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The talk will treat the possible use of iron calchogenides at liquid He temperatures
and high fields.
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C.Tarantiniet al., PRB 84, 184522 (2011)

In fact, all families of Fe-based superconductors show very high critical fields. Despite
the low critical temperature, also the 11 phase shows interesting critical fields.
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In the figure, the in-field critical current densities for the various families (literature

values) are shown. The case of 122 is different in respect to the 11. The critical

current density in the case of Fe- 11 wire/tapes is strongly depressed.
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Why Fe(Se,Te) ?

T. (~ 10-15 K) values, but tuneable with pressure
In bulk: up to 26K by application of external pressure
Very high H, values >50T

High J_(~ 10° A/cm? in self-field) and weakly depends on magnetic
field.

Simplest crystal structure se
fe—@ o » -]
Easy to grow and to synthesize (Just three components):

Easy to handle stable in air (not explosive)

Do not contain As

Appealing from an applicative point of view

SPIN

Here the favorable characteristics of the 11 phase.
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N. Katayama et al. J. Phys. Soc. Jpn. 79 (2010) 113702.

By replacing Te with Se, the structural transition temperature is gradually suppressed.
Upon 6% Se doping, a trace of superconductivity starts to appear, and coexists with
the antiferromagnetic order. With increasing Se content, the superconducting volume
fraction improves, and Tc also becomes optimized for x ~0.5. Superconductivity
extends all of the way to x = 1 in Fe(1+y)Se. All these samples showed nanoscale
phase separation and chemical inhomogeneity of the Te/Se content. For x=1 it is
found that the stable composition range of Fe(1+y)Se is between 0.01 and 0.03 with
Tc = 8.5K. Therefore, all the work presented here is referred to a nominal Fe versus Te
composition of 50%.
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Solid state synthesis . . : -
(Fe, Se, Te — Fe, SegsTegs) | melting | = | annealing
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% Compactand

dense
% Homogeneous matrix

® precipitates of Te-enriched : :large 'gdrams £ s .
phase like Fe2Ch3) 0 evidence o precipitation at grain
boundaries

A. Palenzona et al., SUST 25(2012) 115018

Here we present an original method to prepare bulk FeSe0.5Te0.5 samples, based on
a melting process and a subsequent annealing treatment. With respect to the
standard sintering technique, it produces much more homogeneous and denser
samples, characterized by large and apparently well interconnected grains. In these
samples we studied the effect of grain boundaries. In the photograph, realized by
polarized light, different colors represent different crystallographic orientations.
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Scanning Hall Probe Microscopy K. Higashikawa, T. Kiss %\ //
Magnetic field 150 um below the sensor Current density Z}J‘sm.zs :,%3
B:.150um (MT)2 J (MA/em?)

e )

-20 180

®» Magneticfield distributionina % Intragrain J,~7 x 10*A/lem? @5 K
remnantstate at5 K
% Some inter-grain connections J.~ 2 x
% Dotted lines underlinethe GB, as 10*A/cm?
confirmed by PLOM

Scanning Hall probe microscopy measurements on these samples performed at
Kyushu University. The harmful role of GBs is clearly visible. The sample seems to be
not connected and divided in some differently magnetized regions. In these regions
the intragrain Jc is of the order of 0.1 Ma/cm2.
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Transport Critical Current
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A. Palenzona et al., SUST 25 (2012) 115018

In the figure (on top, right side) we show the picture taken with a polarized light
microscope on the relevant portion of the sample before measuring it by transport. A
sketch of the voltage taps and of the position of the current leads is also shown, to
better clarify that during this global measurement the current was flowing through
portions of the sample presenting different orientations, therefore crossing several
grain boundaries.

In figure below some selected |-V transitions are reported. We report also the
transport Jc as a function of the magnetic field at 4.2 K extracted from the -V curves.
Despite the fact that transport Jc values are the highest ever reported for the 11
phase the results indicate that the connection between the grains is still critical.

To study the effect of a single GB we considered 11 epitaxial thin films.
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Sample Preparation: 2
*Utra high vacuum (5 10° mBar at Tg) PLD system M\ p
*Target : Fe(Se,s,Tey s) sintered (880 °C) bulk 8.

*Deposition temperature ranged between 300 and 650 °C.

*In-situ Reflection High Energy Electron Diffraction (RHEED)

sLaser beam (KrF 248 nm and Nd:YAG 1064) focalized onto a 2 mm? spot, fluency of 2 J/em?.
*Repetition rates ranging from 3 to 10 pulse/s

*Target-substrate distance was kept fixed at 5 cm.

* Sample can be transferred under UHV condition into LT-STM (Omicron)
.

We grow thin films by pulsed laser ablation starting from bulk target of FeSe0.5Te0.5
(Te= 16 K). Films were grown on single crystal substrates at temperatures between
300 and 650 °C with a deposition rate ranging from 0.06 up to 0.2 As-1. In the slide
the laser characteristics are reported. The repetition rate was 3-10Hz. Films can be
transferred to a cryogenic STM system under high vacuum for surface
characterization, whereas the structural and transport properties were studied ex
situ. In the slide, some other details are depicted.
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FeSe0,5Te0,5 thin films were deposited on single crystal substrates having different
cell parameters and different chemical compositions, namely magnesium oxide
(MgO, a=4.217 A), strontium titanate (SrTiO3, a= 3.905 A), lanthanum aluminate
(LaAlO3, d= 3:789 A), yttria stabilized zirconia(YSZ, a= 3,637 A) and calcium(CaF2,
a=5.462 A) and lithium fluoride (LiF2, a=4:020 A). For all the substrates the (001)
orientation was used. The substrates were glued by silver paint onto a stainless steel
sample holder compatible with the used scanning tunneling microscope (Omicron
Nanotechnology GmbH). The quality of the growth was in situ monitored by
reflection high energy electron diffraction (RHEED). We will focus on thin films on the
highlighted substrates.
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In figure the Tc values obtained for films with a thickness of 100 and 200 nm are
reported as a function of the surface cell parameter of the substrate. Tc can reach the
very high value of 21 K.

Films 200 nm thick have a higher Tc; however, the thickness is not the only parameter
to determine the strain. Indeed, a non-negligible effect of the substrate is detectable
as well. 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.

For FeSe0:5Te0:5 thin films, the best Tc values—as high as 21 K—have been reported
by our group. Very recently Y.Imai et al. were able, tuning the Se stoichiometry, to
reach 23K.

We attributed the high Tc values the compressive strain due to the Volmer—Weber
growth mode which shrinks the c-axis, similarly to what happens through the
application of an external pressure (see figure ref. Bellingeri APL 96 (2010)).
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Structural & Morphological Properties
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The high quality of the films on strontium titanate, lanthanum aluminate and calcium
fluoride is confirmed by XRD analysis, showing that the FeSe0:5Te0:5 PbO-like
tetragonal phase was obtained on all the substrates and no traces of elementary
oxides or of the hexagonal phase were observed. In the teta—2teta scans (first
column) only the (00I) reflections of the films and substrates are present, indicating
the excellent purity of the phase and the optimum c-axis alignment of the growth.
Typical omega scans on these reflections show rocking curves having a full width at
half maximum (FWHM) in the range 0.2-2 degrees (second column). The c-axis values
calculated by fitting the 00l peak positions are in the range 5.84-5.89 A. These values
are much reduced with respect to the bulk one(6.03 A), but are in agreement with
values previously reported. In order to establish the in-plane epitaxy of the growth,
phi scans of the 101 reflection were performed. On all the substrates considered
here, a single in-plane orientation is observed. On LaAlO3 and SrTiO3, the Fe(Se, Te)
phase grows ‘cube on cube’ with the a axis parallel to the a axis of the substrate,
whereas on CaF2, the film grows rotated by 45 degrees with respect to the a axis
due to the good matching with half the diagonal (3.862). The FWHM of the phi scan
peaks is approximately 0.8 degrees for samples deposited on LaAlO3 and CaF2 and
1.4 degrees for samples deposited on SrTiO3. In the 4th column STM images for the
3 samples are shown (the 45 degrees rotation in the case of CaF is confirmed).
Despite the atomic resolution is reached the surface seems not uniform.

12
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Atomic-scale surface structure of Fe(Se,Te) thin films grown @ SPIN - Genova

We exploited LT-STM (4.5K, UHV) to characterize the micrometric and atomic scale surface morphology of 150nm
thick Fe(Se, Te) thin films with Tc=19K.

A Gerbiet al. Supercond. Sci. Technol. 25,012001(2012) A Perassoetal, J. of Microscopy(2015)in press

Surface stoichiometry for PLD thin films:

Se~045
Te~0.55
Se(A)| Te(A) | Fe(A) Fe~0.20
0+ | 028x| 062% Te diffuses from bulk towards surface
011 | 008 | 0.14 (see also XPS and ARPES...)

3 i : <
Lateral Distance [nm]

Atomic scale STM contrast, routinely achieved at low temperature, shows a squared lattice of ~3.8A
consistent with the arrangement of chalcogen atoms above the Fe plane in bulk single crystals. 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 0.24A along the z-coordinate axis. Moreover a small amount of excess Fe atoms is
expected to be embedded in the chalcogen layer.

We estimate a Fe coverage of 6-7%, in reasonable agreement with the evaluation for excess
interstitial Fe atoms from normal state magnetic measurements.

We developed an automatic method to recognize the different atomic species A.Perasso et al., J. of

Microscopy (2015).

13
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Atoms of the same species cluster together?
Phase separation at nanometers « histogram with three bins representing the

Iength scale probability of having a Se, Te or Fe neighbor,

respectively. Under the hypothesis that atoms of

— e
. = Te
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40

20

Se Te Fe

the same species cluster, the histograms should
not be uniform, but they should peak on the bin
corresponding to the species itself.
* histograms indicatesthat our hypothesis is
reasonable.
Atoms of the same species cluster together: histogram with three bins representing
the probability of having a Se, Te or Fe neighbor, respectively. Under the hypothesis
that atoms of the same species cluster, the histograms should not be uniform, but
they should peak on the bin corresponding to the species itself.
The histograms indicates that our hypothesis is reasonable.

14
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measured on thin (8=50 um) strips patterned by
photolitographic process + Ar ion milling etching

Critical current densities
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U) S Kawale et al. , IEEE trans on Appl. Supercond. 25, 7300305(2015).“0 H [T] ; "

In the figure, critical current densities for thin films grown on STO, LAO and CAF. In

the case of films on CAF, the anisotropy disappears and the Jc do not strongly
depend on magnetic field applied. In the case of LAO and STO, the anisotropic

behavior is different.
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J. Anisotropy
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2 V. Braccini et al. , Appl. Phys. Lett., 103, 172601 (2013)

Comparison of the anisotropic behavior: in case of STO, a c-axis pinning is visible.
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TEM analysis

P9 Leibniz Institute

V. Braccini et al. , Appl. Phys. Lett., 103, for Solid State and
¥| Materials Research
J_! Dresden

[110] FeSe,,Te,, [110] FeSe,,Te,,

interfacial layer

-

5o (100) CaF, Sme=20

[100] FeSe, .Te,,

STO: Single defect parallel to the c-axis,
compatible with columnar defects shown
by STM, which contribute to enhance
pinning parallel to the c-axis as recorded by
the highest J..

[110] FeSe,,Te,

&

CaF, : No large defects or misorientations / grain
structure. Small regions where the lattice seems to
be disturbed on a very small local scale (5-20 nm).
Such kind of defects might be the origin of the
isotropic pinning present in the films grown on CaF,.

The figures show the microstructure of the sample deposited on CaF2 (green color).
The microstructure of the film does not show any granular structure or large
extended defects throughout the whole film; however, small regions appear where
the lattice seems to be disturbed on a very local scale (5-20 nm) (second panel,
marked in black). In the third panel of the figure, a higher resolution image is shown:
at some point, the atoms start to deviate from the ideal plane while around the
defects the lattice grows fine again. Such defects might originate from a different
local stoichiometry between Se and Te— indeed FeTe and FeSe phases show quite
different c axis values, 6.285 and 5.486A, respectively. Given their size and
distribution, it is likely that such kind of defects are the origin of the isotropic pinning
present in films grown on CaF2. TEM analysis on a thin film deposited on SrTiO3 is
reported (red color). Single defects parallel to the c-axis can be seen (third panel)
which are compatible with the network of columnar defects parallel to the c-axis
shown by STM previously hypothesized to contribute to enhance the pinning parallel
to the c-axis.

In the cartoons a schematic view of the pinning centers in the two cases.
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kxborwtary;: Lk Tallahassee, FL.

KAWALE eral. IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 25, NO. 3, JUNE 2015

This set of measurements indicates the existence, at low temperature, of a large
region in the H-T diagram where vortices are well pinned even at very large magnetic
fields, hence the possibility of employing this superconductorat 4.2 Kupto40T.
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H., Measurements at very high fields

C. TARANTINI eral. PHYSICAL REVIEW B 84, 184522 (2011)
60 =

. Ba, (Ko erAs,

YBa,Cu O,
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0 20 40 60
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Here the critical fields for thin films are reported. We can observe a strain induced
enhancement of Hc2 (ref. Tarantini).
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| Grain Boundaries behavior
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GBs between misoriented crystallites impede current flow
because the critical-current density through a GB Jg(9) =
Joexp(-9/9,) drops exponentially as the misorientation angle
& increases. ¥, = 3-5° => so the spread of misorientation
angles AU = 40° in polycrystals can reduce Jg, by two to
three orders of magnitude.

D. Larbalestier et al., Nature 414, 368 (2001)
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The critical current density through bicrystal grain
boundary (/.2°8) remained high (>1 MA cm~2) and
nearly constant up to a critical angle 9, of ~9°, which is
substantially larger than the J. of ~5° for YBa,Cu;0;_5.
Even at 9gg>0,, the decay of J.268 was much slower
than that of YBa,Cu30;_5.

T. Katase et al. Nat. Comm. 2 409 (2011);
J H Durrel et al Rep. Prog. Phys. 74 124511 (2011)

GBs behavior for YBCO and Fe-122. See the comments on the figures.
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Siet al. state:

“ A critical mis-orientation angle
of around 9 degrees was
identified that separates the
strong coupling region from the
weak link region. We found that
the critical current densities
across the grain boundary with a
24 degrees mis-orientation angle
are modulated by the magnetic
field, indicating a Josephson
Effect”.

am e «—— =
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i O ourdata
10 @ W.Sietal, APL 106 2015 3
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misorientation angle

GBs behavior in the case of Fe-11. In blue the data of Si el al. They state: “ A critical
mis-orientation angle of around 9 degrees was identified that separates the strong
coupling region from the weak link region. We found that the critical current densities
across the grain boundary with a 24 degrees mis-orientation angle are modulated by
the magnetic field, indicating a Josephson Effect”. In red, our data. The agreement
seems only partial.
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| Grain Boundaries behavior: the case of Fe-11 ‘
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They found that the critical current densities across the grain boundary with a 24
degrees mis-orientation angle are modulated by the magnetic field, indicating a

Josephson Effect. On the contrary, we observe modulated behavior only with 45
degrees: next slide.
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Properties of high-angle Fe(Se,Te) bicrystal grain boundary junctions
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FIG. 2. Current-voltage charactenistic of 45° [001] tilt bicrystal GBJs with
different sizes measured at T=42K. In the inset, the IV characteristic of a

w (um)

FIG. 3. (a) Magnetic field dependence of the critical current of 45° (001]
Fe(Se.Te) symmetric bicrystal GBJ 2.6 um wide at T = 4.2K: (b) plot of the
junction dimensions normalized to the Josephson penctration depth as a
function of the junction width. The dashed curve is a linear fit of data.

junction 20 ym wide shows peaks due to flux motion.

Therefore we conclude that more investigations are necessary to completly define
the GBs behavior in the Fe-11 family.
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FromH. Hosono etal. Sci. Technol. Adv. Mater. 16 (2015)033503

Here a comparison (taken from Hosono et al. Review) of Jc of different Coated
Conductors versus magnetic field, at liquid helium temperature. The BNL group
shows on Fe-11 coated conductors, a critical current as high as 0.1MAcm-2 at 4.2K
30T! Very nice results for applications. In blue, our results.
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CONCLUSION
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up to 30 T, enhanced H,;, (greater than 50T).

(2 25 T) applications.

v'Possibility of tuning the superconducting properties in Fe-chalcogenide by thin film
v'T, up to 23 K, much higher than the bulk value, appreciable critical current density values
v'Promising prospects of Fe-chalcogenide for low temperature (< 4.2 K) and very high field

v'Search for low cost metallic oriented templates without oxide buffer layers

A
A
v
N

CRYOGENIG-ENGINEERING
CONFERENCE

Imennmou‘% CRYOGENIC MATERIALS

In conclusion: in Fe-11 it is possible to enhance, with strain, critical fields and critical

temperatures. In addition, the pinning mechanisms also appears tunable.

It can be interesting to develop low cost metallic oriented template, without
expensive oxide buffer layers: here the GBs mis-orientation appears less critical in

respect to HTS.
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