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J. Hanisch, K. lida, C. Tarantini, R. Hihne, Sust32, 093001 (2020). 3
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They are representing crystal structures of Fe-based superconductors (IBSs), available in the form of epitaxial thin films. The number is named after their chemical composition. FeAs and Fe chalcogenide tetrahedrons are the common structure of IBSs, which plays an important role for superconductivity.
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Presentation Notes
Among IBSs, “1111” system shows the highest superconducting transition temperature, Tc, around 56 K in ambient pressure. The “122” system exhibits a Tc of 38 K, which is slightly lower than ”11111”. However, this system is the most important material in terms of applications. Hence, “1111” and “122” systems have been focused in this presentation. 
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Firstly, “1111” system.
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This graph summarises the progress of Jc-H performance of NdFeAs(O,F) at 4.2 K. In 2016, self-field Jc of 3 MA/cm2 was recorded. After fine tuning the processing condition, self-field Jc of over 8 MA/cm2 was achieved in 2019. Both films were microstructurally clean, and, therefore, Jc decays rather quickly with applied magnetic fields. Nevertheless, we would like to further improve self-field Jc. We consider that increasing departing current density, Jd, is one of the good strategies for improving self-field Jc.
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This graph shows the measured Jc for various superconductors at low temperatures as a function of Jd, expressed by this formula. Most of the superconductors show that measured Jc is in the range of 10~20% of Jd. Hence, higher the Jd, higher the Jc. To increase Jd, one can decrease both the penetration depth, 𝜆 and coherence length, 𝜉.
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In 2011, Stangl et al., have successfully fabricated over-doped YBCO films. Jd of over-doped YBCO film increased from 300 to 500 MA/cm2, which led to a Jc of 90 MA/cm2 at 5 K.
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Quite recently, Miura et al., have combined an over-doping method and microstructual modification. As a result, over 150 MA/cm2 was achieved.
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 Heavily electron doped film can be obtained

« /. keeps constant around 50 K up to x=0.4

S. limura et al., J. Asia Ceramic Societies 5, 357 (2017).
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LnFeAsO (Ln: lanthanoide elements) is a parent compound, which does not show superconductivity. As the oxygen site is partially substituted by fluorine or hydrogen, electron is doped to the system. The phase diagram of SmFeAsO1-xFx or
SmFeAsO1-xHx shows that a 10% (i.e. x=0.1) doping of electron (F or H) yields superconductivity with Tc of around 50 K. The distinct difference between F and H is the substitution level. The respective solubility limit for fluorine and hydrogen is 20% and 80%. Another feature is that Tc keeps constant around 50 K in the range 0.1≤𝑥≤0.4. Hence, heavily electron films can be realized in LnFeAs(O,H).
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[3] A. Adamski et al, Phys. Rev. 896, 100503 (2017). [7] H-S. Lee et al, Phys. Rev. B80, 144512 (2009). 11
[4] S. Weyeneth et al, J. Supercond. Nov. Magn. 22, 325 (2009).
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The literature survey of 𝜆 and 𝜉 for LnFeAsO1-xFx as a function of x (equivalent to the electron concentration) are summarised. As can be seen, 𝜆 decreases progressively with x, whereas no clear correlation between 𝜉 and x is found. From those information, Jd of ”1111” system can be increased by heavily electron doping.
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Because both fluorine and hydrogen cannot be incorporated in situ, a two-step process to dope fluorine and hydrogen is employed. First, parent compound NdFeAsO was fabricated on MgO single crystalline substrate by molecular beam epitaxy. The film showed high phase pure and c-axis oriented. A thickness of films was typically around 25 nm, confirmed by X-ray reflectivity measurement. Then NdOF over-layer was deposited on the parent compound. During deposition, fluorine diffused into parent compound. As a result, superconducting F-doped Nd1111 was realized. For hydrogen doping, parent compound and CaH2 powder were put into a quartz-tube and vacuum sealed.  And then whole arrangement were heat-treated at between 400ºC and 500ºC, held at those temperature for up to 72 h. The temperature dependence of resistivity showed that the parent compound did not show superconductivity. Only the antiferromagnetic transition was observed at around 150 K. Once F and H doped into the system, both showed a metallic behaviour in the normal state and the superconducting transition was observed at around 50 K. The normal state resistivity at 300 K was decreased with doping. And the lowest resistivity was observed for H-doped film, which reflected the over-doping.
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For the fluorine doped Nd1111 films, the superconducting transition temperature Tc was plotted as a function of the c-axis length, since the c-axis length is well correlated to the carrier density. As can be seen, a constant Tc of around 50 K was observed at the c-axis length from 8.58 Å to 8.54 Å. A 8.54 Å corresponds to the carrier density of 2× 10 21 /cm3. Here, the carrier density was measured by Hall effect using a single carrier model at 50 K. Similarly, the data of H-doped films are plotted. As can be seen, Tc was almost constant value of 50 K in a wide range of the c-axis length, 8.44 Å to 8.55 Å. The carrier density of H-doped films varied from 1× 10 21  to 6× 10 21 /cm3. The maximum carrier density of H doped film is almost 3 times higher than that of –F-doped film. Using this film, transport measurements have been conducted. 
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F. Fang et al, Nat. Commun. 4, 2655 (2013).
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We achieved a high self-field Jc of over 17 MA/cm2 at 4 K for H-doped film, which is twice higher than NdFeAs(O,F). This value is comparable of the SmFeAs(O,F) single crystal with heavy ion irradiation. Because of the clean film, Jc decreased with magnetic field. The pinning force density Fp of H-doped sample is 1.5 times larger than that of F-doped film.
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« Upper critical field H,, of NdFeAs(O,H) is almost comparable to that of NdFeAs(O,F)

« lrreversibility field A, . of NdFeAs(O,H) is higher than that of NdFeAs(O,F)

irr

-> Due to the decrease in the anisotropy Hi. & % for H|| ¢
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This figure summarizes the upper critical field Hc2 and irreversibility field Hirr for F and H doped film. Applied magnetic field is parallel to the c-axis. As can be seen, the Hc2 is almost the same for both samples. But Hirr of H-doped sample is higher than that of F-doped sample. This is due to the decrease in the anisotropy. By the way, the Hc2 of H-doped Sm1111 was experimentally evaluated using a pulsed field measurement. According to this report, Hc2 for H||ab was around 125 T. 
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According to the band calculation of fully substituted of H and F based Ca1111 by Muraba et al., the band structure of fluorine-based 1111 is cylindrical and two-dimensional at the gamma point. On the other hand, for hydrogen-based 1111, the red band disappears from the Fermi surface at kz=0 and becomes more three-dimensional. Hence, the Fermi surface in the H-doped sample is considered to be more three-dimensional than in the fluorine-doped sample.

Thus, the bands at the gamma point would have become progressively more three-dimensional and less anisotropic as the amount of hydrogen doping increased. 
This may be one of the reasons for the smaller electromagnetic anisotropy of the H-doped sample. 
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= K-doped AEFe,As, : Only epitaxial thin film has not been realised
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J. Weiss et al, SuST 28, 112001 (2015).

v High 7.~ 38 K, high J;,~170 MA/cm? & low electromagnetic anisotropy
v" The most promising material for applications (e.g. PIT wires and bulk magnets)
v' All material forms except for epitaxial thin films have been available


Presenter
Presentation Notes
K-doped Sr- and Ba-122 are one of the most attractive materials in terms of application because of a relatively high Tc of 38 K, high depairing current density of 170 MA/cm2 and low electro-magnetic anisotropy of between 1 and 2. In fact, polycrystalline bulk magnets and powder-in-tube processed wires using K-doped 122 have been fabricated. Now all material forms except for epitaxial thin films have been available. This is a sharp contrast to the other Fe-based superconductors, where high-quality epitaxial thin films have been grown on variety of single and bicrystalline substrates, and even on technical substrates.



K-doped Bal22 epitaxial thin film on CaF, sub.
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D. Qin et al., Phys. Rev. Mater. 5, 014801 (2021).
K. lida et al., NPG Asia Materials 13, 68 (2021).
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Quite recently, we have successfully fabricated epitaxial K-doped Ba122 thin films by molecular beam epitaxy.  The key to success is to employ fluoride substrates and low growth temperature. As can be seen, columnar grains grew almost perpendicular to the substrate. And each grain rotates a few degrees, which creates a low-angle grain boundary networks. These grain boundaries and their networks work as strong pinning centers. As can be seen, the pining force density Fp of our film is almost 10 times as high as the single crystal and almost comparable to heavy ion-irradiated single crystals. So the realization of epitaxial thin films gives us an opportunity for exploring grain boundary properties of K-doped Ba122 using a well-defined, artificial grain boundary. 
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Unfortunately, CaF2 bi-crystal substrate has not been commercially available. So far, only oxide bi-crystal substrates such as MgO and SrTiO3 have been commercially available.
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But SrTiO3 and LSAT have some problems. For STO, oxygen is released during the deposition especially in UHV condition. For LSAT, reaction layer is frequently observed at the interface. On the other hand, parent compound Ba122 can be grown epitaxially on MgO. Therefore, MgO is only our choice for bi-crystal experiment.


= K-doped Bal22 grown on MgO(001)
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We attempted to grow K-doped Ba122 directly on MgO. The film was c-axis oriented. But 30º rotated grains were present in the film. In fact, the epitaxial growth of Ba122 was realized when the growth temperature was 850ºC. Therefore, the growth temperature was too low to grow epitaxial films on MgO. 
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Since the parent Ba122 can be grown directly on MgO, we consider Ba122 as a good buffer layer. Additionally, small lattice mismatch as well as chemically inert against K-doped Ba122 lead to good heteroepitaxy. Our architecture of K-doped Ba122 film is shown here. A 20 nm of parent Ba122  was grown at 720ºC, followed by 80 nm of K-doped Ba122 grown at 400ºC. To protect K-Ba122 against moisture, CaF2 protection layer was deposited on top of the film. [001]-tilt MgO bicrystal substrates with various grain boundary angles were used in this study. As expected, K-doped Ba122 was grown epitaxially on Ba122 buffer layer with a sharp interface.
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> The 00/peaks arising from K-doped Bal22 and Bal22 were observed
> K-doped Bal22 was grown epitaxially on Bal22-buffered MgO
» [, of K-doped Bal22 was 37.5 K
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2θ-ω scan showed the 00l peaks arising from K-doped Ba122 and Ba122. This result together with the microstructural analysis revealed that K did not diffuse into Ba122. The 103 phi-scan of K-doped Ba122 and the 202 phi-scan of MgO revealed that K-doped Ba122 grew on Ba-122-buffered MgO with a cube-on-cube configuration. The transition temperature measured by SQUID and transport showed a high Tc of 37.5 K, which is comparable to that of bulk single crystal.


K- -doped Bal22 bicrystals are realised
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Structurally fine K-doped Bal2?2 films are grown on MgO bi-crystal substrates

> Microbridge was fabricated by all dry processes (Ar ion etching or laser cutting)
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We grew K-doped Ba122 on Ba122-buffered [001]tilt-MgO bi-crystal substrates. This is the represent result of the 103 φ scan. As can be seen, 2 domains of K-doped Ba122 having a misorientation angle of 13º were grown. ▲ Microbridge for transport measurements were fabricated by all dry processes to avoid water. 
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T. Hatano et al, in preparation
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We plot inter-grain Jc as a function of the misorientation angle. As can be seen, the inter-grain Jc of K-doped Ba122 is superior to other Fe-based superconductors even at half Tc. The data replotted using the normalized value showed that the critical angle is around 9º, which is similar to other Fe-based superconductors.


IEEE-CSC, ESAS, and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2023.

T rans po rt p ro pe rti es Of K_ d o) ped B a 1 2 2 b i C rysta I S Invited presentation given at EUCAS 2023, Sept. 5, 2023, Bologna, Italy ,

1 | T ] '|01

Eola 8=0T o BS1TadST - BUcl 5 Fuen at 12 K and 20 K, inter-grain J. of K-doped Bal22

(@ Bal22K (B=1T/12K) ]

, .\.Ba122:K(12K) ' ol® @ |
oy _B:IZ2-K(2OK)‘- \.551252}",12,(; is higher than those of other IBS [Co-doped Bal22 (12
T ol | 1 [eo A ]
2 {\ | 20} ° 1K), Fe(SeTe) (4 K), NdFeAs(O,F) (4 K))
S 7T | e Batz2zk@K] S | ]
L S B | > Critical grain boundary angle 8.0f (Ba,K)122 is ~9°
6F NdFeAs(O,F). 1 10%E /D—: tical gral oundary angle ©co a, IS ’
at (45 3 i
T _ I Ba1(§2=:(:10'|"5'|'/4 K) ] Sim”arly to other IBS
0010 20 30 a0 " o 10 20 30
o B=01 ' | ] (hB21Tand5T | Buc] » The 8. of (Ba,K)122 is unchanged by applied magnetic
°r iy 2r Ba122:K iy

Ba122:K (1T,5T/12K)

o8 ¢ T | e 'j 1 fields (c.f. Co-doped Ba122)

L]
T T T 17T
£~ O
T T T 17T

J, ratio (inter / intra)
N

J, ratio (inter / intra)
N

0.18— = 0'152_ -
of / 6f - @
"NdFeAs(O,F) i
4_(4 K) ] 4_ :
2t g ol Bal122:Co
(B=1T,5T/4K)
001 | 1 ] 1 | 1 ] 1 | 001 | 1 | 1 | 1
0 10 20 30 40 0 10 20 30
[001]-tilt angle (°) [001]-tilt angle (°) 27

T. Hatano et al, in preparation


Presenter
Presentation Notes
The distinct feature is that the critical angle of K-doped Ba122 is constant regardless of applied magnetic field. We applied a field of 1 T and 5 T, the critical angle seems to be around 9º, whereas the critical angle of Co-doped Ba122 was reduced less than 5º. 
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I 1. Over-doped NdFeAsO showed a high /. and low anisotropy
-> The strategy for over-doping method can be applicable
2. Low angle GBs and their networks work as strong pinning centers in K-
doped Bal2?
3. Inter-grain J exceed 1 MA/cm? even at G;5=24° and 12 K
4. The critical angle 6. for all IBSs seem to be ~9°

b. The 6, for K-doped Bal22 is unchanged by magnetic field

28
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