from the ab plane and a modulation of superconducting order parameter along the 
crystallographic c-axis. 

Fig. 5.6.5 R-T curves for (a) H||c and (b) H||ab measured in fields up to 45 T. The 
evaluated Hc2 and Hirr defined as 90% and 10% criteria of the normal state resistance at 
55.5 K are shown in (c). 

Table 5.6.1 The exponent of n values of Hc2 and 
Hirr for both major directions. 

 n (H||c) n (H||ab) 

Hc2 1.22±0.04 1.13±0.07 

Hirr 1.34±0.06 1.47±0.05 
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Angular dependences of Jc at 4.2 K measured in various high fields are summarized in fig. 
5.6.7 (a). It is clear from fig. 5.6.7 (a) that no Jc peaks at !  =90¡ are observed. As stated 
earlier, crossover field was around 30 T. Hence Jc(! ) data can be scaled with Hácos!  for 
H>32 T. (fig. 5.6.7 (b)) 

 

 

 

 

 

 

 

 

 

 

 

 

5.6.5  Transport properties of Fe(Se,Te) thin films on Fe-buffered MgO 
substrates 
Epitaxial Fe(Se,Te) thin films on Fe-buffered (001) MgO substrates were prepared by pulsed 
laser deposition in IFW Dresden. Microstructural investigation was done by both IFW 
Dresden and the Japanese partner. We have confirmed a sharp interface between Fe(Se,Te) 
film and Fe buffer, similarly to the Ba-122 on Fe buffer layer [Thersleff et al, Appl. Phys. Lett. 
97, 022506 (2010)]. For transport measurements, a bridge of 0.25 mm width and 1 mm length 
was fabricated by ion beam etching. E-J (where E is electric field and J is current density) 
characteristics were measured with four-probe configuration by a commercial physical 

Fig. 5.6.6 (a) Jc-H for both directions at 4.2 K and (b) the corresponding N values. 

Fig. 5.6.7 (a) Jc(! ) at 4.2 K measured in high fields up to 40 T. (b) Scaling behavior of Jc(! ).  
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property measurement system [(PPMS) Quantum Design]. A voltage criterion of 1 µV/cm 
was employed for evaluating critical current density Jc. In the angular-dependent Jc 
measurements, the magnetic field H was applied in maximum Lorentz force configuration (H 
perpendicular to J) at an angle !  from the c axis. 

The superconducting transition temperature Tc, which is defined as 90% of normal resistance 
at 20 K, is 17.3 K under zero magnetic field. This Tc value is higher than the bulk value 
presumable due to compressive strain. Angular dependent Jc and the corresponding exponent  
N (E" JN) measured at 10 and 4 K are presented in Fig. 5.6.8. For both temperatures, Jc(! ) 
always has a broad maximum positioned at ! =90¡ (H�� ab) which is getting sharper with 
increasing applied field [Fig. 5.6.8 (a) and 5.6.8 (c)]. Additionally, no Jc peaks at ! =180¡ 
were observed in the whole range of temperatures as well as magnetic fields, which is 
consistent with the TEM microstructural observation (i.e., no appreciable c-axis correlated 
defects). 
By analyzing the E-J curves from which Jc was determined, we obtained information on the 

pinning potential. On the assumption of a logarithmic current dependence of the pinning 
potential  Up  for  homogeneous  samples,  E-J curves  show  a power-law relation E~JN 
(N~Up /kBT, where kB is the Boltzmann constant). Hence the angular dependence of N has a 
similar behavior to Jc(! ). As expected, N(! ) behaves almost identically to Jc(! ) at 10 K [Fig. 
5.6.8 (b)]. In contrast, N(! ) at 4 K shows a dip at around ! = 90¡ [Fig.5.6.8 (d)]. Such inverse 

Fig. 5.6.8: (a) Angular dependent Jc for the Fe(Se,Te) film and (b) the corresponding N values 
measured at 10 K under various magnetic fields. (c) Jc(! ) and (d) the corresponding N(! ) 
measured at 4 K in the range of 6 < µ0H < 9T.The solid and broken lines in (c) represent the 
random defect and intrinsic contributions at 9 T, respectively. 
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correlation between Jc(! ) and N(! ) has been observed in YBa2Cu3O7 due to intrinsic pinning 
[Civale et al, IEEE Trans. Appl. Supercond. 15, 2808 (2005)], which originates from the 
modulation of the superconducting order parameter along the c axis. A dip of N(! ) is a 
consequence of the thermal fluctuation of Josephson vortices, which leads to flux creep. Here, 
the flux creep rate S=-dln(Jc)/dln(t) and the exponent N are related as S=1/(N-1) [Yamasaki 
and Mawatari, Supercond. Sci. Technol. 13, 202 (2000)]. When the applied field is close to 
the ab-plane, a number of thermally fluctuated Josephson vortices is generated, leading to an 
increase in S. This could quantitatively explain a dip of N when H is close to the ab direction. 

We estimate the dimensional crossover temperature by using Tcr=(1-tcr)Tc, where 
tcr=2" c(0)2/d2 is the dimensionless ratio characterising the crossover from quasi-2D layered to 
continuous 3D anisotropic behavior [Blatter et al. Rev. Mod. Phys. 66, 1125 (1994)]. Here, 
" c(0) is the out-of-plane superconducting coherence length at zero temperature and d is the 
interlayer distance between Fe-Se(Te) planes. By substituting " c(0)= nm from the slope of the 
upper critical field, d=0.58 nm from the x-ray diffraction, and Tc=17.3 K, Tcr is calculated to 
be 9.7 K at which the exponent N starts to have shoulders at 8 K as indicated by the arrows 
followed by a dip with decreasing T (see Fig. 5.6.9 (a)) 

 

 

 

 

 

 

 

 

Fig. 5.6.9: (a) Evolution of N(! ) as a function of temperature measured at a fixed magnetic 
field of 9 T and (b) the corresponding Jc(! ). 
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5.6.6  High field transport measurements on P-doped Ba-122 thin films 
P-doped Ba-122 films with 115 nm (No. 210) and 45 nm (No. 250) thickness were prepared 
on MgO(100) substrates by molecular beam epitaxy at Nagoya university. Both films were 
biaxially textured with 
small out-of-plane and in-
plane full-width at half-
maximum values (less than 
1¡). Bridges of 40 µm width 
and ~1.0 mm length were 
prepared by laser cutting for 
transport measurements 
(Jc(! ,T,H)) by a four-probe 
method. Jc is evaluated by 
using an electrical field 
criterion of 1 µV/cm. The 
magnetic field µ0H (up to 35 
T) was applied in the 
maximum Lorentz force 
configuration. 

Field dependences of Jc of 
P-doped Ba-122 thin films 
for both principal crystallo-
graphic directions (i.e., H || 
c and || ab) are shown in 
Fig.5.6.10 (a). For H || c the 
sample No. 250 showed 
higher Jc values in low field 
regime than the sample No. 
210. However, No. 210 
exhibited superior to No. 
250 in high-field Jc properties. For H || ab the crossover between the samples Nos. 210 and 
250 is expected at µ0H >35 T.  In Figs. 5.6.10 (b) and (c) the pinning force density Fp for H || 
c and || ab are plotted as a function of H. Here Fp may be expressed by Fp=k(H/Hirr)

p(1-
H/Hirr)

q, where k is the proportional constant, p, q and Hirr are the fitting parameters. The solid 
lines in Figs. 5.6.10 (b) and (c) are the results of fitting by using the above formula. It is noted 
that determination of all free parameters for H || ab are difficult. For both films p values are 
nearly 0.5 regardless of samples. On the other hand, q varies depending on the samples 
indicative of different pinning mechanism. The exponent q is ~1.5 for No. 210 and ~1 for No. 
250, respectively. The former indicates a mixture of the surface core pinning and the shear 
modulus C66. The latter suggests the surface core pinning. The respective Hirr in the c-
direction for the Nos. 210 and 250 are 39 and 27 T, respectively. 
Shown in Figs. 5.6.11(a) and (b) are the angular dependence of Jc for both samples Nos. 210 
and 250 measured in various H at 4.2 K. No. 210 showed a broad shoulder next to the large 
ab-peak (! =0¡, H || ab) at 10 T and this additional shoulder is gradually shifting towards H || 
ab with increasing H. On the other hand, No. 250 has only a large ab-peak as shown in Fig. 
5.6.11 (b) indicating the absence of correlated c-axis defects. In this case the angular Jc may 

Fig. 5.6.10 Jc as a function of H for both field orientations measured at 4.2 
K. The pinning force density for the sample (b) No. 210 and (c) No. 250. 

Fig. 5.6.11 Angular dependence of Jc for the sample (a) No. 210 and (b) No. 
250 measured at 4.2 K in various magnetic fields. The solid lines are random 
contribution. (c) The scaling behavior of the sample No. 250. The inset 
shows the temperature dependence of ". The solid line is a measured Jc(H) 
for H || c presented in Fig. 5.6.10 (a). 



 112 

be scaled with the effective field [i.e., H! (" ), ! (" )=(sin2" +cos2" /#2)0.5] by employing an 
appropriate # value and the resultant scaling behavior is summarized in Fig. 5.6.11(c). The 
inset of Fig. 5.6.11(c) showed a temperature dependence of #. Additional points at 10 and 20 
K in the inset are obtained via PPMS measurements. As can be seen, # varies with 
temperature, which is an evidence for multi-band superconductivity. The solid lines in Fig. 
5.6.11 (b) are random defects contribution, which are re-calculated from Fig. 5.6.11(c). 
 

5.6.7  High field transport measurements on NdFeAs(O,F) thin films 
Epitaxial NdFeAs(O,F) thin films with 90 nm thickness has been prepared on MgO(100) 
substrates by molecular beam epitaxy at Nagoya university. Bridges of 40 µm width and ~1.0 
mm length were prepared again by laser cutting for transport measurements (Jc(" ,T,H)) by a 
four-probe method. Jc is evaluated by using an electrical field criterion of 1 µV/cm. The 
magnetic field µ0H (up to 35 T) was applied in the maximum Lorentz force configuration. 

 
Figures 5.6.12 (a) and (b) show the Arrhenius plots of resistivity for both H||c and ||ab 
measured in static fields up to 35 T. Significant broadening of the transition is observed for 
H||c, which is similar to high-Tc cuprates. Such broadening of the transition is mainly due to 
enhanced thermally activated vortex motion for H||c. The activation energy for vortex motion 
can be estimated by the model of thermally activated flux flow. In Figures 5.6.12 (a) and (b), 
the slope of linear fits corresponds to the activation energy for vortex motion. Figure 5.6.12 
(c) shows the activation energy as a function of applied fields for both major directions. 
Above 10 T the exponent value is close to 1, indicative of collective pinning regime. Figure 
5.6.12 (d) shows the relationship between ln! 0 and U0 for H||c and ||ab. The linear fitting 
yields a Tc of about 47 K, which is close to the value measured by PPMS. 

Fig. 5.6.12 Arrhenius plots and activation energy of NdFeAs(O,F) thin films 
measured in both major crystallographic directions. 
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Shown in Figures 5.6.13 are angular dependence of Jc measured at various temperatures and 
field strength. The shape of the intensity of the ab peak at high fields seems to change 
between 30 and 35 K, which is similar to what observed in SmFeAs(O,F) due to the intrinsic 
pinning. It is also clear from Figures 5.6.13 that no appreciable c-axis peaks are observed, 
from which we can infer that correlation pinning along the crystallographic c-axis is absent. 
However, the rescaling of Jc at 4.2 K shown in Figure 5-6-14 proves the presence of a weak c-
axis pinning. Scaling behavior of the angular dependence of Jc is summarized in Figure 5-6-
14(a). In the figure, the trend lines (i.e., measured Jc-H curves for H||c) at various 
temperatures are also shown in order to roughly follow the curve overlapping. As can be seen 
in Figure 5-6-14(b), there is an obvious ab correlated pinning, but actually also weak c-axis 
pinning up to 6 T. Nevertheless, all measured Jc curves scale with appropriate !  values at 
given temperatures. Figure 5-6-14(c) shows the temperature dependence of !  values evaluated 
by the Jc scaling. It is interesting that !  is observed to increase with decreasing temperature, 
which is different from what we observed in Co-doped Ba-122 and also P-doped Ba-122. This 
behavior is rather similar to MgB2 in clean limit. 

 
 

 

 

 

 

Figure 5.6.13 Angular dependence of Jc measured at a) 4.2 K, b) 15 K, c) 30 K and 
d) 35 K. 
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¥ Highlights of most significant results 

- The puzzle of the gap amplitudes in FeTeSe has been solved: all the values reported 
in literature have found a systematic explanation. 

- The anisotropy of the order parameter on the electronlike FS in Fe(Te,Se) has been 
demonstrated by PCARS 

- The first spectroscopic determination of the gap in a sample under pressure has been 
achieved 

- The relationship between topological transition of the Fermi surface and the emerge 
of nodes in the gap has been demonstrated in CaFe2As2 

- The effect of irradiation on the gaps and on the critical temperature of P-doped Ba-
122 films has been assessed. 

- The effects of the surface degradation on the superconducting properties have been 
studied 

- A peculiar noise generation and fast out-of-equilibrium behavior have been 
evidenced in Fe(Se,Te) films. 

- A pure 1/f noise has been found in Ba(Fe,Co)2As2 thin films, with a quadratic current 
current dependence; in bicrystal junctions the noise shows an anomalous frequency 
dependence. 

  

¥ Work and progress on deliverables not yet submitted 

All the deliverables have been submitted 

¥ Deviations from Annex I: 

Figure 5.6.14 a) Scaling behavior of the angular dependence of Jc 
at various temperatures. b) Scaling behavior of the angular 
dependence of Jc at 20 K in low field regime. c) Temperature 
dependence of the evaluated !  values. 
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There has been a small deviation from Annex 1, due to the peculiarities of the studied 
materials, that was impossible to foresee before starting the experiments. In particular, 
the planned low-temperature STM and tunneling measurements (Task 5.2) have turned 
out to be impossible because of the surface conditions, as explained above and in the 
Midterm Report. However, Partner 3 has carried out point-contact measurements to 
check the effect of the surface degradation of the probed superconducting properties, 
together with a deep structural and chemical investigation (WP3). 

¥ Use of resources:  

The effort in person/months has been slightly larger than planned for partners 4 and 5. 
The reason is that, in the development of the research, many new interesting aspects of 
the physics of iron-based superconductors have become evident (i.e. the peculiar noise 
generation and fast out-of-equilibrium behavior, the unexpected lack of correlation 
between critical temperature and gaps in irradiated films, and so on) whose study has 
required a larger than planned effort in person months.  

¥ Corrective actions (if applicable) 

No corrective actions are required since all the expected outcomes of this WP have 
been reached on time. 
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Work package 6  
 
Work Package Number WP6 Theory 1 
Work Package Title Theory 
Activity Type  RTD 
Participant Name 
(only contributing 
partners) 

FSU Jena CU 
Bratislava 

Politecnico 
Torino CNR University 

Twente 

Person-months 
(X: p-m used in previous 
reporting periods/ Y: p-m 
used in this reporting 
period  / Z: total planned 
p-m) 

3.65/3.4/7 0.5/3.5/4 6.99/5.01/12 4/3.29/4 3/12/15 

 
¥ Summary of progress towards objectives and details for each task  

 
 

Task 6.1. Modelling of tunnelling and Josephson junctions 

 
6.1.1. Design of phase-sensitive experiments and Ò! Ó states in multi-band 
superconductive Josephson junctions!
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Four years after the discovery of the new family of high-Tc Fe-based superconductors 
(FeBS), their pairing symmetry is still under dispute. While most researchers favor the 
so-called s± pairing, whereupon the sin of the order parameters changes between the 
hole and the electron bands, some advocate the more conventional anisotropic s, and 
other alternatives have been suggested.  Despite recent progress in junction fabrication, 
no phase-sensitive experiments have been performed so far in FeBS-based Josephson 
junctions, designed and produced in a controllable way. In our theoretical work [1] we 
suggested three new experimental designs to test pairing symmetry in FeBS. These 
designs involve Josephson two-junction interferometers where current in different 
contacts is dominated by different type of carriers, electrons or holes. The suggested 
designs should be accessible by available fabrication techniques and should allow to 
probe pairing symmetry in FeBS. First test experiments to detect possible s+- order 
parameter symmetry were designed. 
 
 
 
 

 
 
Figure 1 (from ref.[1]): Suggested experimental designs of Josephson pi-loops in order to test an s+- 
symmettry: epitaxial sandwich (left); rough sandwich (middle); single sample (right). 
 

(a). Epitaxial sandwich. Here, we propose to grow an electron-doped film (for instance, 
Co-doped BaFe2As2), and on top of this film, as shown in Fig. 1. The current through a 
point contact (grey triange) is averaged over all electrons. Thus, the current from the 
electron doped film into the point contact will be dominated by the electron Fermi 
surfaces, simply because these carriers dominate the bulk, and the current from the 
hole-doped film will be dominated by holes (a quantitative justification of this assertion 
is given in [1]). These two currents will thus have the opposite signs, or the phase shift 
of ! , detectable by Josephson junction interferometry. 
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(b) Rough sandwich. Now, one has to attach contacts to a conventional superconductor 
in such a way that the current in both will be dominated by holes, even in the part that is 
electron-doped, since now holes in the two electrodes have superconducting order 
parameters of the opposite signs. This can be achieved by using a planar junction with a 
sufficiently thick tunneling barrier in both contacts, in order to filter out electron states 
near the corner of the Brillouin zone and let through only the hole states. Such tunnel 
junctions are shown in Fig.1 by yellow rectangles. Since, in this design, the phase 
coherence between the hole and the electron doped electrodes is between the carriers of 
the opposite character, we achieve a Josephson  loop with a !  phase shift between the 
contacts. 
 

(c) Single sample. Here, we propose a single sample (which can be a single crystal or a 
thin film), to which two contacts of different nature are attached. Importantly, the 
sample must be electron doped, so that the normal current (and, by implication, the 
current through a point contact) would be dominated by electrons. We use one point 
contact, and one planar thick-barrier tunnel junction. The former will be dominated by 
electrons and the latter by holes, thus again creating a !  phase shift. 
 

Suggested practical implementation: a loop created by combining the tunnel junction 
and a low temperature point contact (single sample c in Fig.1) is sketched in Fig.2 

 
 

Figure 2: After the deposition of the pnictide film, a photolithographic process produces the geometry of 
the base electrodes. ItÕs important to focus on pnictide films which are robust against wet processes 
involved in optical lithography: FeSeTe should be a suitable choice, even if there is a work in progress 
for Ba-Co dope 122 films. A process of planarization based on the deposizion of Silicon dioxide is useful 
to create the conditions for an optimized deposition of the following tunnel barrier avoiding shorts on the 
edge of the pnictide film. The knowledge of the thickness of the SC film is crucial in this step. Afterward, 
the area of the tunneling contact is defined by deposition of an insulating layer (e.g. SiO2). A surface 
cleaning will be adopted before the deposition of the tunneling barrier: AlN is a good choice, and itÕs 
successfully employed in high quality NbN Josephson tunnel junctions. Immediately after, the deposition 
of the conventional superconductor as top electrode will complete the tunnel junction fabrication. After 
photoresist removing, and surface smooth surface cleaning, also the second superconducting (pnictide) 
electrode will be available for point contacting. 

 

Another idea is to use a heterostructure with two pnictide films characterized by h-
doping and e-doping electronic state, respectively (Fig.3) 
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Figure 3: After the deposition of the bi-layer by controlling properly the doping level inside the base 
stoichiometry of the pnictide film, a photolithographic process (the films should be tested against the 
consequences of the photolithographic processes-) produces the geometry of the base electrodes. A 
process of planarization based on the deposition of Silicon dioxide is useful to create the conditions for 
an optimized realization of following tunnel barrier thus avoiding shorts on the edges of the pnictide film. 
During this step, a part of the bilayer, corresponding to the other junction, should covered by photoresist. 
The deposition of the AlN tunnel barrier will be performed after a soft ion cleaning of the surface, and 
immediately afterward the deposition of the superconducting electrode will follow. After removal of the 
photoresist, a controlled etching by focused ion beam will remove the upper film of the bilayer and part 
of the bottom one. This step should be tested before in order to see if any effects of contamination by Ar 
affect the superconducting properties of the remaining film. An STM point contact will provide the 
contact on the bottom film of the bilayer.  
 
 
To verify the type of pairing according to the above proposals, it is necessary to prepare 
defined tunnel junctions, as well as point contacts. However, as it was shown in 
midterm and final reports for WP3, WP4 and WP5, measurement of surface 
conductivity of Ba-122 and FeSeTe superconducting thin films by SSRM, the 
composition of their surfaces by AES and XPS showed that the surfaces are highly 
inhomogeneous in nanometer scale. In this case, after preparation of point contact or 
tunnel junction with area larger than several tens of nm2, several types of the junctions 
could be created within one junction, such normal metal Ð superconductor (NS), normal 
metal Ð suppressed superconductor (NSÕ), normal metal - degraded superconductor Ð 
superconductor (NNÕS), normal metal Ð insulator Ð superconductor (NIS), normal metal 
Ð insulator - degraded superconductor (NISÕ), etc. Each of these junctions creates a 
parallel conductance channel and contributes to final current of ÒlargeÓ junction. In this 

case the final current can be expressed as: ; 
where IA (V), IB (V), IC (V) and ID(V) are currents from individual channels and ! , " , #, $ 
are their weight coefficients. From experimental point of view it will be necessary to 
develop new methods of junction fabrication to obtain sharp and well-defined interfaces 
between Fe-Sc and normal metal or dielectric barrier material. 
 

Temperature dependence of Josephson current. 
We have studied the Josephson effect in all pnictide based junctions (symmetric 
configuration), with the focus on predicting the dependence of the Josephson critical 
current on temperature [2]. Main motivation is that such kind of measurements can in 
principle provide, likewise the point contact Andreev spectroscopy, a route to 
discriminate between s+- and s++ in these materials which is still an issue. 
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Approaching this problem the complex Fermi surface of iron pnictides can be 
schematized  by considering that the alpha Fermi sheets were simple circular hole 
pockets around the !  point , while the beta  Fermi sheets were circular electron pockets 
around the M point. The superconducting gap has different amplitude (and opposite 
signs when the s± wave symmetry is assumed) but is isotropic on each Fermi sheets.  
Moreover we considered for simplicity a one dimensional model and that quasiparticles 
experiment the influence of two gaps " 1, " 2. 
 
In 2009 a theory was proposed (ref.[3]) that qualitatively predicted the interference 
effects in the multiband superconductor point contact Andreev spectroscopy of 
multiband materials, namely, the suppression of conductance and the appearance of 
Andreev Bound states. In that proposal the wave functions were written as a linear 
combination of wave functions in the two bands and the matching conditions at the 
interface was used to produce coupling between bands on the basis of an extension of 
quantum waveguide theory. We adopted the same point of view to describe an S±/I/S± 
junctions or a S++/I/S++ junction focusing on the dc Josephson effect evaluation in the 
presence of two bands. In order to simulate interface disorder at the interface a delta 
function potential barrier U0#(x) was also added. In this framework, the scattering 
coefficients, included the Andreev scattering amplitude were calculated. The calculated 
coefficients contain the phenomenological parameter $ (the band mixing coefficient) 
introduced in the wave functions. The poles of this coefficient provided the Andreev 
bound states Ei. As is well known these states carry a Cooper pair current and the 
Josephson current can be evaluated through them. This possibility was used and results 
were obtained for both symmetries  S± and/or S++, i.e. for S±IS± and S++IS++ 
junctions. 
 
Assuming a s± wave symmetry we found that in the nearly insulating limit (very large 
U0) this model predicts bound surface Andreev states as far as the $ parameter is lower 
than  [" 1/" 2]

1/2 . These states coincide with the Andreev bound states of the entire 
junction for any coupling in the absence of phase difference.  
 
Depending on the value of the mixing coefficient $, the character of Andreev bound 
levels of the junction can become increasingly anomalous. The phase current 
relationship derived from these levels can be also anomalous. For the critical value, $ = 
[" 1/" 2]

1/2, the bound states are found to be those characterizing a % junction. The model 
predicts anomalous Ic vs T dependences, included the existence of %-0 transitions as the 
temperature lowers in the case of s± wave symmetry. Only conventional Ic-vs T 
dependence are obtained by assuming in contrast a s++ wave symmetry. We have 
calculated the Josephson current-phase relationships and Ic vs T dependences. The 
comparisons with experimental Ic vs T dependences, measured at CNR SPIN Pozzuoli 
and in Jena (Prof SeidelÕs group), are in progress. 
 
6.1.2. Microscopic model of multiorbital superconductivity  

We have developed theory of tunneling spectroscopy of multi-band superconductors [4]. 
The derivation of boundary conditions on a wave function at the normal 
metal/superconductor (N/S) interface was performed by extending the tight-binding 
approach developed for semiconducting heterostructures [Phys. Rev. 27 (1983) 3519]. 
Based on these boundary conditions, we formulate a quantitative theory for tunneling 
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spectroscopy in N/S junctions, where a superconductor is characterized by complex 
non-parabolic energy spectrum beyond effective mass approximation. As an application 
to single-band unconventional superconductors, we re-derive the known conductance 
formula [Phys. Rev. Lett. 74 (1995) 3451] with generalized definition of a normal-state 
conductance. We have further applied the model to junctions between normal metals 
(N) and multi-band iron-based superconductors (FeBS). Our calculations show that 
tunneling studies of (100) oriented N/FeBS junctions allow to distinguish between the 
s+- and the s++ order parameter symmetry in FeBS. In low transparent N/FeBS 
junctions with the s+- symmetry in FeBS, finite energy subgap Andreev bound states 
are formed due to sign change of pair potential between different Fermi surface pockets. 
Another fingerprint of the s+- symmetry in FeBS is suppressed Andreev conductance in 
high transparent (100) N/FeBS junctions compared to the case of the s++ symmetry. 
Our results may serve as a basis for quantitative tunneling spectroscopy of FeBS. 

 
Figure 4: Boundary of N(left) Ð FeBS(right) junction, t1,2,3,4 are hopping parameters 
introduced in the model (from Ref.4). 

 

 
Figure 5: Intensity plot of the angle-resolved conductance of N Ð FeBS junction for the s+- 
symmetry case. 
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The developed approach provides the basis for tunneling spectroscopy of multiband 
superconductors. These results serve as a guide to determine the pairing symmetry of 
iron FeBS. The present approach is also suitable for a consistent description of 
electronic transport in structures with other unconventional superconductors. 
��
Quasiclassical theory of coherent charge transport into multi-band superconductors is 
developed in Ref. 5, explicitly taking into account the complex excitation spectrum and 
unconventional nature of superconducting pairing in FeBSs. We perform calculations 
assuming intraorbital superconducting pairing in FeBSs described by the s± model. 
Further, taking into account that the Fermi energy in FeBSs is much larger than the 
superconducting gaps, we formulate the quasiclassical approximation. This formulation 
makes this theory suitable for straightforward numerical calculations and more practical 
compared to previous approaches. Based on this quasiclassical theory, we calculated 
the conductance of a junction between a single band normal metal and an FeBS.  
 

 

  
Figure 6: Normalized angle averaged conductance of N Ð FeBS junction for the s++ 
symmetry case (left) and for the s+- symmetry case (right). It is clearly seen that low-energy 
subgap states appear in the s+- case/. 

 

The results of calculations shown in Fig.6 allow to distinguish between the s++ and the 
s+- symmetry states. Comparison with experimental data is plan in future work. 

Microscopic theory of tunneling spectroscopy in Sr2RuO4 is developed in Ref. 6. We 
have studied the surface Andreev bound state (ABS) of superconducting Sr2RuO4, 
which is a candidate material for the realization of the chiral p-wave superconducting 
state. In order to clarify the role of chiral edge modes as ABSs, the surface density of 
states and the tunneling conductance is calculated in the normal metal/ Sr2RuO4 
junction within the framework of recursive GreenÕs function method, while taking into 
account the orbital degrees of freedom (including spinÐorbit interactions) with realistic 
material parameters. In Sr2RuO4, there are two bands a and b originating from quasi-
one-dimensional orbitals dyz and dzx and a two-dimensional band c originating from 
dxy orbital. We calculate the contributions of various electronic bands to LDOS and the 
influence of atomic spinÐorbit interaction (SOI). In the light of these calculations, 
quasi-one-dimensional model with dominant pair potentials in a and b bands is 
consistent with conductance measurements in Au/ Sr2RuO4 junctions. Further, the 
developed methods can be applied to another unconventional multiband 
superconductors. 
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Task 6.2. Calculations withi n the Eliashberg theory 

6.2.1.Multiband Eliashberg model: Analysis of the results of Point-contact 
Andreev-reflection spectroscopy: connection between Eliashberg theory, 3D-BTK 
model and DFT 
 
The work in Torino was focused on the treatment and analysis of the 
experimental transport and spectroscopic data within the Eliashberg theory.  In 
particular, the analysis and interpretation of the data from point-contact 
Andreev-reflection (PCAR) spectroscopy necessarily requires and involves, in 
addition to the solution of Eliashberg equations (EE), the use of a 
generalization of the BTK model, and ab-initio calculations within the Density 
Functional Theory (DFT). The necessity to perform DFT bandstructure 
calculations has led the scientists of the Politecnico group to start performing 
calculations (with the FP-LAPW code) by their own, approximately in 
coincidence with the beginning of the Project activities. This ÒnewÓ theoretical 
activity involves a senior assistant professor and his PhD student, who was 
specifically trained on this topic. The implementation of this activity is a big 
improvement and extension in the groupÕs skills and certainly adds value and 
impact to the groupÕs results. In the following the relationship between EE, DFT 
and BTK, and their role in the process of analysis of the PCAR spectra is 
explained. 
 
The lowest-level piece of information that must be taken from DFT 
bandstructure calculations is the shape of the Fermi surface , which is 
required as an input by the 3D-BTK model developed by the partner of 
Politecnico in 2011 for the fitting of the experimental PCAR spectra (see WP 5). 
The bandstructure and the Fermi surface can be calculated in an accurate way 
(tested by comparison with literature) once the cell structure and lattice 
parameters are known (these must be taken from literature or from other 
groupsÕ measurements). For example, the Fermi surface of various compounds 
(e.g. MgB2, CaC6, Ba(Fe,Co)2As2 , CaFe2As2, LaFeAs(O,F)) has been 
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successfully calculated. An exception is the SmFeAs(O,F) compound where the 
f orbitals make the calculations very complicated and beyond the present skills 
of the group. To account for the doping, the Virtual Crystal Approximation has 
been used so far, but the supercell approach will be also used (when 
necessary) in the future.  

A higher-level piece of information that is required by the calculations within 
the Eliashberg theory is the density of states projected on the different bands. 
This is at present beyond our capabilities so that, in this respect, we still need 
the help of DFT experts. In the future we will however try to extend the skills of 
our group and become able to solve also this problem. 

The connection between DFT, EE and 3D-BTK model is schematized below: 
 

1. the Fermi surface  is an input to the 3D-BTK model, with which we can 
fit the experimental PCAR spectrum and obtain the number, amplitude 
and symmetry of the gaps ! i. Note that, in this step: i) the gap 
amplitudes ! i are constant (do not depend on energy), ii) it is NOT 
possible to fit the electron-boson spectral features often present in the 
spectra, but only the gaps. 

2. Eliashberg calculations require as an input the partial DOSs  from DFT 
calculations (see above) and the typical boson energy . The latter can 
be obtained from neutron scattering experiments  (in literature) or, if 
these lack, can be inferred from the PCAR spectra themselves, by 
analyzing the second derivative of the current with respect to the voltage 
(this is a standard procedure for tunnel and point-contact spectroscopy 
to determine the electron-boson features). Within the Eliashberg theory 
we can determine the coupling strengths  that allow reproducing the 
gap amplitudes ! i provided by the 3D-BTK fit of the experimental PCAR 
spectra and the critical temperature. The model however has also 
various other outputs: it allows calculating many physical observables 
that can be compared to experiments. It finally provides also the full ! i(E) 
functions (in Eliashberg theory, unlike in BCS theory, the order 
parameter is not a constant but a function of energy). These functions 
contain all the information about the electron-boson coupling. 

3. The  ! i(E) functions can be in turn used to calculate, within an extended 
BTK model, the PCAR spectrum that however now shows not only the 
gap features but also the structures connected to the electron-boson 
coupling. The resulting spectrum can be finally compared to the 
experimental one. 
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Trying to reproduce the values of the gaps and the critical temperature of a material 

through a multiband Eliashberg theory can lead to putting stringent constraints on the 

nature of the coupling mechanism and the intensity of the latter. This method is useful 

when we do not  have reliable information on the nature and the energetic scale of the 

electron-boson  coupling function. In this way we, after having successfully applied the 

multiband Eliashberg theory to the study of different types of iron-pnictide compounds 

[2, 3], did the  same thing [1] for epitaxial Ba(Fe1! xCox)2As2  thin  films with nominal 

doping x (0.04 "  x "  0.15) and for LiFeAs single crystals. 
 
 
Ba(Fe1! xCox)2As2 

 
The doping dependence of the superconducting gaps was studied by means of point-
contact Andreev-reflection spectroscopy. The normalized conductance curves were 
well fitted  by using the 2D Blonder-Tinkham-Klapwijk model with two nodeless, 
isotropic gaps.  The amplitudes  of the two gaps #S  and #L show similar monotonic 
trends as a function of the local critical temperature Tc

A  (measured  in the same point 
contacts)  from 25 K down to 8 K. The dependence  of the  gaps on x is well correlated  
to the  trend  of the  critical temperature, i.e. to the shape of the superconducting  region 
in the phase diagram.  When analyzed within a simple three-band  Eliashberg model [1], 
this trend  turns  out to be compatible with a mechanism of superconducting  coupling 
mediated  by spin fluctuations,  whose characteristic energy scales with Tc  according to 
the empirical law    $ 0 = 4.65kBTc, and with a total  electron-boson coupling strength  
%tot = 2.22 for x "  0.10 (i.e.  up to optimal doping) that slightly decreases to %tot = 1.82 
in the overdoped samples (x = 0.15). As expected, the trend  of the gaps mimics the 
trend  of the critical temperature, showing a maximum at x = 0.08 !  0.10. However, the 
trend  is not symmetric in the sense that  in the overdoped region the gaps decrease 
ÒmoreÓ than the  critical  temperature, i.e.  the  gap ratios  decrease.  
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A simple three-band Eliashberg model [2, 3] with a very small number of free 
parameters can account surprisingly  well for the phenomenology of Fe-based  
superconductors and allows explaining a large variety of their properties.  This is the 
simplest model that  can capture  the essential physics of these materials.  Here we use 
the same model to try to rationalize  the experimental  trend  of the gaps as a function of 
Tc or of the doping content x. The first assumption  of the model is that  the  electronic 
structure of Ba(Fe1! xCox)2As2  can be approximately described by one hole band  
(indicated  in the following as band  1) and two electron  bands  (2 and  3) [3, 4].  The  
gap  symmetry  is assumed  to  be s± [5] so that  the sign of " 1 (here assumed  positive) 
is opposite to that  of " 2 and " 3. Although  PCARS,  as well as many other 
spectroscopic techniques, provides at  most  two  gap amplitudes  and  does not  allow 
associating  them to a particular FS sheet, the use of (at least) three effective bands and 
thus three gaps is necessary for the Eliashberg model to be able to reproduce the 
experimental  results.  However, ARPES  results  in optimally  Co-doped Ba-122 single 
crystals  indicated  that  the  larger gap belongs to the  holelike FS sheet [6]. With this 
in mind, we will assume " 1!  |" 3| and |" 2 |  to be the large and the small gap measured 
by PCARS,  respectively.  This assumption is consistent  with the  fact that  the  
experimental  results  do not  resolve the two larger gaps.  To obtain the gaps and the 
critical temperature within the s± wave three-band  Eliashberg model one has to solve 
six coupled equations for the gaps " i (i#n) and the renormalization  functions Zi (i#n ), 
where i is a band index (i = 1..3). The equations are: 

 
 
where " N

i,j and " M
i,j are the non-magnetic and magnetic impurity scattering rates, 

# Z
ij(i$ n, i$ m)= # ph

ij(i$ n,i$ m) + # sf
ij(i$ n,i$ m), # %ij(i$ n, i$ m)= # ph

ij(i$ n,i$ m) - 
# sf

ij(i$ n,i$ m). 
& is the Heaviside function and $ c is a cutoff energy. In particular,  

( )!
+"

##+$##=%
0

22,2, ]/[)(2),( dFii mn
sfph

ijmn
sfph

ij &&'&& .  

µij
*($ c) are the elements of the 3x3 Coulomb pseudopotential matrix. Finally, 

)(/)()( 22
mjmmjmj iiiN !!!! "+"="  and )(/)( 22

mjmmm
Z
j iiN !!!! "+= . The 

electron-boson coupling constants are defined as !!!= "
+#

/)( 2 ,2

0

, sfph
ij

sfph
ij Fd $% . 

Their solution requires a large number of input parameters (18 functions and 9 
constants); however, some of these  parameters are correlated,  some can be 
extracted  from experiments and some can be fixed by suitable  approximations.  For 
example, the coupling constant matrix ' ij  can be greatly simplified.  In general, one 
should consider that  each matrix  element has a contribution from phonons and one 
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from antiferromagnetic (AFM) spin fluctuations (SF),  i.e.  ! ij  = ! ph
ij  + ! sf

ij  However, 
the coupling between the two electron bands is small, and we thus  take ! 23  = ! 32  = 0; 
the total  electron-phonon coupling in pnictides  is generally small [7] and phonons 
mainly provide intraband coupling, so that  we assume ! ij

ph = 0; spin fluctuations  
mainly provide interband coupling between the two quasi-nested  FS sheets [5], 
and thus  we assume ! sf

ii=0.  Finally,  the electron-boson  coupling-constant matrix ! ij  
takes the  following form: [8, 2, 4]: 

 

where ! 21
sf=! 12

sf" 12, ! 31
sf=! 13

sf" 13, with " ij=Ni(0)/Nj(0) and Ni(0) is the  normal  density  
of states  at  the  Fermi  level for the  i-th  band.   Another fundamental   ingredient  is 
the  electron-boson  spectral  function  " 2F(# ) of the  boson  responsible  for the  
pairing.    The  shape  of the  electron-phonon spectral  function  is taken  from 
literature [9] and  we assume  " 2

11
 Fph(# ) = " 2

22
 Fph(# )= " 2

33
 Fph(# ) with ! ph

ij=0.2 [10].  
As for spin fluctuations,  we assume their spectrum  to have a Lorentzian  shape [2, 11, 
12, 13]:  

 

where ])/[(1),( 22
ijijijij YYL +!±!=!±!  , Cij are normalization constants, necessary to 

obtain the proper values of ! ij  , while # ij  and Yij are the peak energies and half-widths 
of the Lorentzian functions, respectively [2]. In all the calculations we set # ij  = # 0

sf  
and Yij=Yij

sf= # 0
sf

 /2 . Here, # 0
sf is the characteristic energy of the AFM SF, 

assumed  to be equal to the spin-resonance energy, as verified experimentally  by us 
in optimally Co-doped Ba-122 single crystals [4, 15]. Its value is determined  
according to the empirical relation  # 0

sf=4.65 kBTc (proposed  in ref.  [16]). Band 
structure calculations provide information  about  the factors " ij  that  enter the 
definition of ! ij . In the  case of optimally-doped Ba(Fe1$xCox)2As2, " 12 = 1.12 and 
" 13=4.50 [17].  
 
As a first approximation, these values have been used here for all Co contents. 
Moreover, based on the fact that  the Coulomb pseudopotential is probably small in 
these compounds  [18] we assume all the  elements  of the pseudopotential matrix to be 
identically  zero (µ*

ii=µ*
ij=0); finally, we neglect the effect of disorder, owing to the 

high quality  of the films. Finally, only two  free parameters remain, i.e. the  coupling 
constants ! 12

sf and ! 13
sf.  These parameters can be tuned in such a way to reproduce the 

experimental values of the  small gap $S and of the  critical  temperature, which are the 
best-defined  experimental  data;  the  values of the  large gap $L are indeed affected by 
a larger relative  uncertainty,  and moreover they  might  actually be a sort of weighted 
ÒaverageÓ of the two gaps $1 and |$3|. The larger gaps are therefore calculated with the 
values of ! 12

sf and ! 13
sf that  allow reproducing $S and Tc. 

The result  of these calculations  is that:  i) the trend  of the experimental gaps $S and 
$L as a function of Tc and of x in the samples with nominal Co content x = 0.04, 0.08 
and 0.10 can be reproduced  by using   and only changing the value of the characteristic 
SF energy # 0 according to the change in Tc; ii) to reproduce the values of the gaps and 
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of Tc in the overdoped sample (x = 0.15) it is instead  also necessary to reduce the  
values  of the  two  coupling  constant: the values of these two parameters are shown 
as a function  of x in the inset of Fig. 1. Note that  the  total  coupling is ! tot = 2.22 
for x = 0.04, 0.08 and 0.10 and decreases to ! tot = 1.82 at x = 0.15. These values are in 
agreement with those found in previous works [3, 10], and indicate  that  Co-doped 
Ba-122 is a strong-coupling  superconductor at all the doping contents  analyzed 
here.  The main panel of Fig.  1 also reports the calculated  values of the gaps as a 
function of x. The agreement between the theoretical  and experimental values of 
Tc and of the small gap is very good; the large gap is underestimated around optimal 
doping, but the trend is qualitatively correct.  The agreement might be improved  if  
the  feedback effect of the  condensate  on the  bosonic excitations  [12, 13] was 
taken  into  account.    

In conclusion the  trend  of the gaps and of Tc as a function of the Co content can be 
reproduced by a simple s± Eliashberg model in which the spectrum  of the mediating 
boson is that  of spin fluctuations,  and its characteristic energy coincides with the 
energy of the spin resonance.  The decrease of the gap ratios in the overdoped 
samples is reflected in the values of the coupling strengths  that  are constant for x !  
0.10 and  slightly  decrease at  x = 0.15.  This  result  finds a natural explanation 
within  the  picture  of s± superconductivity mediated  by spin fluctuations: in the  
overdoped  regime,  far from the  AFM  region of the  phase  diagram, 
superconductivity may suffer from a suppression of the spin fluctuations  and the 
loss of nesting [19], which could lead to a decrease in the superconducting interband 
coupling that,  in turns,  produces a larger decrease of the gaps in comparison with 
the reduction  of the critical temperature. 

 
 

Figure 6.2.1a: Doping dependence of the gaps measured by PCARS (circles,  left 
vertical  scale) and  of the  critical  temperature from resistivity measurements  (lines, 
right vertical scale).  Triangles and squares indicate the values of the gaps and of the 
critical temperature calculated within the three- band Eliashberg model described in the 
text. The inset shows the dependence of the coupling strengths ! 12 and ! 13 on the Co 
content,  together  with the total  electron-boson coupling constant. 

 
LiFeAs 
Then  we moved on to study,  with the same methodology, the phenomenology of 
LiFeAs  superconductor that, as  we will see, can  be explained  in  the framework of a 
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four-band s±-wave Eliashberg theory.  We have examined the experimental  data  
available  in literature and  we have found out  that  it  is possible to reproduce  the 
experimental  critical  temperature, the gap values and the upper  critical magnetic  field 
within an effective model in moderate strong-coupling  regime. First  of all LiFeAs [21], 
unlike almost all other iron-based compounds, does not need either charge doping or 
pressure to condense in the superconducting state [23], this implies that  no disorder is 
present. Further, it seems not to be magnetic and angle-resolved photoemission 
spectroscopy (ARPES)  reports poor nesting [24]. At first glance these characteristics 
could turn us away from the idea of an unconventional  pairing mechanism, however 
the phonon-mediated coupling seems to be too weak [25] to explain the relatively high 
critical temperature (Tc=18 K). Moreover, recent inelastic neutron scattering  
measurements  show the evidence of strong antiferromagnetic fluctuations [26], 
reconciling LiFeAs with other Fe-based superconductors. A multigap scenario is 
suggested  by the  presence of five different  sheets in the Fermi surface [27]: two 
electron pockets are centered  near the M-point of the Brillouin zone and three hole 
pockets around the ! -point.  Despite the Fermi surface shows five different sheets, 
according to our electronic structure calculations  the 5-th sheet can be disregarded  
because of its low density  of states  (see Table 1 and Figure 2) and size [28, 29, 30, 31, 
32]. Consequently, as a starting  point, we can model the electronic structure of LiFeAs 
by using a four-band  model [33, 10] with two hole bands  (1 and 2) and two electron 
bands (3 and 4).  

Recently,  four different  gaps have been observed in LiFeAs by ARPES measurements 
[34] and  in our  model we will consider  these gaps to be isotropic,  as a first 
approximation. Hence, in order to describe the superconductive properties of this 
compound, a four-band  Eliashberg model [33, 10] with s± symmetry  [5] can be used. 
The experimental  gap values [34] have been used to fix the free parameters of the  
model and,  after  this,  the  critical  temperature and  the  upper  critical magnetic  field 
[35] have been calculated.   The final result  is a moderate strong-coupling  regime ! tot 
!  1.6 "  2.0 where the total  electron-boson  coupling must  include two different 
contributions: a purely interband coupling mediated by spin-fluctuations ! tot

sf! 1 and a 
purely intraband coupling ! 11 , whose origin will be discussed hereafter.  The isotropic 
values of the gaps measured by ARPES at T = 8 K are " 1 = 5.0 meV, " 2=2.6 meV, 
" 3=3.6 meV, " 4=2.9 meV. As previously mentioned,  and as a first approximation,  we 
consider only the isotropic part since the observed anisotropy is small. 
 
A four-band  Eliashberg model includes eight coupled equations  for the gaps " i(i# n) 
and the renormalization functions Zi(i# n), where, of course the band index i ranges 
between  1 and  4.  The  solution  of the  four band  Eliashberg equations  requires a 
huge number  of input  parameters (32 functions and 16 constants); nevertheless,  some 
of these  are  interdependent, others  may  be extracted  from experiments  or can be 
fixed by appropriate approximations exactly as in the previous case. Now we recall our 
standard assumptions: i)  the  total  electron-phonon  coupling  constant is small  and  
mostly  intraband  [7]; ii) antiferromagnetic spin  fluctuations  mainly  provide  
interband coupling [22, 2, 3]. To account for these assumptions  in the simplest way (as 
has already been done for other iron-compounds with good results) we should take: 
! ii

ph
=! ij

ph=0, µ*
ij(# c)= µ*

ii(# c)=0, i.e. the electron-phonon  coupling constant  and  the  
Coulomb pseudopotential compensate  each other,  in first approximation, and ! ii

sf=0, 
i.e. SF produce only interband coupling [2, 3]. However, within these assumptions,  we 
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were not able to reproduce  the gap values  of LiFeAs,  and  in particular the  high value  
of ! 1; the  best  results obtained  are reported  in the second row of Table 2.   
 
In order to solve this problem it is necessary to introduce  at least an intraband coupling 
in the first band,  then  ! 11  "  0. The final matrix  of the electron-boson coupling 
constants  becomes 

 

where " ij=Ni(0)/Nj(0) and  Ni(0) is the  normal  density  of states  at  the Fermi  level for 
the  i # th  band  (i  = 1, 2, 3, 4).   We chose, as usual,  spectral  functions  with  
Lorentzian  shape  and  in all the  calculations,  as previous we set # ij  =# ij

sf = # 0
sf =8 

meV [26] and Yij=Yij
sf= # ij

sf/2 [14] . The cut-off energy is $ c =18# 0
sf and the 

maximum  quasiparticle energy is $ max=21 # 0
sf. 

We put  %ij=%ij
M=0 because the ARPES  measurements  were carried  out  on very good 

single crystals of LiFeAs [34]. Band structure  calculations (see Table 1) provide 
information  about  the factors $ij  that  enter the  definition  of %ij .  The  obtained  
values are $13=0.9019, $14=1.5010, $23=1.0483, $24=1.7447. 
After these considerations the free parameters are reduced to the five coupling constants  
%13, %23, %14, %24 and  %11. First of all we solved the  imaginary- axis Eliashberg  
equations  (actually  we continued  them  analytically  on the real-axis  by using the 
PadŽ approximant method)  and  we fixed the  free parameters in order to reproduce the 
gap values at low temperature. 

The large number of free parameters (five) may suggest that  it is possible to find 
different sets that  produce the same results.  However it is not so, as a matter of fact the 
predominantly interband character of the model drastically  reduces the number of 
possible choices. 

At the beginning, in order to have the smallest possible number  of free parameters,  we 
set # 11 to be the same of the antiferromagnetic SF (even if the intraband coupling 
cannot  be mediated  by SF). In this  case (see third  row of table  2) the value of %11   is 
very large.  We add only %11 because only the band  1 has a low Fermi energy and only 
in this band  the MigdalÕs theorem breaks down.  The effect of the vertex  corrections 
[37, 38] can be simulated by an effective coupling that  is bigger than  real coupling [39, 
40]. Certainly in the bands 2, 3 and 4, the phonon couplings are very small and 
therefore we have not considered the possibility to have %22, %33, %44 " 0 and also, in a 
previous paper, we have demonstrated that,  in these systems, the effect of a small 
phononic intraband coupling is negligible [2]. 
Then we considered for # 11 the typical phonon energies [25]. In this case (as reported  
in the fourth  and fifth rows of table 2) the value of %11 is 0.86-0.9, while the 
antiferromagnetic spin fluctuations  contribution  corresponds  to a moderate  strong 
coupling regime (! tot

sf& 1.5).  
 
In fact, we have solved the Eliashberg  equations  in two other  cases:  in the first case 
we used as ' 2F(# ) the calculated  phonon density  of states  G(&) and  in the  second 
case we considered the calculated total electron-phonon spectral function ' 2

torF(# ) both  
appropriately scaled.  The proper choice is the second one, but this spectral function 
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should be in principle different for each band; since the first band shows peculiar 
characteristics the evaluation of the electron phonon coupling could be not so reliable.  
Then we decided to use the phonon spectrum  and let the coupling to be a free 
parameter. These spectral  functions are shown in Figure 3. 
At this  point  there  are no more free parameters.  The  critical  temperature can  be  
evaluated  and  it  turns  out  to  be  very  close to  experimental  one, Tc

calc= 18.6! 20.1 
K. By solving the real-axis Eliashberg  equations  we obtained  the  temperature 
dependence  of the  gaps (see Figure  4) for the  parameter  sets reported  in the  third  
and  fourth  rows of Table  2.  The  multi-band  Eliashberg  model  developed  above  
can  also be  used  to  explain  the experimental  data  of temperature dependence of the 
upper critical magnetic field [35, 36]. For the sake of completeness,  we give here the 
linearized gap equations in the presence of magnetic field, for a superconductor in the 
clean limit.  In the following, vFj is the Fermi velocity of the j!  th band, and Hc2 is the 
upper critical field: 

 
Here  " j=#Hc2v

2
Fj/(2$ 0) and $ 0 is the unit of magnetic flux. In these equations  the  four 

bare  Fermi  velocities vFj [41] are the  input  parameters. As the  first band  shows 
peculiar  characteristics even in the  calculation  of the Fermi velocity may be present 
some corrections, then  we decided to let the  Fermi  velocity of the band  one (vF1

||ab or 
vF1

||c) be free parameters and we choose it in order to get the best fit of the experimental  
data  [35] while the  other  values have been fixed to  the  values reported  in Table  1.  
Then vF1

||ab (vF1
||c) in each case,  is the  only free parameter. 

 
The obtained values are vF1

||c =2.28á105 m/s and vF1
||ab=1.74á105m/s in the phonon case 

and vF1
||c=2.79á105 m/s and vF1

||ab=2.14á105m/s if the spin fluctuation spectral  function  
is considered.  Figure  5 shows the  experimental  data  and the best theoretical  curves 
(solid and dashed  lines) obtained  by solving the Eliashberg equations  within the 
model discussed above.  As can be seen, the results obtained in the two considered 
cases are almost indistinguishable  and in very  good agreement with  the  experimental 
data. 
 
In  Figure  5 we show also the curves calculated  with vF1  taken  from Table  1 when 
! 11" 0 (fourth  case in Table  2, dotted  line olive and navy) and when ! 11=0 (first case 
in Table  2, dashed-dotted line magenta  and  pink).   In both  situations there  is no 
agreement  with  the  experimental  data.   The  curves  calculated in absence  of the  
term  %11donÕt  agree with  the  experimental so  deduce that  the  higher value of vF1

||ab,c, 
isnÕt produced  by the presence of an intraband term  (! 11" 0) but,  probably,  by the  
peculiar  characteristics of band  1.  However one must  consider the fact that  the 
Eliashberg  equations are derived by assuming MigdalÕs theorem.  In presence of an 
anomalous band dispersion as for band 1, the theory may partially  break down. 
Allowing vF1

||ab,c as a free parameter implicitly implies that  we are ÒphenomenologicallyÓ 
going beyond the first order contributions (i.e.  now we cannot  neglect the effects of 
the  vertex  corrections  in the  band  1).  The  break  down of the  MigdalÕs theorem  
leads to use effective values of %11 and vF1 different  from the  real value.  
 
To summarize, we have constructed a phenomenological model of superconductivity  
for LiFeAs which is able to describe  its critical temperature, the gap values measured  
by Umezawa and coworkers in Ref. [34] and other experimental  observations. 
However this process was not  straightforward since, to be able to conjugate  a spin 
fluctuation dominated  pairing with the experimental  gap structure, we have been 
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forced to introduce  an intraband coupling that  acts only on the first band.  The 
presence of a phononic, purely intraband term  seems to  indicate  an  intrinsic  
incompatibility between  the structure of the superconducting  gaps as measured by 
Umezawa and coworkers in Ref. [34] and a purely spin-fluctuation mediated  pairing.   
A possible explanation  may be linked to the very low Fermi energy of the band for 
which vertex corrections [37, 38] to the usual Migdal-Eliashberg  theory may be 
relevant,  and  it is expected  that  an increase of the  effective phononic pairing can 
simulate the effects of vertex corrections [39, 40]. In conclusion, our calculations  show 
that  LiFeAs presents peculiar features  with respect  to other iron compounds and it 
cannot be explained within the framework of a pure interband antiferromagnetic-spin-
fluctuation  mediated  superconductivity. 
 

 
 
Table  1:  Fermi  Surface  resolved  Kohn  Sham  properties  [28]:  The  Fermi density of 
states  (N(0)) is given in states/spin/eV, the Fermi Velocities (vF) in 105 m/sec,  and 
plasma frequencies (! p) in eV. ab label the in-plane and c for the out-of-plane direction 
of the Fermi velocities and the diagonals of the plasma tensor [32]. 
 
 

! 11 ! tot       ! 13         ! 23         ! 14         ! 24 " 1     " 2     " 3     " 4       Tc 

Ex. 
sf 

sf,? 
sf, ph (1) 
sf, ph (2) 

- 
0.00 
2.10 
0.86 
0.90 

-         -         -         -         - 
1.80   1.78   0.66   0.45   0.52 
2.00   1.15   0.80   0.45   0.30 
1.62   1.06   0.79   0.42   0.30 
1.63   1.15   0.80   0.45   0.30 

5.0   2.6   3.6   2.9   18.0 
3.7   2.6   3.6   2.9   15.9 
5.0   2.6   3.6   2.9   18.6 
5.1   2.6   3.7   2.9   20.0 
5.0   2.6   3.6   2.9   20.1 

 
 

Table 2: The first row shows the experimental data.  The second row concerns the pure 
interband case (" ij=0) while the last three  include an intraband term (! 11= 0): A very large 
value appears in the first case (the third row), a smaller one if the phonon spectral function 
G(# ) (fourth row) or the electron- phonon  spectral  function  $2F(# ) (fifth  row)  are  
considered.   The  critical temperatures are given in K and the gap values in meV. 
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Figure 6 . 2 . 1 b: Fermi Surface of LiFeAs. 
 
 
 
 

 
 

 
 
Figure 6.2.1c: The calculated  phononic density  of states  G(! ) (red dashed line) and the calculated  
total  electron-phonon  spectral  function  " 2Ftot(! ) (black solid line).  
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Figure 6.2.1d: Temperature dependence of the absolute gap values (lines ) and experimental 
data (symbols ) at 8K. The dark cyan solid (dashed) line represents the first gap, the orange 
solid (dashed)  line the second one, the violet solid (dashed)  line the third  and the red solid 
(dashed)  line the fourth,  calculated with the parameters of fourth  (third) row of Table 2. 

 
 
 
 

 
 
 
 

 
Figure  6.2.1e:  Experimental temperature dependence  of the  upper  critical  field (symbols),  
and  the  relevant fitting  curves  (lines)  obtained  by  solving the Eliashberg  equations  in 
magnetic  field.  Red  circles and  solid red  (dashed dark blue) line for H||c, black square 
symbols and solid black (dashed orange) line for H||ab  calculated  with the parameters of 
fourth (third) row of Table 2. The dotted olive (H||c) and navy (H||ab) and the dashed-dotted 
magenta (H||c) and pink (H||ab ) lines are, respectively,  the fourth and first case of Table 2 but 
where vF1 isnÕt a free parameter but  it is taken  from Table 1. 
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6.2.2. Theoretical model for impurity scattering 
!

Superconducting iron pnictides belong to a class of multiband superconductors. Therefore, 
currently it is of high interest to develop theoretical model of influence of disorder (impurity 
scattering) in this class of materials. We have formulated microscopic model for impurity 
scattering multiband superconductors, taking into account possible symmetries of the order 
parameter: s± or s++ symmetry state [42]. !

 
 
Various symmetries of the superconducting order parameter   
(color indicates the sign of the order parameter: 
!!

(a) a conventional S-wave 

 
(b) a d-wave, as in cuprates 

 
(c) s± wave (pnictides ?) 

 
 
 
 
 
We have shown that the suppression of transition temperature Tc can be described by a single 
parameter depending on the intraband and interband impurity scattering rates. Tc is shown to 
be more robust against nonmagnetic impurities than would be predicted in the trivial 
extension of Abrikosov-GorÕkov theory. We have found a disorder-induced transition from 
the s± state to a gapless and then to a fully gapped s++ state, controlled by a single parameter: 
the sign of the average coupling constant <! >. That means, there are two types of s± 
superconductivity. The first is the one which has been largely discussed so far in the literature, 
for which Tc is suppressed as disorder is increased, until it vanishes at a critical value of the 
scattering rate. There is, however, also a second type of s± state, one for which Tc tends to a 
finite value as disorder increases; at the same time the gap function acquires a uniform sign, 
i.e., undergoes a transition from s± to s++. This effect is illustrated =below for the case when 
the average coupling constant <! > is positive. 
 
 
 

(b) a 

) a 

(c) s± 
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Figure 6: Saturation of transition temperature for s± to s++ cases. The values of coupling matrix are 
given in the inset (from Ref.42)  

 
Important conclusion of this study is that s± superconductivity may be quite robust against 
nonmagnetic impurities. This statement has strong implications for experiments, in particular 
for designing practical devices. From fundamental point of view, it may help to reveal the 
underlying order parameter symmetry in superconducting iron pnictides. In order to elaborate 
this issue more quantitatively, we have investigated the effects of disorder on density of states, 
a single particle response function and optical conductivity in multiband superconductors with 
s± symmetry of the order parameter. In the vicinity of the s± to s++ transition the 
superconductive gapless regime is realized and manifests itself in anomalies in the above 
mentioned properties. 

 
Solving Eliashberg equations for multiband superconductors, we have studied the effects of 
the impurity-induced s± -> s++  transition in the density of states (DoS), the single-particle 
response function and optical conductivity in multiband superconductors with s± symmetry of 
the order parameter. It has been shown that a smaller gap vanishes in the vicinity of this 
transition, leading to the gapless nature of photoemission and tunneling spectra.  

 
Figure 7: Impurity-induced  s± -> s++  transition in the energy gap (sign change of smaller gap) 
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Figure 8: The density of states as function of energy !  and scattering rate " .  The gapless region is visible 
at the intermediate values of "  of the order of Tc0, when the s± -> s++  transition occurs. 

 
 
In the optical response, the s± -> s++ transition leads to ÔrestoringÕ of the ÔDrudeÕ-like 
frequency dependence of the real part of the conductivity. We found interesting features in the 
real part of the polarization operator, with reentrant behavior of the dip-like structure at 
energy 2# (where # is the superconducting energy gap) as a function of interband scattering 
rate. This effect leads to nonmonotonic behavior in the magnetic field penetration depth as a 
function of the impurity concentration. We conclude a systematic study of the impact of 
disorder on the single-particle response function and optical conductivity may provide 
information about the underlying symmetry of the superconductive order parameter. In 
particular, intrinsically phase-insensitive experimental methods such as angle-resolved 
photoemission spectroscopy, tunneling and terahertz spectroscopy may be used for this 
purpose. The results are published in [43]. 
 
We have studied optical properties of the multiband superconductors with an s± order 
parameter symmetry in the framework of the Eliashberg formalism. By comparing results of 
our theory with experimental data on optical conductivity for Ba0.68K0.32Fe2As2 single crystals, 
we show that satisfactory description of the novel superconductors can be obtained only 
considering a strong electron-boson coupling. We reexamine the effect of disorder and 
demonstrate that multiband superconductors are more robust with respect to it than naively 
expected by simple analogy with paramagnetic impurities in single-band superconductors. 
Moreover, disorder may give rise to new effects, in particular to a phase transition s±$ s++. 
We discuss how the systematic study of disorder impact on the density of states and the 
optical conductivity may provide information on the underlying order parameter structure. 
The results are published in [44]. 
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Figure 9: (a) The real part of opical conductivity of optimally doped BaKAsFe optimally doped single 
crystal. (b) The results of calculations within the 2-band Eliashberg model taking into account impurity 
scattering rate ! . 

 

In Ref.45 we analyze how the magnetic disorder affects the properties of the two-band s± and 
s++ models, which are the subject of discussions regarding iron-based superconductors and 
other multiband systems like MgB2. We have shown that there are several cases when the 
transition temperature Tc is not fully suppressed by magnetic impurities in contrast to the 
Abrikosov-GorÕkov theory, but a saturation of Tc takes place in the regime of strong disorder. 
These cases are: (1) the purely interband impurity scattering and (2) the unitary scattering 
limit. We have shown that in the former case the s± gap is preserved, while the s++ state 
transforms into the s± state with increasing magnetic disorder. For case (2), the gap structure 
remains intact. Thus, the conclusion is that two-band superconductors might be robust against 
magnetic disorder with clear signatures in thermodynamics. These results should help 
designing new experiments to uncover pairing symmetry in iron pnictides and other 
multiband superconductors. 
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Task 6.3. Simulation of superconducting devices 

 Extension of the RSJ-Model: Excess current. 

In experimental IV-characteristics of Josephson junctions, we often observe excess currents, 
which are not predicted by the standard RSJ-model. Such current can be estimated by 
extending the ohmic line from V>>IcRn to V=0. In our experiments this excess current scales 
up to 80% of the total critical current. More about the origin and analysis of this excess 
currents including their temperature dependence and microwave studies can be found in the 
report of WP4. 

In the standard RSJ-model the first Josephson equation is given by: 

      (1) 

with ib=I/Ic is the normalized bias current, !=" 0t the normalized time, " 0=2eIcRn/# the 
junctionÕs frequency and $C= " 0RnC the McCumber parameter. An analytical solution for 
$C<<1 is given by  

     (2) 

with %=#Ic/ekBT,  
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Figure 1: Differential resistance versus current of a Ba122/Au/TiOx/Pb junction with an area of 15x15 &m2 at 
T=4.2K. The measured data are in black, the colored curves corresponds to different fits within equation (2), 
each explained in the text. 
 
Here Jn are the modified Bessel functions. If one uses equation (2) to fit the measured IV-
characteristic of a Josephson junctions with a pnictide base electrode, one will get a fitting 
curve, which fits to the voltage for small currents I<Ic and big currents I>>Ic but fails to 
describe the measured IV-characteristic in the region around Ic. This is best seen in the image 
of the differential resistance versus current as shown in figure 1. Here the green curve (fit 3) 
represents the fit with Ic as free parameter. One the other side, one can fix Ic to a value 
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obtained by a special criterion. By doing so, one obtains the blue curve (fit 2), which fits to 
the slope for I<Ic very well, but overestimates the resistance at I=Ic. This can be solved by 
introducing the observed excess current Iex into the model by setting 

 

!! !
! ! ! !!" !

! !! ! !!" !
    (3) 

in equation (1) and (2). So one is able to fit the measured curve with the full critical current Ic 
(or a reduced critical current Ic

*) and the excess current Iex and gets The red curve (fit 1), 
which reproduces very well the measured data. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: IV-characteristic of a Ba122/Au/TiOx/Pb junction with an area of 15x15 ! m2 at T=4.2K. The 
measured data are in symbols, the colored curves correspond to fits within equation (2) including the excess 
current of equation (3) (blue dashed) or using the pure critical current (red solid). 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3: IV-characteristic of a Ba122/TiOx/Pb junction with an area of 25x25 ! m2 at T=4.2K. The measured 
data are in symbols, the colored curves correspond to fits within equation (1) including the excess current of 
equation (3) (blue dashed) or using the pure critical current (red solid). The dotted line corresponds to the Ohmic 
line. 
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One can do this not just for the analytical solution of equation (2) but also for the first 
Josephson equation (1) and gets results, which are very appropriate to describe the measured 
results. As shown in figure 2, where one can use the analytical solution, ignoring the excess 
current leads to an overestimation of the voltage for I>Ic. The same can be seen in figure 3. 
Here due to the high McCumber parameter, which leads to a hysteretic behavior, one has to 
solve equation (1) numerically. The result is still the same, including the excess current, even 
the hysteresis is reproduced very well, while again one gets to high voltages ignoring the 
excess current in the model. Another consequence here is, that the values of the McCumber 
parameters are different in both fits, since one uses the full critical current Ic with hysteretic 
behavior or just the reduced value  Ic

*= Ic-Iex . In this special case, the used values are 2.50 
(negative) and 1.76 (positive) for the extended model and 1.85 and 1.32 for the pure model, 
respectively. The problem of asymmetric IV-characteristics here is solved by splitting the fit 
with independent variables for positive and negative currents. A complete model including 
this asymmetry is in progress. 

  

Task 6.4. Pairing mechanism on the base of spectroscopy. 

The presence of bosonic resonances in the normalized conductance of the Andreev-reflection 
spectra is signal of strong electron-boson-interaction (EBI). These structures appear in the 
sign-changed first derivative of the normalized conductance at the energy Ep  !  ! 0 + " max 
where ! 0 is the characteristic bosonic energy and " max is the maximum  gap.  Analyzing the 
temperature dependence of the peak energies we can obtain information about the 
representative bosonic energy and its nature  [1]. We have already done this for different iron 
compounds (see [2] and references therein) with good results. 

 
FeTe1! xSex 

We have done a study of the superconducting order parameter and pairing mechanism [3] in  
Fe(Te1#xSex ) thin films (with different Se contents: x = 0.3, 0.4, 0.5) by means of point-
contact Andreev-reflection  spectroscopy (PCARS). All the spectra feature a pair of 
conductance maxima (or a smooth plateau) at an energy of the order of 3 meV, which are the 
typical features associated to a nodeless superconducting gap. Additional structures are 
present as well, that can take the form of smooth, but well pronounced shoulders, or even 
small peaks. The shape of these structures is, in all cases, perfectly compatible with that 
expected for the features associated to a larger super- conducting gap and indeed curves very 
similar to these have been actually measured in various multiband compounds, including 
hole- and electron-doped Ba-122 [2]. The problem here is that the energy of these structures is 
of the order of 8-9 meV and a gap of this amplitude would result in a gap ratio 2" /kB Tc $ 13 
which looks absolutely unreasonable, even for iron-based compounds where values of the 
order of 9 have been sometimes found [2]. It is thus rather likely that these structures are the 
signature of another energy scale, which is not a superconducting gap but pertains to the 
superconducting state as well, because the structures disappear at the critical temperature of 
the contact. It is thus practically impossible to ÒisolateÓ the spectral information about the 
energy gap and to get rid of these structures which moreover have a very high spectral weight. 
In principle the application of a magnetic field would allow solving the problem if these 
structures were completely suppressed by a given magnetic field, leaving the Andreev signal 
almost unchanged. Unfortunately, instead, the shoulders and the Andreev signal are both 
gradually suppressed by the field. 

Keeping in mind that the larger energy scale is likely not to be a gap, let us try to fit the 
curves by using a two-band BTK model, as if both the structures around 3 meV and 9 meV 
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were due to superconducting gaps. Let us call ! E the amplitude of the true superconducting 
gap and ! �� the energy scale of the  additional  structures. Now we use an effective two-ÒgapÓ  
2D BTK model in which the normalized conductance is expressed as a weighted sum of two  
contributions, i.e.  G = wE " E + w*" * [4].  The fitting function thus contains three parameters 
for each contribution, i.e. the energy scale (! E or ! *), the effective broadening (#E or #*), and 
the barrier parameter (ZE  or Z*). Also the weight wE  (or w* = 1 $ wE ) is a free parameter. 
The number of parameters makes the fit be non-univocal, in the sense that there is actually a 
range of best-fitting parameters for a single experimental  curve. This  model is surprisingly  
effective in reproducing  all the main features  of the  curves.  It  is possible to show that  
there  is no correlation  between  the values of ! E  and  ! *  and  the  contact  resistance,  which 
indicates  that  the features we have fitted as gaps are not artifacts  due, for example, to the 
non-spectroscopic nature  of the contacts  [5, 6]. On the contrary,  the values of ! E scale rather  
well with the local critical temperature Tc

A  giving a constant gap ratio 2! E /kB Tc !  5.5, 
which is well above the BCS weak-coupling limit but not abnormal  in Fe-based compounds.  
The values of ! * are more scattered, but  their  overall trend  as a function of Tc

A  can be 
approximately expressed as 2! */kBTc % 11.5. 

Two points  must  then  be clarified:  i) what  is ! *;  ii) which of the  two fitting procedures 
(with a single-gap or a two-ÒgapÓ model) gives the correct value of the superconducting  gap 
! E . As for the first point, a possible cause of the structures at ! * could be the strong electron-
boson interaction (EBI).  As a matter of fact, we have shown in Co-doped Ba-122 [7] and in 
F-doped Sm-1111 [2] that  EBI structures are indeed observable  by point-contact 
spectroscopy  not  only in the  tunneling regime but  also in the Andreev-reflection  regime.  
We have also shown that these structures can be accounted  for rather  well by inserting  into 
the BTK model the energy-dependent order parameters calculated,  within the Eliashberg 
theory,  by using a Lorentzian  electron-boson spectrum  &2F (' ) peaked at the energy of the 
spin resonance ' 0 (measured  by inelastic neutron  scattering  experiments  [8]) that  scales 
with  Tc  according  to  the  empirical  law ' 0 = 4.65kBTc  [9]. As shown elsewhere [2], the 
peak in the &2F (' ) results in a peak in the sign-changed derivative  of the conductance,  $d2I 
/dV2  vs. V, that  approximately occurs at ' 0 + ! max . 

Going back to Fe(Te,Se),  let us assume that  ! E  is the true  energy gap, and check whether  
the coupling of electrons with spin fluctuations  can give rise to higher-bias additional  
structures similar to those observed experimentally.  For example, let us focus on    Fe(Te1$x 
Sex ) with a critical temperature of about  14 K and  ! E  =(  5.5 kBTc  = 3.3 meV. Recent  
angle-resolved photoemission spectroscopy (ARPES)  measurements  have given direct 
evidence of 3 bands  crossing the  Fermi  level in FeTe0.55Se0.45  with  Tc  = 14.5 K, i.e. two 
holelike bands at the # point of the Brillouin zone and one electronlike band  at the M  point 
[10]. DFT  calculations  [11] give evidence of two hole-like FS sheets (almost perfectly 
cylindrical) and two electronlike FS sheets, of which the inner one is almost cylindrical while 
the outer one displays a strong warping.  To build up our effective three-band  Eliashberg 
model, we used two effective holelike Fermi surfaces (labeled as 1 and 2 in the following) at 
# and one electronlike FS (labeled as 3) at M. We estimated  the ratio of the density of states  
at the Fermi level from DFT  calculations,  obtaining  N1 /N3  = 0.46 and N2/N3  = 1, and we 
made as usual the following assumptions  (for details see ref.[12, 13]): i) the contribution of 
phonons to the coupling is negligible; ii) the interband coupling is mediated  by spin 
fluctuations,  while the intra- band coupling is negligible; iii) the Eliashberg function &2F(' ) 
has the same shape  for all coupling  channels,  but  its  height is modulated  by the  
corresponding coupling constant (i.e.  ) 12 , ) 13 , ) 23 ); iv) the coupling between the two 
holelike bands  is negligible, so that ) 12 "  0; v) the  &2F (' ) is a Lorentzian curve peaked  at  
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the  energy of the  spin resonance,  ! 0  = 4.65kBTc  [9], and its half-width  at  half maximum  
is ! 0/2 (see left inset  to figure 1); vi) the Coulomb pseudopotential is negligible (µ*

i,j =0). 

In the end, the model contains only two  free parameters, " 13   and  " 23 , that  can be adjusted  
to reproduce the values of the gaps.  Since the position of the EBI structures depends on the 
energy of the mediating  boson and on the  largest  superconducting  gap,  and  since we just  
want to check whether these  structures can  be  mistaken  by  a  gap,  we use  the  simplest  
possible assumption,   i.e.   that  two  gaps exist  of similar  amplitude.    Once " 13   and " 23  
are determined,  the critical temperature is calculated  with no additional adjustment  of the  
parameters.  We found  that  the  experimental  situation (Tc   of about  14 K, and  one single 
gap  amplitude  of about  3.3 meV)  can be obtained  by  using  " 23 = 0 and  " 13  = 4.1 (this  
value  looks large  but corresponds  to a total  coupling constant " tot = 1.56).  In particular, we 
got Tc = 13.4 K, #1 = 3.4 meV, #2 = 0,      #3 = $2.9 meV. The two non-zero gaps are very 
similar in amplitude  but differ in sign because of the s± symmetry. The  problem  has  thus  
been reduced  to  a two-band one and  therefore  the energy-dependent order  parameters can  
be inserted  into  the  two-band 2D BTK model to calculate the normalized conductance.  To 
keep the same labels for the  bands,  the  conductance  can be conveniently  expressed  as 
G(V )=w1%1(V)+(1$w1)%3(V).   The  resulting  curve always shows maxima  due to the gaps 
at  about  3 meV, plus additional  shoulders or even small peaks due to the EBI. A curve 
qualitatively similar, in amplitude  and shape, to the experimental ones is shown in figure 1 
(symbols).  It was obtained by choosing w1 = 0.9, Z1  = Z3  = 0.3 and &1  = &3  = 2 meV. For a 
further  check, we can try to fit this curve with the two-band 2D BTK model with constant 
(BCS) energy gap, thus  doing exactly  what  we did with the experimental  spectra, and  
treating  the  EBI  structures as if they  were due to  a larger  gap.   The result of the fit is 
shown by a solid blue line in figure 1, and the corresponding parameters are listed in the label.  
Note that  the fit gives #E = 3.3 meV, in very good agreement with the original amplitude  of 
the gap with which the curve was generated,  and #* = 8.5 meV, which is perfectly compatible  
with the values of #*  obtained  from the two-gap fit of the experimental  PCARS spectra  at 
Tc

A !  14 K. 

The above discussion proves that:  i) the high-energy structures observed in the PCARS 
spectra are very likely to be due to the EBI; ii) #* is not a gap, but  rather  the energy at which 
the EBI manifests itself in the conductance; iii) the  amplitude  of the  superconducting  gap 
#E  is better  reproduced  by the two-gap BTK fit than  by the single-gap fit. 

We can now make a step forward in order to understand whether  #E is the  only 
superconducting  gap  detected  by PCARS.  Interestingly, this  gap is in very good agreement  
with  the  gap  that  has  been recently  measured by ARPES  on the  electronlike  FS '   [10].  
Actually,  in the  films with  x =0.5 there  are  some experimental  facts  that  suggest  that  a 
second,  smaller gap  might  be present  as well, even though  with  a small weight.   In some 
curves, the single-gap fit or even the two-gap fit (with  #E  and #*) are not completely 
satisfactory  in the low-energy region (eV < #E ), where a small excess conductance  exists 
(see figure 2a and 2b).  This small discrepancy can be removed if the  low-energy part  of the  
curves is fitted  (disregarding  the EBI structures) by means of the two-band  BTK  model and,  
in addition  to #E, a second smaller  gap #H  is considered.   A more convincing evidence for 
the  existence of the  small gap #H  comes from some PCARS  curves in which the EBI 
shoulders are hardly detectable  (for unknown reasons) and the Andreev-reflection structures 
are not, or poorly, disturbed  by them (see figure 2c). The fit of this curve again gives " H= 2.3 
± 0.1 meV and " E= 4.1 ± 0.2 meV. Finally,  the most striking  proof of the fact that  an 
additional  smaller gap  exists  comes from PCARS  measurements  carried  out,  with  the  
same technique  and in the same configuration  (c-axis injection)  in single crystals of 
Fe(Te0.8Se0.2) (see figure 2d).   The  superconducting  signal is extremely high  here,  close to  
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the  theoretical  limit  of 2, which means  the  contact  is nearly ideal. The experimental  curve 
shows two clear maxima corresponding to ! H , a change in slope at  an energy corresponding  
to ! E  and wide, but much lower, EBI shoulders at  higher energy.  The two-band fit of the 
curve (neglecting  the  EBI  structures) gives ! H  = 2.00 ± 0.05 meV and  ! E=4.0 ± 0.1 meV. 
All the  available  values of ! H , ! E  and  ! *  are plotted  in figure 3 as a function  of the  local 
critical  temperature of the contacts,  Tc

A. 

A clear picture emerges in which all the three  energy scales depend  on the critical  
temperature in a linear  way. The gaps scale rather well with  the critical temperature 
according to a constant gap ratio, i.e. 2! H /kB Tc

A  = 3.5 for ! H and 2! E /kB Tc
A  = 5.5 for ! E. 

As for the energy ! *, the values are more scattered but approximately fall on the line 
2! */kBTc

A "  11.5. In conclusions the PCARS spectra generally show clear symmetric maxima 
associated to a superconducting  gap of amplitude  ! E "  2.75kBTc and additional,  very clear 
shoulders that can be mistaken  for a  gap  of amplitude ! *  "  6 kBTc  but are very probably 
the signature of the strong coupling of electrons with  a bosonic mode peaked  at  an  energy 
# 0Ð that roughly obeys the  empirical rule # 0 = 4.65kBTc Ð and this fact strongly supports  an 
antiferromagnetic spin fluctuation  mechanism. 

 

 
Figure 1: Symbols: theoretical  PCARS  spectrum  calculated  within the two- band  2D BTK  model by using 
the  energy-dependent  order  parameters ! 1 and  ! 3  obtained  from the  Eliashberg  model.  The  parameters of 
the  BTK model are reported  in the top right label, including the amplitude  of the gaps whose different sign is 
due to the  s± symmetry.   The  theoretical  spectrum presents, in addition to  the conductance  maxima  due to  
the  gaps (almost identical in amplitude) clear shoulders due to the EBI. Solid blue line: fit of the theoretical  
PCARS  spectrum  with a two-band 2D BTK model.  The fit is made by treating  the EBI shoulders as if they 
were due to a large gap ! *. The best-fit parameters are listed in the bottom  right label. Red dashed line: fit of the 
theoretical  PCARS spectrum with a single-band 2D BTK model. The best-fitting  parmeters are reported on the 
left label. Inset: the shape of the electron-boson spectrum (Eliashberg function) used in the calculations. 
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Figure 2: Some examples of PCARS  curves giving evidence for the smaller gap ! H . In all cases the gap 
amplitude  obtained from the fit are indicated  in the labels. (a,b) Detail of two spectra measured in Fe(Te,Se)  
thin films with x = 0.5 that  show a small excess conductance  inside the maxima associated to ! E that cannot  be 
fitted  by a single-gap model (red line) and is instead perfectly captured  by a two-gap model (blue line) with ! E 
and the inner gap ! H. (c) one of the few curves in the x = 0.5 films where the EBI structures are less pronounced  
and  a two-band  fit with  the  gaps ! H  and ! E is able to reproduce  most  of the  curve. (d)  A PCARS  spectrum  
taken  in a single crystal, in which the superconducting  signal is almost ideal, with the relevant fit (blue line).  
Vertical  dashed  lines approximately indicate the position of the features associated  to the EBI and to the gap ! E.  
Arrows indicate  the structures associated to the smaller gap ! H. 

 

 

Figure 3:  Gap  amplitudes ! H (orange  symbols)  and  ! E  (blue  symbols) and  EBI  energy ! *  (red  open 
symbols)  as a function  of the  local critical temperature Tc

A .  Data from literature are added  for comparison;  in 
these cases,  the  critical  temperature is the  one declared  in the  original  papers. The data  come from PCARS  
[15], STS [16, 17, 18], ARPES  [10, 19], tunnel spectroscopy [20], specific heat [21] and THz spectroscopy [22]. 
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Ba(Fe,Co)2As2 
Now we consider PCARS measurements on a thin film of Ba(Fe,Co)2As2 with 8% of cobalt 
content.  Let us consider for example the spectrum  described by symbols in Fig 4. A possible 
bosonic resonance appears  around  20-25 meV. The following line of reasoning has to be 
followed in order to verify that  this is really correlated  to the electron-boson interaction. 

First  of all the analysis with the standard two-band 2D-BTK model (the blue curve in Fig. 4) 
has been done. In this way it is possible to obtain two gap values and, from their temperature 
dependence, the local critical temperature. This gave the results ! 1=! e =4 meV, ! 2 =! h =7 
meV and Tc=25.4 K [7]. Furthermore, on the basis of the  phenomenological relation between 
" 0 and Tc, valid in almost all iron-compounds and already verified also for Ba(Fe,Co)2As2  
[7] we suppose that  the characteristic bosonic energy is " 0  !  11 meV. This value supports  
the picture  of a pairing mediated  by antiferromagnetic spin fluctuations and is in good 
agreement with inelastic neutron  scattering  experiments [23]. 

At this point an analysis within a three bands s± Eliashberg model, that includes 
approximations analogous to the previous case, is possible [7]. Unlike in FeTe1#xSex,  here 
there is one holonic order parameter that  has opposite sign with respect to the two electronic 
ones and now the  coupling is present only between the holonic and the electronic bands  (i.e.  
$23  = $e1,e2 =0).   In our calculations we considered as input a Lorentzian spectral function 
peaked at " 0 with FWHM of 4 meV [7]. We solved the Eliashberg equations  fixing the  free 
parameters $12   = $h,e1 and $13   = $h,e2 in order to reproduced  the low temperature gap values. 
i.e. $h,e1 = 0.50 and $h,e2 = 1.65 that  implies a total  coupling equal to $tot = 2.24.  All the  free 
parameter are now fixed and the critical temperature can be reproduced  very well if a feed-
back effect [13, 25] of the condensate  is considered. 

Now we can analyze the bosonic structure. Starting from  the sign-changed second derivative  
(top curve in Fig. 5) of the experimental  I-V curve,  and by subtracting the larger gap from 
the peak position (i.e. the first peak at energy higher than  ! e2), we obtain  the representative 
bosonic energy " 0 ! 14 meV. This is a first signal that  the structure considered can be a 
resonance of the strong electron-boson interaction. 

Then  one can follow this  structure in temperature (see Fig. 6). This  result again supports  the 
idea that  of an unconventional  mechanism, indeed it goes to zero at  the critical  temperature 
and obviously this  rules out  phonons as mediating bosons. Finally, within  a BTK  model 
including  the  energy-dependent order parameter  obtained  from the Eliashberg model, the 
original Andreev-reflection spectrum  can be reproduced (all the parameters are summarized 
in Table 1). As can be appreciated by looking at  the  orange  curve  in Fig 4, the  fit in the  
central  part  of the  spectrum  has  been improved  and  now the  bosonic resonance appears 
at the right energy. The disagreement in the amplitude  of the EBI shoulders in the theoretical  
curve and in the experimental  spectrum is not so worrying since, as explained elsewhere [24], 
the normalization of the experimental  spectra  in the  case of films is somewhat arbitrary.  A 
different choice for the  normalization  curve could well give rise to  higher  shoulders that 
could, in turn,  be better reproduced by the theoretical  curve.  The horizontal position (i.e.  
the energy) of the shoulders instead  is not affected by the normalization  and is therefore a 
true ÒrobustÓ  quantity. 

In conclusion, we proved that the structure that appears in the PCARS curve at energies 
higher than the gaps has a bosonic origin. Moreover, to reproduce the data, we used a spectral 
function with an energy peak value that is in agreement with the experimental  representative 
energy of antiferromagnetic spin fluctuations [9] and this fact strongly supports this 
mechanism to be responsible for superconductivity in this material. 
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 BTK-BCS Eliashberg 

! h 

! e1 

! e2 

Tc 

" h,e1 

" h,e2 

" tot 

# 0 

Wh 

We1 

$h 

$e1 

$e2 

zh 

ze1 

ze2 

7.6 meV 
4.0 meV 

- 
25.4 K 

- 
- 
- 
- 

0.55 
- 

3.60 
2.02 

- 
0.36 
0.17 

- 

7.4 meV 
3.6 meV 
10.1 meV 

25.3 K 
0.50 
1.65 
2.24 

11 meV 
0.50 
0.45 
2.20 
2.15 
2.30 
0.06 
0.26 
0.06 

 
Table 1: Parameters used for creating the theoretical curves reported in Fig. 4. In the left table there are the value 

of the three gaps together with the critical temperature, the coupling constants and the representative bosonic 

energy. On the right there are the parameter related  to the BTK model: Wi are the weight of the bands; 

obviously 
i

n

i! "

=
=

1

1n WW while $i are lifetime broadening  parameters and Zi the potential barrier parameters. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Andreev reflection spectra at 4.2 K in Ba(Fe1-xCox)2As2, with x=8%. The dark blue curve is the 
usual BTK fit,  and the orange curve is the fit  obtained  with the inclusion of the Eliashberg theory. 
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Figure 5: Temperature dependence of the sign-changed first derivative of the normalized conductance  
spectra.  The black arrows indicate  the evolution in temperature of the resonance. 

 
 

 

Figure 6: Temperature dependence  of the  energy of the  peak  in the  sign- changed first derivative  
of the normalized conductance  spectra. 
 

LiFeAs 
 

In the Task 6.2 of the present report we have described a phenomenological model of 
superconductivity for LiFeAs which is able to explain its critical temperature, the multigap  
structure and the  temperature dependence  of the  upper critical  field [26].  However this 
process was not  straightforward, to be able to conjugate  a spin fluctuation dominated  pairing 
with the experimental  gap structure we have been forced to  introduce  an  intraband coupling 
that  acts  only on the first band.   The presence of a phononic, purely intraband term seems to 
indicate  an intrinsic incompatibility between the structure of the superconducting  gaps as 
measured by Umezawa and coworkers in Ref. [27] and a purely spin-fluctuation mediated  
pairing.   A possible explanation  may  be linked  to  the  very  low Fermi  energy of the band  
for which vertex  corrections  [28, 29] to the usual Migdal-Eliashberg  theory  may  be 
relevant.   Within  the  bare  theory,  with- out including further  perturbative orders the 
experimental  data  can still be reproduced,  but  the result is that  we obtain  a fictitious 
increase of the coupling constants,  in this case that  representing  the phononic pairing [30, 
31]. In conclusion, our calculations  show that  LiFeAs presents  peculiar  features with 
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respect to other iron compounds and it cannot be explained within the framework of a pure 
interband antiferromagnetic spin-fluctuations mediated superconductivity. 
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¥ Microscopic theory of tunneling spectroscopy of multiband superconductors 
¥ Explanation of the results of PCARS in Co-doped Ba-122 films within a three-

band s± Eliashberg model based on a spin-fluctuation mediated pairing. 
   

¥ Work and progress on deliverables not yet submitted 

All deliverables have been submitted. 

¥ Deviations from Annex I: 

No deviations have been seen. 

¥ Use of resources: 

Resources have been used according to the planned values. 

¥ Corrective actions (if applicable) 

None  
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Work Package Title Assessing feasibility of electronic device applications 
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0/3/4 1.6/2.15/3 0.5/1.5/2 0/2.06/3 5/8.44/12 0/3/3 

 

!"#$%&'(%)*++,-./*0%"01%#234,5%

(Task 7.1) EU-Japan common server (using the Dropbox platform) has been setup and all 
literature information has been tabulated and stored. Additionally, samples list and relevant 
data have been stored. Hence all consortium members can access this folder.!

All partners add data and also share them. Additionally, we also put our presentation files, 
which have used during the periodic IRON-SEA meeting. Now we have plenty of holders and 
files in our common Dropbox repository, as shown in Fig. 7-1-1. It is worth mention that the 
common space has been also used for project reporting, since large files can be easily 
exchanged.  
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Fig. 7-1-1 Dropbox folder of the ÒIRON-SEAÓ project. Paper data base for different Fe-based 
superconducting thin films, project report folder, sample list, and sample data folder are stored. 

!"#$%&'(%)*+,-*.,+/ %

By using the same instrument discussed in Task 7.1, it has been possible to track the 
development of the various technologies involved in the project. Indeed the periodic project 
meetings (twice a year) produced a lot of documentation through the presented material. All 
this material has been readily made available to all the partners through the common dropbox 
folder, giving access to the most recent developments by all the research groups. In addition, 
all the published papers, where the scientific results are presented in a more consolidate form, 
were also made available. As can be seen in Fig. 7-1-1, the IRON-SEA folder contains 
several sub-folders (e.g. Reports and Sample_data) and additional files. All researchers 
working in the consortium can access the IRON_SEA folder and collect necessary 
information. 0,/'%&1( 12!shows the content of the folder ÒpapersÓ with a collection of all the 
published papers by the project consortium.! 0,/'% &1( 1( ! shows part of the 
ÒPaper_data_base_AE211Ó. One can easily take necessary information on a title and the 
relevant journal reference. Initially, we plan to put all reprints in the folder, however, this may 
breach the copyright policy of journals. Hence we simply provide DOI (digital object 
identifier) numbers of the relevant publications. One can download a paper directly from the 
publisher site, if he/she is from an institution with the subscription to the relevant journal. 
Light blue shadow indicates that our consortium member is involved. All consortium 
members keep monitoring the progress and relevant publication will be added into the sheet. 
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!"#$%&' ( ' ( !Snapshot of the ÒPaper_data_base_AE122Ó.!

During the 2nd IRON-SEA meeting in Bratislava, we have agreed with creating a sample list, 
in which the sample history is described and can be accessed by all partners. For instance, 
preparation condition, characterization results and measurements results should be included in 
this list. This leads to avoiding any contradictions and also repetition of measurements. Hence 
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we have prepared ÒSample_listÓ as shown in fig. 7-2-3 and the corresponding basic structural 
characterization is stored in the ÒSample_dataÓ folder (fig. 7-2-4). 

Sent date To
14/02/2014 Torino
14/02/2014 Torino

21/03/2014 Torino
21/03/2014 Torino

21/03/2014 CU
21/03/2014 CU
21/03/2014 CU

06/04/2014 CRIEP (Jpn)

05/06/2014 Jena
05/06/2014 Jena
05/06/2014 Jena

9/7/2014 Jena
9/7/2014 Jena

Substrate, structure, composition Purpose

Junctions
Junctions
Junctions

Junctions
Junctions

6% Co doped Ba-122 on MgO
6% Co doped Ba-122 on MgO
6% Co doped Ba-122 on MgO

NdFeAs(O,F) on MgO, from Nagoya
NdFeAs(O,F) on MgO, from Nagoya

FK_NEW_127
FK_NEW_128
FK_NEW_129

Number 969
Number 973

KI_NEW_137
KI_NEW_145

EDL
EDL

2014

0%Co doped Ba-122 on CaF2
2%Co doped Ba-122 on CaF2

Sample Name

7.5%Co doped Ba-122 on MgO
7.5%Co doped Ba-122 on MgO

7.5%Co doped Ba-122 on MgO

EDL
EDL

Surface analysis, junctions
KI_NEW_169

KI_NEW_166
KI_NEW_167

KI_NEW_168

KI_NEW_170

KI_NEW_174a

7.5%Co doped Ba-122 on MgO
7.5%Co doped Ba-122 on MgO

6% Co doped Ba-122 on MgO

Surface analysis, junctions
Surface analysis, junctions

TEM

!

!"#$%&' ( ' ) !"#$%&'!()'!*+,-./'0/%$(1!%#!23456!7)'!8'/'9,#(!&,(,!%$!$(:8'&!%#!()'!*+,-./'0&,(,1!
;:/&'86!!

!

%

Fig. 7-2-4 Inside the ÒSample_dataÓ folder. 

%

Task 7.3 Assessing technology for film patterning 

7-3-1 Basics 

Superconductive electronics is a wide field of research active since about fifty years. Current 
electronic applications of superconductivity fall into four main categories: SQUIDs, Radiation 
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Detectors, RF active/passive, and Digital circuits. In all the applications the underlying 
technology is based on:  

¥ the reliable fabrication of  Josephson junctions, both over and under-damped,  
¥ the possibility of multilayer deposition of superconducting and  insulating materials,  
¥ the precision patterning, possibly down to sub-micrometer scale,  
¥ the possibility of large scale integration, with more than a thousand devices/chip. 

 
In almost all electronic applications of superconductors, the basic ingredient of 
superconducting electronics is the Josephson junction. It is therefore of  great importance to 
develop and master a fabrication technology allowing the realization of Josephson junctions 
in large scale, with high control and repeatability of the basic parameters and good overall 
quality. 

Regarding iron-based superconductors, all these issues have been addressed within the 
IRONSEA project and the results are summarized here. 

7-3-2 Thin Film Fabrication  

The fabrication technology of thin films of iron-based superconductors, within the IRONSEA 
project, has been developed within the WP2 and is based on pulsed laser deposition. The films 
are made at IFW Dresden, for BaFe2As2 (Ba-122) and LaFeAs(O,F) (La-1111), and at CNR-
SPIN, for Fe(Se,Te). The substrates used are STO, CaF2 and MgO. All processes are made at 
high substrate temperature and produce epitaxial thin films with good crystalline properties. 
In Fig. 7-3-1 is shown an example of x-ray diffraction traces of Co-doped Ba-122 thin films 
on MgO(100) substrates deposited at various temperatures.  

 

Fig. 7-3-1  ! /2! -scans of x-ray 
diffraction for films deposited 
at various temperatures 

 

Beside the good crystalline ordering, other parameters are particularly important for electronic 
application, such as the surface morphology and surface transport omogeneity. In Fig. 7-3-2 is 
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shown, as an example, images obtained by the scanning spreading resistance microscopy 
(SSRM)  of Co-doped BaFe2As2 thin films prepared by pulsed laser deposition on MgO with 
Fe buffer layer (Fe/MgO), CaF2 substrates and FeSe0.5Te0.5 thin films prepared on MgO 
substrate. In all cases the SSRM maps showed very inhomogeneous surface conductivity. 
 

      ! ! !

a)                                      b)                                           c) 

Fig.7-3-2   SSRM map of Co doped Ba-122 thin film prepared on CaF2 substrate (a) on MgO/Fe 
substrate (b) and FeSe0.5Te0.5 thin film prepared on MgO substrate (c).  

!
Similarly, by AFM imaging it is possible to evidence the level of uniformity of the film 
surfaces. In Fig. 7-3-3 is shown an example of AFM measurements on the surface of a Co-
doped Ba-122 thin film. The AFM images exhibit a clear pattern of flat, regular terraces of 
about 100 nm in size. The z-profiles measured along the three straight lines depicted in panel 
(b), show the inclination of the terraces and their elevation above the background of about 3 
nm. 
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These results evidence that, although very good films can be fabricated, their surface is far 

from flat at a nanometer scale. Therefore the realization of Josephson junction of planar type 
becomes particularly difficult, and the resulting barrier quality is rather poor.  

 

7-3-3 Multilayer Deposition 

In order to realize Josephson junctions, except for the brain boundary junctions, it is necessary 
in most cases to be able to deposit additional layers of top of the superconductive films. 

The initial SNSÕ junctions were realized by FSU Jena using a thin Au deposition as N layer, 
obtaining Ba-122/Au/Pb and Fe(SeTe)/Au/Pb  structures. To improve the junction quality, 
insulating layer technology has been developed, employing AlOx and TiOx films. The AlOx 
was obtained by oxidizing a thin Al layer thermally evaporated on top of the superconductor 
and subsequently oxidized at room atmosphere. The TiOx  was, instead, directly sputtered on 
the superconducting film. In all cases the junction quality was not high, as it is discussed in 
details in the WP4 report.  

As an alternative junction technology, step edge junctions have been developed at FSU Jena 
and at CU Bratislava.The step edge junction were realized with different techniques. In one 
case a FeSe0.5Te0.5 film was covered by a AlN insulating layer deposited by PLD, and Pt 

D. Daghero et al. /  Applied  Surface Science 312 (2014)  23Ð29 25

Fig.  2. FESEM images  of  the  surface  of  a 8% Co-doped  Ba-122  thin  Þlm  deposited  on  CaF2 substrate.  (a and  b)  Two  representative  secondary-electron  (SE) images  with  different
magniÞcations  (the  scale is indicated  in  the  labels).  Clear, regular,  ßat  terraces  of  rectangular  shape  (side  length  approximately  100  nm)  are seen that  protrude  from  an array
of  well-connected  grains.  (c)  Backscattered-electron  (BSE) image  of  the  same area as in  (b),  that  shows  a diagonal  stripe-like  pattern  not  related  to  the  granular  structure,
and  possibly  indicating  the  existence  of  correlated  defects  parallel  to  the  c axis  (i.e.  perpendicular  to  the  plane  of  the  Þgure).

Fig.  3. Examples  of  AFM  measurements  on  the  surface  of  a Co-doped  Ba-122  thin  Þlm.  (a)  AFM  image  over  an area of  3.75  ! m  !  3.75  ! m,  exhibiting  a clear  pattern  of  ßat,
rectangular  terraces  of  about  100  nm  in  size. A comparison  with  the  FESEM image  of  Fig. 2a (taken  on  a similar  scale)  shows  that  the  morphological  information  provided  by
FESEM and  AFM  is perfectly  consistent;  note  that  the  latter  does not  show  the  stripe-like  pattern  seen in  Fig. 2c. (b)  AFM  image  over  a smaller  area of  2 ! m  !  2 ! m  and  thus
with  a greater  magniÞcation.  (c)  The same image  as in  (b)  but  after  application  of  a Prewitt  horizontal  gradient  Þlter  so as to  highlight  the  elevation  of  the  terraces  above  the
background  of  well-connected  grains.

10
2

10
3

10
4

10
5

In
te

ns
ity

 (
cp

s)

12010080604020
2!  (¡)

00
2

00
4

00
6

00
8

00
10

00
12

C
aF

2,
 0

02

C
aF

2,
 0

04 a)
In

te
ns

ity
 (

ar
b.

 u
ni

t)

36031527022518013590450
"  (¡)

CaF2, 111 reflection

Co-doped Ba-122, 112 reflection
#" =0.73 ¡

b)

Fig.  4. Summary  of  structural  characterization  by  X-ray  diffraction.  (a)  !  "  2!  scans in  the  BraggÐBrentano  geometry  with  Co-Kþ  radiation;  (b)  " -scans  in  a texture  goniometer
with  Cu-Kþ  radiation  for  the  112  reßection  of  Co-doped  Ba-122  and  the  111  reßection  of  CaF2.
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Fig. 7-3-3 AFM measurements of a Co-doped Ba-122 thin film. (a) AFM image over an area of 
3.75 µm x 3.75 µm (b) AFM image over a smaller area of 2 µm x 2 µm (c) Same image as in (b) but 
after application of a Prewitt horizontal gradient filter so as to highlight the evaluation of the 
terraces above the background of well-connected grains. (d) z-profiles measured along the three 
straight lines depicted in panel (b), that shows the inclination of the terraces and their elevation 
above the background. (e) Height distribution over an area of 2 µm x 2 µm, showing a ÒtailÓ 
associated to the protruding terraces. 
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contact patterned by standard UV lithography on the  insulating layer. Later on the sample 
was cleaved and a small Pt line, deposited with a Focused Ion Beam (FIBCVD) system using 
a precursor gas, was used to contact the top Pt electrodes with the superconductor(see Fig. 7-
3-4 a). Alternatively an e-beam was used to deposit the Pb electrode (see Fig. 7-3-4 b). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7-3-4 (a) Sketch of a FeSe0.5Te0.5/Pt edge junction. (b) Sketch of a BA-122/Pt edge junction 

 

Finally, a technology that has been strongly developed in the frame of the IRONSEA project, 
is the realization of grain boundary junctions based on bicrystalline substrate. Co-doped Ba-
122 GB junctions have been fabricated on symmetric [001]-tilt STO and MgO bicrystals at 
FSU Jena, while Fe(Se,Te) on symmetric [100]-tilt STO bicrystals  have been fabricated at 
CNR-SPIN. 

Thanks to the collaboration with the Japanese Partners at Nagoya University, P-doped Ba-122 
was deposited by MBE on LSAT bicrystal substrates and Nd-1111 on MgO bicrystal 
substrates by the same deposition technique. 

Overall the quality of the grain boundary junctions realized on bicrystalline substrates is better 
than that of planar or edge junctions, as discussed in details in the WP4 report. 

 

 

7-3-4 Microprocessing of pnictides thin films  

A solid technology for high resolution patterning of iron-based superconductor thin films is of 
fundamental importance for all electronic applications. Also for material properties 
investigations, in order to obtain quantitative results from dc and, even more, from ac analysis, 
it is important that the current flows in the sample through well-defined geometries. This 
implies the necessity of precise patterning of the thin films, a non-trivial process on iron-
based superconductors, due to their sensitivity to liquid and vapour water. Based on an 
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acquired experience on cuprate superconductors, a working photolithography process has 
been set up.  

The film samples were always stored in vacuum and in presence of humidity absorbing 
salt. All the processes that implied exposure to ambient atmosphere were minimized in time. 

 

!

Fig. 7-3-5 1) sample after the photoresist development; 2) post-etching sample; 3) photolithography 
for gold pads; 4) FeSeTe 2, 4, 8 and 16 µm thick lines. 

 
Patterning 1 

FeSeTe thin films, typically 80-90 nm thick, have been deposited by laser ablation at 
CNR-SPIN of Genova. As a first approach, in order to protect the film surface from the 
external atmospheric agents, FeSeTe thin films were covered by means a gold cap layer, 20 
nm thick, grown with a DC magnetron sputtering. In particular, Au films protect the iron-
based superconductor against the water attack during the photolithographic process. It is also 
useful for getting low-electrical resistance contact pads. As we show below, this choice, 
largely used in the development of high-Tc YBCO devices, is not useful in the case of iron-
based superconductors. Device geometries, in the first approach lines of 16, 8, 4 and 2 µm, 
have been patterned by standard photolithography and ion milling etching has been performed 
keeping the sample holder at the nominal temperature -40¡C. In Fig. 7-3-5 we report the steps 
of the process: 1) sample after the photoresist development; 2) post-etching sample; 3) 
photolithography for gold pads; 4) FeSeTe 2, 4, 8 and 16 µm thick lines. 

 
Patterning 2 

In our second approach, FeSeTe thin films have been patterned by standard 
photolithography, employing AZ 5214 resist, UV mask aligner and AZ 400 K developer 
without gold cap layer. Sample was subsequently etched with argon ion milling at 250 V 
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beam voltage and 33 mA beam current, which corresponds to a beam current density about 1 
mA/cm2. In order to prevent over heating, an alternate procedure of 1 min on and 3 min off of 
the ion beam has been adopted. Moreover, during process, the sample was cooled using a 
nitrogen flow going through a liquid nitrogen tank to further limit local heating and damage, 
due mainly to losses of volatile species.  

By using this technique, a mask with line widths of 2, 4, 8 and 16 µm was transferred on 
the sample which shows encouraging results in terms of Tc and current densities of the lines [E. 
Bellingeri, et al Strong vortex pinning in FeSe0.5Te0.5 epitaxial thin film Appl. Phys. Lett. 100, 
082601 (2012)]. First of all, the problem of the water attack during the photolithography 
process seems to be not excessively crucial. Furthermore, the local heating during the etching 
process is well overcome by using the cooling procedure described above. The used geometry 
of the transferred mask is showed in Fig. 7-3-6 (A) and (B) with the indication of the strip 
widths. 

! 

 

 

Fig. 7-3-6 (A) Optical image of the mask geometry patterned by ion milling etching on the sample. Each 
strip width has been indicated, where not is to intend 4µm. (B) A detail of the strips. 

 
 
Example results 

The patterning process described above has been employed on both FeSeTe and Co-
doped Ba122 thin films from CNR SPIN Genova and IFW-Dresden. The R vs T dependence 
of the strips are shown in figs. 7-3-7 and 7-3-8. Although optically the films show good 
patterning definition, a certain degree of degradation of the superconducting properties is 
observed. 

In FeSeTe films a critical current decrease of about 20% is observed in the 2 µm wide 
strip with respect to the 16 µm one. At the same time the resistance does not reach the zero 
value for all strips having a width less than 16 µm. Although the first effect may be due to the 
photolithography, we believe that both are most probably due to inhomogeneity of the film 
structure that generates micron-sized normal zones. Additional tests are needed to address this 
issue. 

In Co-doped Ba122 patterned thin films the resistance vs temperature, showed in Fig. 7-
3-8, reveals a much lower change of Tc with the strip width, an indicator of superior quality of 
the films. However a residual resistance below Tc is still observed in smaller width strips. 
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Fig. 7-3-7  Resistance vs Temperature of patterned strips on FeSeTe thin films.  

 
!
!
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Fig. 7-3-8 Resistance vs Temperature of patterned strips on Co-doped Ba122 thin films. 
 
Contacting 
Electrical contacts were made by ultrasonic wedge bonding with 25 ! m diameter Al wires. 

 

Task 7.4 Proposing and testing new devices 

Electronic application of superconductors are in constant competition with other 
(semiconductor) technologies and therefore are very demanding on material technology. 

Technology SQUID RF 
active 

DIGITAL  DETECTORS 
junctions 

DETECTORS 
TES Nanowires 

Thin Film  YES 
*  

YES YES YES YES 
*  

Multilayer + 
*  

YES YES YES/+ + 
*  

Hysteretic JJ  YES  YES 
High quality 

 

Non-hysteretic JJ YES 
*  

YES YES 
 

  



 165 

Nanolithography + 
*  

+ + + YES 
*  

Large Scale 
Integration 

 YES YES + + 

Table 7-4-1: Electronic applications vs required technologies. YES means required, + means 
better if available, * means within reach of  iron-based superconductors  

 

In Table 7-4-1 a comparison of the different technologies required by the various fields of 
application. Fe-SC Josephson junction technology still needs further development to reach  
the high level of integration and good performances of low Tc superconductors (Nb, NbN). 
Therefore applications requiring large scale integration or high quality, hysteretic Josephson 
junctions are not within reach for the moment. SQUIDs, by requiring few non-hysteretic 
junctions, are instead possible realizations. However a performance comparison with existing 
high-Tc SQUID technology suggests that specific advantages of Fe-SC as SQUID have yet to 
be demonstrated. 

Another application within reach for Fe-SC is that of nanowire detectors. Here the higher Tc 
of FE-SC with respect with currently employed materials (mostly NbN) could give a 
significant advantage in simplifying the cryogenic setup of the detectors, a key point for many 
applications, e.g. satellite. Fe-SC could have also advantages with respect to traditional 
superconductors in terms of non-equilibrium properties, as the pump-probe experiments 
performed within the IRONSEA project have shown.  

Both basic physics experiments and possible applications require proper design of the 
superconductive circuit to be employed. First stage measurements on the novel iron based 
superconductors have been made on bare films or on samples patterned with simple striplines 
(see e.g. Fig. 7-3-6). More accurate measurements, and prototype device design, require a new 
level of design a larger complexity. An example of such new design is in Fig. 7-4-1, where 
several bicrystal type Josephson juntions and SQUIDs, as well as multi contact striplines are 
present having width ranging from 2 to 16 ! m. The structure in the figure has been realized 
with Fe(Se,Te) films deposited on SrTiO3 (STO) roof-type bicrystal substrates. Preliminary 
results on the Josephson structure show interesting features, while more work is needed to 
fully exploit the possibilities of this technology. 
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Fig. 7-4-1 Design of test pattern for Josephson junction and SQUID realization on bicrystalline 
substrate. Beside several striplines are present having width ranging from 2 to 16 ! m. 

 

Differently from YBCO, in which STO substrates represent a good choice, in the case of Fe-
based bicrystal grain boundary junctions different possibilities may be followed: 

1) using STO substrates with an iron buffer layer. However, this is challenging because 
oxygen in STO is not so stable and it tends to be absorbed by the Fe-buffer layer; 

2) MgO bicrystal substrates are more stable and can be used for this scope; 

3) The availability on the market of BaF2 bicrystal substrates would represent the 
optimum, because fluoride substrates are versatile substrates for growing Fe-based 
superconductor thin films. 

The next problem to be solved for this approach is the fabrication of Fe-based 
nanostructures. In principle, this may be done by using ÒstandardÓ e-beam lithography, 
however, a specific effort has to be made to develop the appropriate writing (e-beam) and 
etching (ion etching and/or FIB) technology. 

An additional benefit of developing a submicron patterning technology for Fe-based 
superconductors is the possibility or realizing nanostrip structures for electromagnetic wave 
detection. Actually the best single photon detectors in the IR spectrum are made by 
superconducting nanostrips based on ultra-thin NbN. NbN has al lower Tc than many Fe-
based superconductors. Moreover, other material specific characteristics, such as electron-
electron and electron-phonon scattering time could be in favor of Fe-based SC. The technical 
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challenge here is the realization of films having a thickness of the order of 10 nm and still 
retaining a sufficiently high Tc and uniform current transport properties.  

Future development of superconductive electronics aims at new devices with new physics 
involved, such as magnetic Josephson memories for RSFQ logic circuits, hybrid nanostrip 
high Tc detectors, intrinsic phase shift junctions (! -junctions) for quantum computing, etc. 
Here again the wealth of different physical and material properties of the iron-based 
superconductors could become important prerequisites for the realization of innovative 
superconductive devices. 

 

 

¥ Highlights of most significant results 

Literature survey and stored in the common folder (Dropbox) 
 

SamplesÕ list and their basic structural data are stored in the common folder 
!
Deposition technology of high quality epitaxial thin films by PLD 

Deposition technology of conducting (Au) and insulating (AlOx, TiOx, AlN) layers on 
top of superconductive thin films 

Deposition technology of superconductive thin films on  bicrystalline substrates (MgO, 
STO, BaF2) 

UV pattering lithography down to 2 µm strip width  

   

¥ Work and progress on deliverables not yet submitted: 

All deliverables have been submitted. 

 

¥ Deviations from Annex I: 

No deviations have been seen. 

 

¥ Use of resources:  

Resources have been used close to the planned values. A small excess of resources 
(CNR) has been necessary to complete the requested tasks. 

  

¥ Corrective actions (if applicable) 

None. 
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Work package 9  
 
Work Package Number WP9 Start date 1 
Work Package Title Dissemination and training 
Activity Type  RTD 
Participant Name 
(only contributing 
partners) 

IFW 
Dresden FSU Jena CU 

Bratislava 
Politecnico 

Torino CNR University 
Twente 

Person-months 
(X: p-m used in previous 
reporting periods/ Y: p-m 
used in this reporting 
period  / Z: total planned 
p-m) 

1/0/1 0/1/1 0/1/1 0.46/0.54/1 0/0.74/1 0/1/1 

 
¥ Summary of progress towards objectives and details for each task 

 
(Task9.1 Dissemination) 

i) Project logo: At the beginning of the project, we have 
immediately designed our project logo, as shown in fig. 1. 
Whenever we gave a talk at a scientific conference, we always 
showed our project logo together with the FP7 logo. Hence the 
audience recognized our project and it was supported by the 
European Commission. 
 
ii)  Poster: During the European Conference of Applied 
Superconductivity (EUCAS) in 2013 held at Genoa, Italy, we 
have shown our project poster in the exhibition hall together 
with other project, Super-Iron. This was a very good 
opportunity for us to disseminate our project. 

 
iii) Media coverage: Slovakian TV focused our project partner, CU Bratislava. During the 
ÒSolid State Surface and InterfacesÓ conference in 2013, Smolenice, Slovakia, organized by 
Prof. A. Plecenik from CU Bratislava, most of our project partners including Japanese teams 
have been interviewed about the ÒIRON-SEAÓ project. 
 
iv) Scientific publications:  
In total we have 46 publications 
thanks to frequent sample and also 
information exchanges. Among them 
we have 8 joint publications between 
EU and Japan. The number of joint 
publications will be increased, since 
we have prepared several papers. 
Additionally, 3 papers have been 
published in Nature publishing group. 
Furthermore, our publications have 
been selected as featured articles, as 
shown in fig. 2. Results obtained 
within the Project have also been 
included in two Invited Reviews 

Fig. 1: Project logo 

�Z�Z�Z�Z

iopscience.org/sust

ISSN 0953-2048  

 Superconductor 
Science and Technology

Volume 24   Number 12   December 2011

Featured article
Thickness dependence of structural and transport properties of  
Co-doped BaFe2As2 on Fe buffered MgO substrates
K Iida, J HŠnisch, S Trommler, S Haindl, F Kurth, R HŸhne, L Schultz  
and B Holzapfel

Fig. 2: Featured articles by K. Iida et al and S. Dšring et al. 

iopscience.org/sust

ISSN 0953-2048  

 Superconductor 
Science and Technology

ww

Volume 25   Number 8   August 2012

Special issue
Focus on superconductivity in Fe-based systems
Guest Editors: Ruslan Prozorov, Andrey Chubukov, Christoph Meingast and Marina Putti
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about point-contact spectroscopy (one special issue of Low Temp. Phys. dedicated to Prof. 
YansonÕs jubilee, one monographic issue of Current Opinion in Solid State & Materials 
Science), that usually have a large visibility. 
 
v) Scientific presentations: In total we have 77 presentations. 
 
(Task9.2 Promotion EU-Japan) 
Dispatching young scientists are frequently made in the whole period of the project. 
i) One PhD student from FSU Jena stayed at CU Bratislava for 3 weeks in June 2012 for 

preparing junctions and their characterization. 
ii)  One PhD student from Politecnico di Torino stayed at IFW Dresden for 2 months (15 

October - 15 December 2012) for measuring point contact spectroscopy using fresh 
films prepared at IFW Dresden.  Main idea behind this activity is to avoid a possible 
surface degradation, since point contact spectroscopy is surface sensitive technique. 
The tutor of the PhD student stayed two weeks in Dresden, from 15 to 21 October and 
from 25 November to 01 December 2012). This was a training opportunity for the 
PhD student (who could learn the entire process of setting up and carrying out a set of 
measurements) but also an opportunity for exchange of knowledge and discussions 
between senior researchers. On one hand, the researcher from Politecnico had the 
possibility to learn how Fe-based superconducting films have been prepared, and 
better understand the conditions and the difficulties of film growth and structural 
characterization. On the other hand, the scientists from IFW Dresden could learn how 
point contact spectroscopy measurements are carried out, what they can say, and 
which conditions they require. 

iii)  In September (4th~9th), the group of IFW Dresden (PhD student and scientist) and 
Prof. M. Naito (Tokyo University A&T) have visited the National High Field Magnet 
Laboratory in Florida for transport measurements in high fields up to dc 45 T, which is 
the highest dc field generated in the world. Films (SmFeAs(O,F) with Tc=57 K) are 
provided by Prof. NaitoÕs group and the proposal to implement high fields have been 
submitted by group of IFW Dresden. PhD student has discussed with scientists from 
the National High Field Magnet Laboratory and also the project consortium members, 
which would give a positive influence on his future career. 

iv) Scientists from CU Bratislava visited IFW Dresden for 2 days for discussion. 
v) PhD student from IFW Dresden stayed at Nagoya University for 1 month. He learnt a 

different film fabrication technique (MBE), whilst he has worked on PLD system at 
his home institute. A lot of films were fabricated during his stay. Later all films will be 
sent to IFW and then characterized, which leads to joint publications between EU and 
Japan. 

vi) PhD student from CU Bratislava stayed at the university of Tokyo (Prof. A. MaedaÕs 
group) for 2 weeks for preparing Fe(Se,Te) thin films by PLD. 

vii)  After the 5th IRON-SEA meeting, PhD students from IFW Dresden and FSU Jena 
spent 2 weeks for preparing NdFeAs(O,F) thin films for junction. 

viii)  PhD student Robert Sobota (CU Bratislava) stayed at the Univ. of Tokyo (Prof. 
Atsutaka Maeda) for preparing Fe(Se,Te) films and bring them to CU Bratislava for 
further characterizations. 

ix) Dr. Yada from Nagoya university stayed at Univ. Twente (Prof. A. GolubovÕs lab.) for 
6 months. 

x) Dr. Kawaguchi from Nagoya university stayed at FSU Jena (Prof. P. SeidelÕs lab.) for 
9 months. 
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Project also offers a lot of opportunities for scientists as well. Dr. Jens HŠnisch from IFW 
Dresden has obtained his habilitation using the project results. FSU Jena has 4 annual reports 
in 2012 of Institute of Solid State Physics, FSU Jena. (http://www.ifk.uni-
jena.de/ifk_multimedia/Jahresberichte/Jahresbericht+2012.pdf) 
 
Thanks to good networking between EU and Japan, Japanese coordinator successfully 
obtained a new project together with the EU project partner, Politecnico de Torino.  
 
¥ Highlights of most significant results 

i) Designing the project logo. 
ii)  Project poster exhibited at the conference hall 
iii)  Media coverage 
iv) 46 publications and 77 presentations 
v) Frequent scientists exchange (i.e., large promotion EU-Japan) 

 
¥ Work and progress on deliverables not yet submitted: 

All deliverable (D.9.1) has already been submitted. 
 

¥ Deviations from Annex I: 
No deviations have been seen. 

 
¥ Use of resources:  

Resources have been used as planned. 
  

¥ Corrective actions (if applicable) 
None. 
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Core of the report for the period: Project objectives, work progress 
and achievements, project management  

3 Project management during the period  
 
Work Package Number WP8 Start date 1 
Work Package Title Project Management 
Activity Type  Management 
Participant Name 
(only contributing partners) IFW Dresden 

Person-months 
 

0/5.8/5 

 
¥ Consortium management tasks and achievements 

i) Risk assessment 
Prior to starting our project, we have conducted a risk management. The project 
coordinator distributed a risk assessment sheet to the project partners and then collected. 
The results of the risk assessment are summarized below. The highest risk was 
Òunderestimation of costsÓ. Indeed, some of the partners have claimed the over the budget 
at the end of the project. (Please see the cost follow-up sheet) 
 

 
 
ii) Monitoring the progress 
One of the important tasks was to monitor the progress of project, which involves on time 
submission of the project deliverables and milestones. In order to do this, the project 
coordinator has sent a reminder one month before the deadline. Additionally, during the 
periodic meeting, the deadline of the deliverables was always announced. As a result, all 
deliverables and milestones have been submitted on time. 
 
iii) Planning periodic meeting 
The project coordinator organized all periodic meetings together with each host institution. 
We have always asked the program officers for attending our periodic meetings. As a 
result, either Japanese or EU program officer attended our meetings and gave an 
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introductory talk (Kick-off, 2nd, 3rd and 4th meetings). Most importantly, consortium 
members including young scientists had a good opportunity to interact with the program 
officers. 

 
¥ Problems which have occurred and how they were solved or envisaged solutions 

One of the biggest problems is that a researcher from IFW Dresden took a maternity leave 
in 2013. Her task is to investigate microstructures of all films prepared in WP2 as well as 
Japanese partners by means of transmission electron microscope. Therefore we anticipate a 
slow progress of WP3 (Advanced structural characterization). However, Japanese partner 
(CRIEPI) has carried out TEM investigations. Hence all deliverables and also other works 
related to TEM were on schedule.   

 
¥ Changes in the consortium, if any 

During the running of the project, there are no changes in the consortium. 
  

¥ List of proj ect meetings, dates and venues 
Whole period of the IRON-SEA project, we had 6 meetings as scheduled. 

 
 Date Venue Deliverable 
Kick-off meeting 27/10/2011 Univ. of Tokyo, Japan D1.1 
2nd IRON-SEA 23/5/2013 Ð 25/5/2012 CU Bratislava, Slovakia D1.2 
3rd IRON-SEA 5/3/2013 Ð 6/3/2013 Osaka university, Japan D1.3 
4th IRON-SEA 13/9/2013 Ð 14/9/2013 Politecnico de Torino, Italy D1.5 
5th IRON-SEA 13/3/2014 Ð 14/3/2014 Nagoya university, Japan D1.6 
Final IRON-SEA 12/9/2014 Ð 13/9/2014 IFW Dresden, Germany D1.7 

 
¥ Project planning and status 

Although we may have a serious delay due to the lack of key researcher mentioned above, 
all deliverables and project reporting are on schedule thanks to our Japanese partner. 

 
¥ Financial report (tables of % spending per partner & per activity and cost category) 

Please see the attached Òcost follow-upÓ sheet. 
 

¥ Impact of possible deviations from the planned milestones and deliverables, if any 
None. 

 
¥ Any changes to the legal status of any of the beneficiaries, in particular non-profit 

public bodies, secondary and higher education establishments, research organisations 
and SMEs 
None. 

 
¥ Development of the Project website, if applicable; 

Our project webpage (http://ironsea.eu) maintained by the project coordinator with the help 
his institution, IFW Dresden, has been always up-to date. Project results (i.e., published 
papers) have been opened to the public as a part of dissemination activity. 

 
At the end of the project, our project ÒIRON-SEAÓ and another project ÒSuper-IronÓ may have a 
joint meeting in March 2015, although our project has already been terminated. Nevertheless, 
this kind of activity is quite useful each other for project continuity in future. It is also worth 
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mentioning that Japanese coordinator successfully obtained a new project together with the 
EU project partner, Politecnico de Torino.  
 
 




