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MOTIVATION

Surface modification (groove structure) to induce anisotropic current flow in SC films

Sheet current: K(x,y) = /](x,y) dz
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MOTIVATION

Surface modification (groove structure) to induce anisotropic magnetic flux penetration
"Bz(xzy) = <b2(x»y)>
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FLUX PINNING BY SURFACE MODIFICATION
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SURFACE MODIFICATION BY LASER TREATMENT
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Laser Induced Periodic Surface Structures
Direct Laser Interference Patterns

e Surface treatments on steel
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Experiment vs theory

e Laser pulses on steel
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Materials and microstructure
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THIN FILM DEPOSITION

jnert | PUREED Av o

RF Sputtering..
o .Nb. films of thicknesses d = 100,200 nm
e Deposited on Si substrates

+ PVD protective 7 nm layer of Al (or not)

w2

H, = (0,0, H,)

3 x 3 mm platelets laser-cut..

d
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Materials and microstructure
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PRISTINE FILMS

* TEM on untreated samples

as-grown

Substrate

Nb films are polycrystalline, with very small grains (20-30 nm), display columnar
growth, and smaller grain size close to the substrate (SiO;)




Materials and microstructure
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LASER NANOSTRUCTURING

Step — by — step optimization process
1. — Double — pulses in fixed position
2. — Laser — scanning speed

3. — Line overlapping

Yb:YAG / 3H (LIGHT CONVERSION)

Property Value

Pulse duration 7p 238 fs

Wavelength A 343 nm

Pulse repetion frep 20 kHz

Spot Elliptical a x b = 21 x 34pm?




Materials and microstructure
0000@000000

LASER NANOSTRUCTURING: ENERGY PER PULSE(])

E, =4.6.] per pulse

Label O Al Si Nb
1 55 0.8 28.8 6438
2 71 - 10.4 825
3 87 42 3.8 834
4 46 86 34 833

Atomic %

5 Fxmab(pd) Ha o

20 -10 x(um) 10 20 6



Materials and microstructure
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LASER NANOSTRUCTURING: ENERGY PER PULSE (Il)

E, = 6.41] per pulse

Label O Al Si Nb
1 43 - 59.6 36.1
2 6.2 - 11.7 82.1
3 10.3 2.0 45 832
4 51 85 34 830

Atomic %

49.59 ym

5 Fxmab(pJ)

20 -10 x(pym) 10 20 7



Materials and microstructure
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LASER NANOSTRUCTURING (SCANNING MODE)

* Optimization of scanning speed and overlapping for given power
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Materials and microstructure
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LASER NANOSTRUCTURING (SCANNING SPEED AND HATCHING)

* Optimization (d = 200 nm; Nb2 — Nb2L in air)
= E, =3.0pu],v, =125mm/s, hatching = 10 yum

_'Ep;,|se-,—,3.4 uJ/bu]se‘ il : St Line 79.8 % Nb, 14.0 % O

Epmse=-4-3 pwd/pulse

* Optimization (4 = 200 nm; Nb2 — Nb2L in Ar)
= E, =3.98u] v, =125mm/s, hatching = 10 um 9
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PATTERNED FILMS: TOPOGRAPHY (I)

* TEM on lamellae extracted from laser-treated samples in Ar

Images exhibit some changes in the film, i.e.: increased number of deffects in some DA

grains (dislocations, rotations. . .). This happens mainly at the “valleys”. 10



Materials and microstructure
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PATTERNED FILMS: TOPOGRAPHY (II)

* Additional topographical information (AFM)
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Materials and microstructure
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PATTERNED FILMS: FEASIBILITY

* Pattern design “a la carte”
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Physical properties
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VOLUME MAGNETIC RESPONSE: T,

* Low field diamagnetic response (jyh,. = 0.01mT, f = 10Hz)

Air Ar
04 T T . 04 T :
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Physical properties
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VOLUME MAGNETIC RESPONSE: SC FRACTIONS

« Pristine and laser patterned areas together in one sample (cross)

X', 5x"(x10°)




Physical properties
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LoOw TEMPERATURE MAGNETIC INSTABILITIES

* Full patterned samples more prone to Low-T instabilities
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Physical properties
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HIGH FIELD REVERSAL

« Overall irreversibility predominance, i.e.: J.(H), changes at high fields.
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DC RESISTIVITY (I)

* Anisotropic resistive behavior (H, = 0, I3 = 100uA) ..
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Physical properties
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DC RESISTIVITY (lI)

* Anisotropic resistive behavior: R(Ha, T, Iq. = 4.5mA)
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DC RESISTIVITY (llI)

* Anisotropic resistive behavior: analysis ..
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MAGNETIC RESPONSE (LOCAL)

LIPSS on Nb film ‘ MOI flux profile Joy = 2]ex (Kim) ..
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MAGNETIC RESPONSE (LOCAL)

» Magnetic flux avalanches at T = 0.51T




JCL/JC” =tanv ~ 1.0 (in pristine Nb)
Je, /Je, =tan ~ 0.32  (in LIPSS pattern)
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LOCAL CONDUCTANCE AT ROOM TEMPERATURE (CAFM)

* LIPSS topography vs. local surface resistance
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LOCAL CONDUCTANCE AT ROOM TEMPERATURE

* LIPSS topography vs. local surface resistance
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LOCAL CONDUCTANCE AT ROOM TEMPERATURE

* LIPSS topography vs. local surface resistance
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LOCAL CONDUCTANCE AT ROOM TEMPERATURE

* LIPSS topography vs. local surface resistance
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LOCAL CONDUCTANCE AT ROOM TEMPERATURE

* LIPSS topography vs. local surface resistance
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Interpretation of results
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ISOTHERMAL CRITICAL STATE MODELLING IN THIN FILMS

Sheet current & Streamfunction

d/2
K(x,y) = /d/zj(x,y,z)dz = —zxVo

mZ:/ o(x,y)dxdy
Q

. / . /
]:[UrH»l] — 1// |:v0'n+](l') V‘jn-&-] (r ) _zvo'n(r) vo'ln-H (I )j| drdr’
2JJa flr—x/]] flr—x/]]

+47 (Hg,n+1 _ Hgyn) /anH (r) dr + dissipation
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Interpretation of results
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GLOBAL ANISOTROPIC CRITICAL STATE MODEL

¢ Anisotropic Bean model (Jex = Jey /%)

2y —1)(1 — 2 1
M, = Joua | & 2)( ) | 3 33” }—> M (v =2) _125%”: 1.25M, (v = 1)
2l Y l
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Interpretation of results
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INHOMOGENEOUS ANISOTROPIC CRITICAL STATE MODEL

® Local modification of J. in multidomain architectures
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or inhomogeneous J.(r, H,) distribution ) T
9 Je(x, Ha) for the inhomogeneous J(r, H,) distribution
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CONCEPTUAL CHALLENGE: MAGNETIC FLUX PATHWAY

» Magnetic flux channels in between protected domains

28
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LASER NANOSTRUCTURED Nb THIN FILMS
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LASER NANOSTRUCTURED Nb THIN FILMS

« Ultrashort laser pulses = Nb films nanopatterning
(7, = 238 fs, A = 343 nm — quasiperiodic surface ripples, A ~ 250nm)
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LASER NANOSTRUCTURED Nb THIN FILMS

« Ultrashort laser pulses = Nb films nanopatterning
(7, = 238 fs, A = 343 nm — quasiperiodic surface ripples, A ~ 250nm)

* Process optimization (shallow grooves on thin Nb)
(Control parameters — laser E,, F;, v, , polarization, atmosphere)

 Superconducting parameters are modified anisotropically
(AT(]], L), AHe, (]|, L), Jc(]], L) & modified pinning mechanisms)

* Flux avalanche channeling at lower temperatures
(Competition: anisotropic J. vs. groove flux channeling)

* “Multi-domain configurations” promote directional flux penetration
(Prospective application: magnetic flux channeling)
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SIMPLEST SOLUTION: BEAN’S MODEL (CSM)

* Infinite slab |x| < win parallel field (0,0, x,H,) ..

dB Ho
dx

= *pyJc(B) or 0

— Hﬂ
0
J 0.5
{3 i,

M, /H,
o

-~ Hy/2 \_H, 2H,
05- ° 1
2 1 0 1 2
H,/H,

* Provides physical interpretation

* May be used to .characterise. the sample AM, =] . w



GENERALISING BEAN’S MODEL

* The evolutionary statement ¢

1 :
Minimize CZEA——l/ HBWH-—BJF4—At/ Pl
2p0 Jre Ja

v

i) = [ d% [ d'r f[lnﬂ Tt () Ja® Jnsr (r’)}

[r—r| [r—r|

self-interaction

8 4 At
% / dsr (Ae,n+1 - Ae,n) 'Jn+1 + T /d I'P IH n+17]J_ n+1)
14

interaction with EM sources interaction with thermal modes



SUPERCONDUCTING MATERIAL LAW: APPLIED

* Circuital interpretation (FEM)
1
C =Cpt+Cot+Cs+At Wi = b <J|m\J>—<JV\m|J>+<Ai/)s|J>+NWJE}

Cjy- self energy of the evolutionary circulating currents
Cjo: interaction energy of the evolutionary currents with a “frozen” distribution
Cjs: interaction energy of the evolutionary currents with the magnetic source

At Wig: energy related to the entropy production due to dissipative mechanisms

|
I

. | -
|




MIKHEENKO’S APPROXIMATION

-K/K.

1

Sheet current approximation
0.5

N
N7

r/R
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