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

Sheet current: K(x, y) =

∫
J(x, y) dz
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Background Materials and microstructure Physical properties Interpretation of results Prospect Conclusions

FLUX PINNING BY SURFACE MODIFICATION

tive that the flux prefers to move perpendicular rather than
parallel to the linear defects introduced in the sample.

A quite similar behavior was observed for the penetra-
tion behavior during field descent, see Fig. 4. The images
show the remanent state after applying a maximum field of
!0H ! 0:2 T. Again at 8 K, the penetration is isotropic
only now the dendrites appear dark since they consist of
antiflux surrounded by annihilation zones. At 10 K the
dendrites propagate also now along the horizontal direction
dictated by the microstructural anisotropy. The d line
pattern at 10 K indicates an anisotropy opposite to that in
Fig. 2, showing again that the anisotropy in the flux propa-
gation is opposite to what is expected from the anisotropy
in pinning, i.e., jc.

All these experiments show the remarkable fact that an
anisotropy in jc as small as 6% can lead to a dramatic
anisotropy in the avalanche activity near 10 K, and only
very near this temperature. This behavior can be under-
stood using results of a recent model of the dendritic
instability developed in Refs. [9,10]. The model is based
on stability analysis of the thermal diffusion and Maxwell
equations in a long and thin superconducting strip ther-
mally coupled to a substrate. Initially, the strip is placed in
an increasing perpendicular magnetic field, and a Bean-
like critical state is formed in the flux penetrated region.
This state can become unstable with respect to perturba-
tions in the magnetic field and temperature, and under
some conditions a fastest growing perturbation has a non-

zero wave vector along the film edge. This means that an
instability will develop in the form of narrow fingers
perpendicular to the edge—a scenario closely resembling
the observed dendritic flux behavior. The threshold flux
penetration depth ‘" when the superconducting strip first
becomes unstable is given by Eq. (25) of Ref. [9], which
can be written as
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Here, d is the film thickness, T" $ #%@ lnjc=@T&#1, # is
the thermal conductivity, and h0 is the coefficient of
heat transfer from the superconducting film to the sub-
strate. The parameter n characterizes the nonlinearity of
the current-voltage curve of the superconductor, n !
@ lnE=@ lnj' 1.

The threshold field Hth, when the first dendrite invades
the film, is obtained by combining (1) with the Bean-model
expression,

 H ! jcd
"

arccosh
"

w
w# ‘

#
; (2)

which connects the applied field with the flux penetration
depth ‘ for a long thin strip of width 2w [19].

Figure 5 shows the dependence of Hth on jc calculated
using Eqs. (1) and (2) assuming #T"=E ! 140 A and
h0T"=nE ! 9230 A=m (which can mean, e.g., T" !
10 K, E ! 10 mV=m, # ! 0:14 W=K m, n ! 30, and
h0 ! 280 W=K m2). For high critical currents the thresh-
old field is weakly dependent on jc. However, when jc
becomes smaller, the expression in the brackets of Eq. (1)
approaches zero, and Hth diverges. When jc drops below a
certain value, the dendritic instability is absent no matter
how large of a field is applied.

The critical current density at 10 K can be estimated
using Eq. (2) from the flux penetration depth just before
the avalanche behavior sets in. We then find jc2 ! 1(
1011 A=m2, and jc1 larger by 6%. These critical current
values found from MO images agree with results obtained
by SQUID measurements [16]. The two values for jc are
indicated by two dashed lines in Fig. 5. Despite the small
difference between jc1 and jc2, the corresponding thresh-
old fields Hth1 and Hth2 differ significantly. When the
increasing applied field reaches the lowest of the two
threshold fields, Hth1, the dendrites should appear from
the sides where jc is the highest. This is exactly what
one can see from Fig. 3 (bottom). Interestingly, this pene-
tration pattern dominated by dendrites shows an inverted
anisotropy compared to the critical state pattern in Fig. 2.

As the applied field is further increased and reachesHth2,
one could expect that dendrites appear also from the top
and bottom edges. However, this does not happen experi-
mentally. The reason probably is the dramatic disturbance
in the current flow created by the dendritic structures
formed at the smaller fields. They fill almost the whole

 

T = 8 K

T = 10 K

FIG. 4 (color online). Remanent states of the anisotropic
MgB2 film. The flux pattern is isotropic at 8 K, but strongly
anisotropic at 10 K, similar to the virgin penetration behavior in
Fig. 3.
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Flux penetration in patterned MgB2 films

(as seen by MOI)
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SURFACE MODIFICATION BY LASER TREATMENT
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Figure 6. Laser-generated periodic surface structures on steel using the LIPSS and DLIP methods. The 
scanning electron microscopy (SEM) micrograph (a) indicates quasi-periodic LIPSS (LSFL). The 
corresponding atomic force microscopy (AFM) cross-section (b) indicates a depth modulation profile. 
Structures processed by DLIP reveal a larger regularity in the SEM micrograph (c) and larger depth 
modulations in the AFM cross-section (d). Adapted from Rung et al. [47], Possibilities of Dry and 
Lubricated Friction Modification Enabled by Different Ultrashort Laser-Based Surface Structuring 
Methods, Lubricants, 2019, 7, 43. Copyright 2019 under Creative Commons BY 4.0 license. Retrieved 
from https://doi.org/10.3390/lubricants7050043. 

The differences in the topographic characteristics also affect the optical properties of the (quasi-
)periodic surface structures that may be used for safety tags, information encoding, and decoration 
purposes. The latter is based on the fact that surface grating structures can cause spectral and angular 
dependent diffraction of light, resulting in colorization effects of the treated samples. Figure 7 shows 
a photograph of a steel plate that was textured with similar grating-like DLIP structures and LIPSS 
(spatial periods ~1 µm) upon illumination with a point-like white light source [50]. The LIPSS 
patterned surface areas show a homogeneous colorization and a rather matte appearance, while the 
DLIP-treated regions exhibit brighter colors and a glossy appearance. Furthermore, the angular 
spectrum of the diffracted light is narrower in the case of the DLIP gratings when compared to the 
LIPSS. All these aspects finally point back to the different regularity of the surface structures, 
including deviations from the perfect grating geometry along with differences in their range of spatial 
periods. 

Figure 6. Laser-generated periodic surface structures on steel using the LIPSS and DLIP methods.
The scanning electron microscopy (SEM) micrograph (a) indicates quasi-periodic LIPSS (LSFL).
The corresponding atomic force microscopy (AFM) cross-section (b) indicates a depth modulation
profile. Structures processed by DLIP reveal a larger regularity in the SEM micrograph (c) and larger
depth modulations in the AFM cross-section (d). Adapted from Rung et al. [47], Possibilities of Dry
and Lubricated Friction Modification Enabled by Di↵erent Ultrashort Laser-Based Surface Structuring
Methods, Lubricants, 2019, 7, 43. Copyright 2019 under Creative Commons BY 4.0 license. Retrieved from
https://doi.org/10.3390/lubricants7050043.
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Figure 7. Photograph of structural colors generated on a polished steel plate by DLIP and LIPSS 

processing, as indicated on the sample. Reproduced from Soldera et al. [50], with permission from 

Japan Laser Processing Society. 

Employing up-to-date laser and beam scanning technology, the LIPSS processing approach and 
the DLIP technique both can fulfill current industrial demands by processing patterns at processing 
rates approaching the m2/min level [51–54] Both surface patterning methods strongly depend on the 
coherence of the laser radiation used. The constraints, however, are somewhat different: while the 
contrast of the interference pattern generated in the DLIP pixel relies on global coherence (spatial and 
temporal), in LIPSS processing, only a local coherence of the beam is required, coupling the laser 
radiation to the material via scattering/interference at microscopic surface defects (roughness, 
absorption centers, etc.). Moreover, given the inherently large spectral bandwidth of ultrashort laser 
pulses and its impact on the resulting interference patterns, the DLIP technique is usually limited to 
pulse durations in the ps-range or longer. Table 5 compiles a direct comparison of surface texturing 
by DLIP or by LIPSS, summarizing the discussed aspects. 

Table 5. Comparison of single beam surface processing of LIPSS with two-beam based DLIP 

structures. 

Property DLIP (Two Beams) LIPSS (One Beam) 
Spatial period >Ώ/2 1 ~Ώ/10 (HSFL)–~Ώ (LSFL) 

Modulation depth [nm] 0–2000 [47] 
<1000 (HSFL) [5] 
<400 (LSFL) [47] 

Regularity of grating ++ 2 + 3/o 4 
Flexibility of processing pixelwise during scanning continuous scanning 

Control of periods/depths ++ 2, independent o 4, dependent 
Complexity of setup ++ 2/+ 3 – 5 
Areal processing rate 

(current state) 
<m2/min <1.5 m2/min [54] 

Required beam coherence global local 
Pulse duration ps-cw fs-cw 

1 Ώ: laser irradiation wavelength. 2 ++: very good/very high. 3 +: good/high. 4 o: medium. 5 –: low. 

Recently, some groups started to investigate the hybrid processing of hierarchical surface 
structures of micrometric DLIP structures superimposed with nanometric LIPSS [48,55,56], which can 
combine the benefits of both approaches on the costs of an additional processing step. 

Figure 7. Photograph of structural colors generated on a polished steel plate by DLIP and LIPSS
processing, as indicated on the sample. Reproduced from Soldera et al. [50], with permission from
Japan Laser Processing Society.

Laser Induced Periodic Surface Structures

Direct Laser Interference Patterns

• Surface treatments on steel

..

FRAGGELAKIS, TSIBIDIS, AND STRATAKIS PHYSICAL REVIEW B 103, 054105 (2021)

FIG. 8. SEM images of stainless steel surface irradiated with
!DLIP ∼ 7600 nm with single (a), (c) and double pulses (b), (d)
with NP = 10 and 50, respectively. Simulation results of the surface
profile obtained with NP = 10 are shown for SP (e) and DP (f).
Depth profile along white dashed lines in (e), (f) for NP = 5, 10,
15, 20 are shown in (g), (h).

a description of the multiscale physical processes that lead
to surface modification following the employment of DLIP
and ULP. In particular, observations related to the interplay
between the LIPSS and DLIP elucidates the structure forma-
tion mechanism, the emphatic impact of DP irradiation on the
structure’s morphology when !DLIP ∼ !LIPSS was demon-
strated experimentally and interpreted theoretically. The fact
that under confinement, the periods of LIPSS strongly depend
on the DLIP indicates the common origin in the structure
formation mechanism. This effect becomes more significant
upon DP irradiation. On the other hand, simulations revealed
the significant influence of ablation and hydrothermal effects
in the formation of the laser-induced structures. Furthermore,
both experimental observations and simulations showed that

for a large pulse separation (∼500 ps) between the constituent
pulses of DP, LSFL and HSFL formation is suppressed when
!DLIP ∼ !LIPSS both in 1D and 2D DLIP due to the par-
ticular microfluidic conditions; in that case, the morphology
is dominated by the DLIP groove. Interestingly, irradiation
with DP led to a distinct suppression in the crater where en-
ergy deposition is maximum, which does not occur for single
pulses. The theoretical predictions for the crater suppression
[Fig. 4(f)] and confirmed from the experimental observations
also highlighted a very important aspect of laser irradiation
that was not explored in the past, namely, the enhancement
of energy absorption due to the distinct optical response of a
material in a liquid phase.

In regard to the state of the art of the modeling approach,
the theoretical model was enriched with modules to account
for ablation and simulate optical properties and energy ab-
sorption following irradiation of a material in molten phase;
as stated above the theoretical simulations for DP and impact
of irradiation of fluid with femtosecond pulses successfully
describes the surface modifications.

One interesting question that arises is whether all compo-
nents/modules of the multiscale model are required to evaluate
precisely the periodic structure formation and correlate the
laser parameters with the induced morphology. It is evident
that the answer is not straightforward; more specifically, the
material type, its properties (i.e., optical or thermophysical),
and the laser parameters can determine whether some approx-
imations are applicable. For example, the laser conditions for
the material used in this study showed that an abrupt drop
of the reflectivity occurs at high fluences and temperatures
which influences greatly the energy absorption and the ther-
mal response of the irradiated solid; by contrast, in other
materials or conditions, for which the optical response does
not significantly vary, the calculation of transient reflectivity
is unnecessary. Nevertheless, the theoretical framework de-
veloped and presented in this work, apart from addressing
a realistic case, aims to constitute a complete approach and
correlate the laser parameters and induced morphology for a
general and not a specialized scenario.

While the production of most of the aforementioned struc-
tures was adequately predicted from the multiscale theoretical
framework through modeling of the underlying physical
processes, further revision of the theoretical framework is
required to interpret the formation of deep subwavelength
structures (HSFL). In addition, as noted above, a more precise
estimate of the morphological features can be deduced by
a more accurate evaluation of physical parameters at high
temperatures (i.e., surface tension, recoil pressure, viscosity,
density). It is evident that improving the control of the pro-
duced deterministic periodic textures with feature size down
to the submicrometer range is expected to be important de-
pending on the application (such as biological applications
in terms of improved tribological, antibacterial, and wetting
properties [40–43]). Hence, an improved theoretical model
can lead to a finer control of feature modulation.

Despite these limitations that can be the objective of a
future work, the present study demonstrates the capability to
control laser-matter interaction through tailoring the coupling
of DP and DLIP characteristic parameters (i.e., the interfer-
ence period, polarization orientation, interpulse delay, and

054105-12

Experiment vs theory

• Laser pulses on steel
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THIN FILM DEPOSITION

RF Sputtering..

• .Nb. films of thicknesses d = 100, 200 nm

• Deposited on Si substrates

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

3× 3 mm platelets laser-cut..

ζ =
d
2a

< 10−4
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PRISTINE FILMS

• TEM on untreated samples

Nb films are polycrystalline, with very small grains (20-30 nm), display columnar

growth, and smaller grain size close to the substrate (SiO2)
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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 τp 238 fs
Wavelength λ 343 nm
Pulse repetion frep 20 kHz
Spot Elliptical a× b = 21× 34µm2

5
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LASER NANOSTRUCTURING: ENERGY PER PULSE(I)

10 μm

10 μm

2

1
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x

y

-20 -10 10 20
0

5

10

Ep = 4.6µ J per pulse

Label O Al Si Nb

1 5.5 0.8 28.8 64.8

2 7.1 - 10.4 82.5

3 8.7 4.2 3.8 83.4

4 4.6 8.6 3.4 83.3

Atomic %
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LASER NANOSTRUCTURING: ENERGY PER PULSE (II)

10 μm

10 μm

1

2

4

3

f)

-20 -10 10 20
0

5

10

Ep = 6.4µ J per pulse

Label O Al Si Nb

1 4.3 – 59.6 36.1

2 6.2 – 11.7 82.1

3 10.3 2.0 4.5 83.2

4 5.1 8.5 3.4 83.0

Atomic %
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LASER NANOSTRUCTURING (SCANNING MODE)

• Optimization of scanning speed and overlapping for given power

8
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LASER NANOSTRUCTURING (SCANNING SPEED AND HATCHING)

• Optimization (d = 200 nm; Nb2→ Nb2L in air)

⇒ Ep = 3.0µ J , vL = 125 mm/s,hatching = 10µm

1

Selected nanostructures: 200 nm Nb films

1 µm 1 µm

59.2% Nb, 12.2% O

1 µm 1 µm

Epulse= 3.4 µJ/pulse

Epulse= 4.3 µJ/pulse

2 µm

2 µm

79.8 % Nb, 14.0 % O

L= 254 nm

L= 264 nm

• Optimization (d = 200 nm; Nb2→ Nb2L in Ar )
⇒ Ep = 3.98µ J

,

vL = 125 mm/s,hatching = 10µm

(deeper LIPSS)
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PATTERNED FILMS: TOPOGRAPHY (I)

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

200 nm

Nb

substrate

C-Pt protective layers

200	nm

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

grains (dislocations, rotations. . . ). This happens mainly at the “valleys”. 10
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PATTERNED FILMS: TOPOGRAPHY (II)

• Additional topographical information (AFM)

11
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PATTERNED FILMS: FEASIBILITY

• Pattern design “à la carte”
Full

Top-hatCross

Fringes

12
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VOLUME MAGNETIC RESPONSE: Tc

• Low field diamagnetic response (µ0 hAC = 0.01mT, f = 10Hz)
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VOLUME MAGNETIC RESPONSE: SC FRACTIONS

• Pristine and laser patterned areas together in one sample (cross)
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LOW TEMPERATURE MAGNETIC INSTABILITIES

• Full patterned samples more prone to Low-T instabilities
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HIGH FIELD REVERSAL

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

• Anisotropic resistive behavior (Ha = 0, Idc = 100µA) ..

0 100 200 300
0

0.2

0.4

0.6

2 4 6 8 10
0

0.05

0.1

0.15

0.2

0.25

Tc = 8.5 K, 8.9 K

1

2

<latexit sha1_base64="s/IDXY7xH4oGQj4viRvYU5cRfJg=">AAACKXicbVBLS8NAGNzUV62vqEcvi0XwVJIgKngpeNFbFfuAJoTNZtMu3Ty6uymUkL/jxb/iRUFRr/4RN20O2jqw7DAzH7vfeAmjQhrGp1ZZWV1b36hu1ra2d3b39P2DjohTjkkbxyzmPQ8JwmhE2pJKRnoJJyj0GOl6o+vC704IFzSOHuQ0IU6IBhENKEZSSa7evHczM7fJOKUTaAcc4azjmnl2m9vjFPnwan6plLWYsopUzdXrRsOYAS4TsyR1UKLl6q+2H+M0JJHEDAnRN41EOhnikmJG8pqdCpIgPEID0lc0QiERTjbbNIcnSvFhEHN1Igln6u+JDIVCTENPJUMkh2LRK8T/vH4qg0sno1GSShLh+UNByqCMYVEb9CknWLKpIghzqv4K8RCpIqQqtyjBXFx5mXSshnneMO/O6k2rrKMKjsAxOAUmuABNcANaoA0weATP4A28a0/ai/ahfc2jFa2cOQR/oH3/AMrvpuQ=</latexit>

R1 ⌘ V1

I
; R2 ⌘ V2

I

17



Background Materials and microstructure Physical properties Interpretation of results Prospect Conclusions

DC RESISTIVITY (II)

• Anisotropic resistive behavior: R(Ha,T, Idc = 4.5mA)
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DC RESISTIVITY (III)

• Anisotropic resistive behavior: analysis ..

<latexit sha1_base64="Tv+o8EaVTv2+bT+G7Y5aF0ZIfEU=">AAACL3icbVDLSsNAFJ34rPVVdekmWARBKJkg1Y1QEMRlLfYBTQmT6U07dPJwZiKUkD9y4690I6KIW//CadOFth4YOJxzLnfu8WLOpLKsN2NldW19Y7OwVdze2d3bLx0ctmSUCApNGvFIdDwigbMQmoopDp1YAAk8Dm1vdDP1208gJIvCBzWOoReQQch8RonSklu6TRtu6sQg4iy7thsuPrcd+SiUlnHDtbOi4xTzCBGEc+B5zF6IuaWyVbFmMJcJnpMymqPuliZOP6JJAKGinEjZxVaseikRilEOem0iISZ0RAbQ1TQkAcheOrs3M0+10jf9SOgXKnOm/p5ISSDlOPB0MiBqKBe9qfif102Uf9VLWRgnCkKaL/ITbqrInJZn9pkAqvhYE0IF03816VAXQ5WuuKhLwIsnL5OWXcHVCr6/KNeq8zoK6BidoDOE0SWqoTtUR01E0TOaoHf0YbwYr8an8ZVHV4z5zBH6A+P7B+GrqE4=</latexit>

R? = 2R1 + 2
p

R1R2

Rk = 2R2 + 2
p

R1R2
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MAGNETIC RESPONSE (LOCAL)

LIPSS on Nb film MOI flux profile Jcy = 2Jcx (Kim) ..

1

Selected nanostructures: 200 nm Nb films

1 µm 1 µm

59.2% Nb, 12.2% O

1 µm 1 µm

Epulse= 3.4 µJ/pulse

Epulse= 4.3 µJ/pulse

2 µm

2 µm

79.8 % Nb, 14.0 % O

L= 254 nm

L= 264 nm
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MAGNETIC RESPONSE (LOCAL)

• Magnetic flux avalanches at T = 0.51Tc

0.5mT

0.8mT 2.1mT
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LOCAL CRITICAL CURRENT DENSITY

<latexit sha1_base64="uforyHbeSak9+mSEVZHRwIVu1EA=">AAACD3icbVC7TsNAEDzzJrwClDQnIhBVZCMEKZFoKINEHlJsovNlAyfOPutuDbEs/wENv0JDAUK0tHT8DZdHAYGRVhrN7N7tTphIYdB1v5yZ2bn5hcWl5dLK6tr6Rnlzq2lUqjk0uJJKt0NmQIoYGihQQjvRwKJQQiu8PRv6rTvQRqj4ErMEgohdx6IvOEMrdcv7PsIAR+/kGUip7ovcZ0mi1YB6tavc50LzouiWK27VHYH+Jd6EVMgE9W750+8pnkYQI5fMmI7nJhjkTKPgEoqSnxpIGL9l19CxNGYRmCAf7VHQPav0aF9pWzHSkfpzImeRMVkU2s6I4Y2Z9obif14nxX4tyEWcpAgxH3/UTyVFRYfh0J7QwFFmljCuhd2V8humGUcbYcmG4E2f/Jc0D6vecdW7OKqc1iZxLJEdsksOiEdOyCk5J3XSIJw8kCfyQl6dR+fZeXPex60zzmRmm/yC8/EN2AOdwQ==</latexit>⇡ 18�

<latexit sha1_base64="clsaBtON7kAtaRXmfAAuaHfXQFo=">AAACD3icbVA9T8MwEHX4LOWrwMhiUYGYqgSVj7ESCyNIFJCaUjnupbXqxJF9AaIo/4CFv8LCAEKsrGz8G9zSAQpPOunpvTv77gWJFAZd99OZmp6ZnZsvLZQXl5ZXVitr6xdGpZpDkyup9FXADEgRQxMFSrhKNLAokHAZDI6H/uUNaCNUfI5ZAu2I9WIRCs7QSp3Kjo9wh6N38gykVLdF7rMk0eqO1vevc58LzYuiU6m6NXcE+pd4Y1IlY5x2Kh9+V/E0ghi5ZMa0PDfBds40Ci6hKPupgYTxAetBy9KYRWDa+WiPgm5bpUtDpW3FSEfqz4mcRcZkUWA7I4Z9M+kNxf+8VorhUTsXcZIixPz7ozCVFBUdhkO7QgNHmVnCuBZ2V8r7TDOONsKyDcGbPPkvudireQc176xebRyN4yiRTbJFdolHDkmDnJBT0iSc3JNH8kxenAfnyXl13r5bp5zxzAb5Bef9C9gGncE=</latexit>⇡ 45�

<latexit sha1_base64="HfkyBlN5QvHOLrFEEy/8zIPKrhE="></latexit>

Jc?/Jck = tan# ⇡ 1.0 (in pristine Nb)
<latexit sha1_base64="91tPgBIvY8ebCmV20MFJuhQJbV8="></latexit>

Jc?/Jck = 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

2	µm
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LOCAL CONDUCTANCE AT ROOM TEMPERATURE

• LIPSS topography vs. local surface resistance
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Motivation
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• Variational statement

• Results: DCSM

• Conclusions
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JJ II

J I
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Back

Full Screen

Close
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Discretized variational principle

Min
1

2

∑

i,j

ξi,n+1M
x
ij ξj,n+1 −

∑

i,j

ξi,nM
x
ij ξj,n+1

+
1

2

∑

i,j

ψi,n+1M
y
ij ψj,n+1 −

∑

i,j

ψi,nM
y
ij ψj,n+1

+ µ0

∑
i ξi,n+1(hx0,n+1 − hx0,n)

+ µ0

∑
i ψi,n+1(hy0,n+1 − hy0,n)

for (1− h2
x,i)ξ

2
i + (1− h2

y,i)ψ
2
i − 2hx,ihy,i ξiψi ≤ j2c⊥

and h2
x,i ξ

2
i + h2

y,i ψ
2
i + 2hx,ihy,i ξiψi ≤ j2c‖

Mx
ij =M y

ij ≡ 1 + 2 [min {i, j}]

Mx
ii =M y

ii ≡ 2

(
1

4
+ i− 1

)
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ISOTHERMAL CRITICAL STATE MODELLING IN THIN FILMS

Sheet current & Streamfunction

K(x, y) =

∫ d/2

−d/2
J (x, y, z)dz ≡ −ẑ×∇σ

..

mz =

∫
Ω
σ(x, y)dxdy

.. F [σn+1] ≡
1
2

∫∫
Ω

[
∇σn+1(r) · ∇σn+1 (r ′)

‖r− r ′‖
− 2
∇σn(r) · ∇σn+1 (r ′)

‖r− r ′‖

]
dr dr ′

+4π
(

Ha,n+1
z − Ha,n

z

)∫
Ω
σn+1(r ) dr + dissipation
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GLOBAL ANISOTROPIC CRITICAL STATE MODEL

• Anisotropic Bean model (Jcx = Jcy/γ)

MS = Jcxa
[

(2γ − 1)(1− γ)

2γ
+

3γ2 − 3γ + 1
3γ

]
−→ MS (γ = 2) = 1.25

Jca
3

= 1.25MS (γ = 1)

• Anisotropic Kim model in square platelet

(
J2
cx +

J2
cy

γ2
≤

J2
c0

(1 + H/H0)2

)
..

-10 -5 0 5 10
-0.2

-0.1

0

0.1

0.2

MS (γ = 2)

MS (γ = 1)
≈ 1.23
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INHOMOGENEOUS ANISOTROPIC CRITICAL STATE MODEL

• Local modification of Jc in multidomain architectures

Simulated sheet current

for inhomogeneous Jc(r,Ha) distribution

-10 -5 0 5 10
-0.15

-0.1

-0.05

0

0.05

0.1

Simulated hysteresis loops

for the inhomogeneous J(r,Ha) 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

• Ultrashort laser pulses⇒ Nb films nanopatterning
(τp = 238 fs, λ = 343 nm→ quasiperiodic surface ripples, Λ ≈ 250nm)

• Process optimization (shallow grooves on thin Nb)
(Control parameters→ laser Ep,Frep, vL , polarization, atmosphere)

• Superconducting parameters are modified anisotropically
(∆Tc(‖,⊥),∆Hc2(‖,⊥), Jc(‖,⊥) & modified pinning mechanisms)

• Flux avalanche channeling at lower temperatures
(Competition: anisotropic Jc 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| ≤ w in parallel field (0, 0, µ0 Ha) ..

dB
dx

= ±µ0 Jc(B) or 0

MV =
〈B〉
µ0

− Ha

• Provides physical interpretation

• May be used to .characterise. the sample ∆MV = Jc w



GENERALISING BEAN’S MODEL

• The evolutionary statement

Minimize C ≡ 1
2µ0

∫

IR3
‖Bn+1 − Bn‖2 + ∆t

∫

Ω

P[J]

m

C[Jn+1] =

∫

V
d 3r
∫

V
d 3r ′

[
Jn+1(r) · Jn+1 (r ′)
‖r− r ′‖ − 2

Jn(r) · Jn+1 (r ′)
‖r− r ′‖

]

self-interaction

+
8π
µ0

∫

V
d 3r (Ae,n+1 −Ae,n) · Jn+1

interaction with EM sources

+
4π∆t
µ0

∫

V
d 3rP(J‖,n+1, J⊥,n+1)

interaction with thermal modes



SUPERCONDUCTING MATERIAL LAW: APPLIED

• Circuital interpretation (FEM)

C ≡ CJJ+CJ0+CJS+∆tWJE =
[1

2
〈J|m |J〉−〈J∨|m |J〉+〈∆ψS|J〉+∆tWJE

]

CJJ: self energy of the evolutionary circulating currents

CJ0: interaction energy of the evolutionary currents with a “frozen” distribution

CJS: interaction energy of the evolutionary currents with the magnetic source

∆tWJE: energy related to the entropy production due to dissipative mechanisms

⇢i zi



MIKHEENKO’S APPROXIMATION
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