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Type-II superconductors

T

normal phase

Tc

H

Mixed state

Hc1(T)

Hc2(T)

Meissner state, ρ = 0

Three regions: 
• Meissner state, H< Hc1(T) 
• Mixed state, Hc1(T)<H< Hc2(T) 
• Normal state, Hc2(T)<H 

Mixed state, Hc1(T)<H< Hc2(T): 
• Partial penetration of the flux 
• Flux quanta (“fluxons”, “vortices”) 
• “Vortex lattice”

A.A. Abrikosov
(Nobel 2003)

1957
10.2 Phenomenological Description 357

aB

6000 A

Fig. 10.14. (a) Arrangement of flux lines in the mixed state. The normal conduct-
ing vortices are depicted by shaded areas. Magnetic field and shielding current are
schematically drawn for one flux line. (b) Direct observation of the Abrikosov struc-
ture in NbSe2 with a scanning tunneling microscope. The experiment was carried
out at 1.8 K and a magnetic field of 1 T [468]

arrangement of the flux lines is prevented by flux line pinning effects. We will
briefly discuss this subject further in Sect. 10.2.4.

10.2 Phenomenological Description

Shortly after the discovery of the Meissner–Ochsenfeld effect, F. London and
H. London developed a phenomenological theory of superconductivity that
also included magnetic field effects [456]. Based on his experimental results,
Pippard concluded in 1953 that the London theory is not complete, and an
important ingredient had to be added, namely the nonlocal character of su-
perconductivity [469]. A completely different approach to superconductivity
was worked out by Ginzburg and Landau in 1950 [457]. They were able to
give an explanation for the existence of the two types of superconductors.
Based on this theory, Abrikosov predicted in 1957 the existence of the mixed
state, in which superconductors contain a finite density of flux lines [470].
Finally, in 1959 Gorkov was able to prove that the Ginzburg–Landau theory
can be traced back to BCS theory [471]. In addition, he showed that the the-
ory developed by Ginzburg and Landau is not only applicable close to Tc, as
originally assumed, but at all temperatures. The general concept developed
by this group is often named GLAG theory.

Before we start with the phenomenological description of superconduc-
tors, we make a brief remark on the two-fluid model [455] developed by
Gorter and Casimir in 1934. In this model, the electrons were divided into
a normal fluid , carrying entropy and subjected to scattering, and a super-
fluid condensate, carrying no entropy and not subjected to scattering. This
model has some connections to the microscopic theory to be discussed in
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Fluxons / Vortices

TTc

H

Hc1(T)

Hc2(T)

Currents
and fields

vanish over ~ λ

“normal”
core
~ ξ

Order parameter/
superfluid density

Flux enclosed:
Φ0 = h/2e

Mixed state
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Moving vortices

applied J
⇓

F (per unit length) on fluxons
⇓

vortices move
⇓

electric field E
⇓

emf
⇓

dc: Resistance ≠ 0
ac: Impedance ≠0

⇓
Measurable response
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TYPE II SUPERCONDUCTOR

MAGNETIC VORTICES 

CURRENT

CURRENT
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Ideal type-II superconductors

T

normal phase

Tc

H

Mixed state, ρ ≠ 0

Hc1(T)

Hc2(T)
An ideal type-II SC is resistive in 

the mixed state!

356 10 Superconductivity

relatively large critical parameters Bc2(0) = 25T and Tc(B = 0) = 18.7 K.
This is technically important because this compound can easily be processed
and used as the material for wires in superconducting magnets. The novel
high-Tc superconductors with their extremely high values of Tc and Bc2 will
be considered separately in Sect. 10.5.4.

Both the critical field strengths Bc1 and Bc2 depend on temperature.
They have their largest value at T = 0, and vanish at Tc. In Fig. 10.13a, the
temperature variation of Bc2 of several type II superconductors is depicted. In
Fig. 10.13b, the critical fields Bc1 and Bc2, and the thermodynamic critical
field Bc,th of an indium-bismuth alloy are shown. Obviously, all types of
critical fields exhibit a similar temperature dependence.
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Temperatu re T / K

0

1 0

2 0

3 0

4 0

5 0

6 0

M
ag

ne
tic

fie
ld

B
/T

PbGd0 ,3 Mo6 S8
PbMo6 .3 5 S8
Nb3 Sn
V3 Ga
NbTi

0 1 2 3 4
Temperatu re T / K

0

5 0

1 0 0

M
ag

ne
tic

fie
ld

B
/m

T

Bc1

Bc,th

Bc2

In:Bi

Fig. 10.13. (a) Upper critical field Bc2 versus temperature of several type II su-
perconductors [465]. (b) Temperature dependence of the critical fields Bc1, Bc,th,
and Bc2 of an indium-bismuth alloy [466]

In perfect crystals, the flux lines are regularly arranged in the so-called
Abrikosov lattice, as is schematically shown in Fig. 10.14a. The first evidence
for the existence of flux lines and their regular arrangement was obtained by
decorating them on the surface of a sample with small particles of colloidal
iron and making them visible with an electron microscope [467]. More re-
cently, scanning tunneling microscopes have been used for the investigation
of vortex lattices. A typical observation from this type of experiment is shown
in Fig. 10.14b. Clearly, the flux lines in NbSe2 are arranged in a hexagonal
lattice. The contrast is due to the different work functions of the normal and
superconducting phases. Based upon the different tunneling-current charac-
teristics of the two phases and the high spatial resolution of this technique, it
is possible to study the electronic density of states even inside the flux lines
and in the superconducting neighborhood. In realistic materials, the regular

cuprates: Hc2(0) ~ 100-300 T

Hc2(T)

... but the normal phase is 
reached at large/huge fields.

⇒ worth some work!Meissner state, ρ = 0
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Stop the fluxons!

Moving fluxons: dissipation
hinder fluxon motion:

“pinning”

“suitable” defects: preferential sites for the normal cores

efficient: size ~ξ too small: size << ξtoo large: size >>ξ

ξ: “magic size” for defects
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Stop the fluxons: nanosize matters!

hinder fluxon motion:
“pinning”

ξ: “magic size” for defects

Note: add defects, reduce (maybe to 0) the resistance!
(metals: quite the opposite)

Here comes nanoscience!

superconductor ξ (nm)

Nb 39

Nb3Sn 3

MgB2 35-40

YBa2Cu3O7–x
1.5 (ab plane)
0.3 (c axis)
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Stop the fluxons: shape matters!

How to select the right defects?
How to insert into the material?

Fluxons can be flexible (energy balance 
between pinning and vortex elasticity)
⇒ shape of the defects is essential

Screw threading 
dislocations 

Edge dislocations 

Anti-phase boundaries 

Twin boundaries 

Point defects 

Porosity 

Misoriented 
grains 

ab grains 

Grain boundaries 

Secondary phases 
Precipitates 

Intergrowths 
Stacking faults 

1D-PC 0D-PC - 3D PC 

2D-PC 

⇒ nanoscience
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Pinned fluxons and critical current density

Fluxons stay pinned until the pinning 
force Fp exceeds J × B 
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MAGNETIC VORTICES 

CURRENT
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B J

F=J × B

J

Critical current density Jc:
defined as the onset of dissipation
(ill-defined)

 Jc: The quantity to maximize

Sun et al,
Sci. Rep. 3, 2307 (2013)

Superconducting
W strips

I–V curves Ohmic 
behavior

Jc
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“pinned” type-II superconductors

T

normal phase

Tc

H

Mixed state

Hc1(T)

Hc2(T)

Meissner state, ρ = 0

ρ = 0

Hirr(T) ρ ≠ 0

“irreversibility line”: below Hirr(T), ρ≈0

This is a “dc” picture !
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“path to pinning”
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Fig. 6.9. 

Structure of Nb3Ge (Cr3Si type, A15), emphasizing the infinite linear chains of Nb atoms (a) 
and the framework of GeNb12 icosahedra (b). Large spheres: Nb; small spheres: Ge. 

techniques have in some cases allowed confirmation of the expected high values 

for the stoichiometric composition. For instance, a superconducting transition 

temperature of 23.2 K is reported for Nb 3 Ge sputtered thin films. Stoichiometric 

Nb3Sn (T c - 17.9 K) transforms to a tetragonal structure at 43 K. The amplitude 

of the discontinuity in heat capacity was found to be proportional to the fraction 

of tetragonal phase in the sample. V3Si (T c -- 17.0 K) undergoes a similar phase 

transition at 21 K. Another category of isotypic phases, called atypical A15 

phases, are formed where B is a late transition metal. These compounds have 

broader homogeneity domains, and the maximum in T c vs the composition is not 

always observed for the element ratio 3 : 1. For both categories, gradual substitu- 

tion by a third element on one or both sites has confirmed that there is a close 

correlation between the critical temperature and the valence electron concentra- 

tion, and the plot of T c vs the number of electrons per atom show well-defined 

maxima around 4.6 and 6.4 electrons. The former corresponds to compounds 

where B is (mainly) a nonmetal, the latter to compounds with (mainly) transition 

or noble metal elements on the B site. 

e. Other Tetrahedrally Close-Packed and Related Structures 

The tetragonal structure type CrFe is better known under the name a phase. The 

ideal composition and the homogeneity range vary greatly from one system to 

another. It is interesting to note that this structure type, with 12-, 14-, and 15- 

vertex Frank-Kasper coordination polyhedra, is also formed by an element 

modification,/~-U. In the binary ordered variant NbzA1, the 12-vertex polyhedra, 

i.e., the icosahedra, are centered by A1 atoms in sites conventionally labeled A and 

Nb3Sn

18.3 K

Strongly anisotropic material
High T (large thermal energy)
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2004: the breakthrough

BaZrO3  cubic second phase 
inserted in the YBCO matrix as 

nanorods, dia. ~5nm

LETTERS

442 nature materials | VOL 3 | JULY 2004 | www.nature.com/naturematerials

Fig. 4d. The nanoparticles ranged in size from 5 nm to 100 nm with a
modal particle size of 10 nm.

By implementing a straightforward and inexpensive target
compositional modification, Jc enhancements of up to a factor of 5
(depending on field) at liquid N2 temperatures are achieved in a
reproducible way on both single-crystal and buffered metallic
substrates. Because only one type of heteroepitaxial addition (BaZrO3)
and only one concentration (5 mol%) were studied,it is likely that other
concentrations and different heteroepitaxial second-phase additions
will lead to yet greater enhancements in pinning.

Received 13 November 2003; accepted 10 May 2004; published 30 May 2004.
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There are numerous potential applications for superconducting
tapes based on YBa2Cu3O7–x (YBCO) films coated onto metallic
substrates1. A long-established goal of more than 15 years has

been to understand the magnetic-flux pinning mechanisms that allow
films to maintain high current densities out to high magnetic fields2.
In fact, films carry one to two orders of magnitude higher current 
densities than any other form of the material3.For this reason, the idea
of further improving pinning has received little attention. Now that

commercialization of YBCO-tape conductors is much closer, an
important goal for both better performance and lower fabrication
costs is to achieve enhanced pinning in a practical way.In this work,we
demonstrate a simple and industrially scaleable route that yields a
1.5–5-fold improvement in the in-magnetic-field current densities of
conductors that are already of high quality.

The sources of enhanced pinning in vapour-grown YBCO films are
the natural point, line and volume imperfections, probably the most
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Figure 1 Critical current density at 75.5 K versus magnetic field applied parallel to the c axis for pure YBCO and YBCO+BaZrO3 films.a,Jc/Jc
sf for single-crystal SrTiO3

substrates. Inset:angular dependence of Jc at 1 T with sample 60 data multiplied by 0.75.b,Jc for IBAD-MgO substrates.Open points are for pure YBCO and filled points are for
YBCO+BaZrO3. Inset:Fp/Fp

max(35) versus magnetic field applied parallel to the c axis for the samples on single-crystal STO.
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previously, at a localized level, in films grown on SrTiO3 substrates
with engineered interfaces19,20 or containing nanoparticles with
amorphous interfaces21. Micro-Raman spectra only exhibited the
modes corresponding to YBCO without any additional modes
previously associated with disorder or secondary phases18,21. The
relative intensity of the YBCO Raman peaks also indicates the
c-axis orientation of the YBCO matrix in good agreement with the
X-ray diffraction data. On the other hand, X-ray diffraction analysis
of the internal strain through the Williamson–Hall method22

showed that the YBCO/BZO 10% mol nanocomposites have an
internal strain εstr = ("c/c)× 100 = 0.56 ± 0.04%, whereas pure
YBCO films prepared from trifluoroacetate (TFA) precursors have
εstr = 0.24±0.01%, that is, the enhancement is higher than 100%,
in agreement with the disordered structure observed by TEM.
Scanning elecron microscopy (SEM), TEM and magnetization
measurements showed that the films were free of pores and any
dewetting effect23,24.

In summary, the chemically derived YBCO/BZO
nanocomposites bear a unique microstructure that, as will be
shown later, leads to very effective vortex pinning. Two types
of BZO nanodots coexist, either nucleating heterogeneously at
the interface and preserving the epitaxiality or located at the
bulk of the film and being essentially randomly oriented. It is
very likely that homogeneous nucleation of BZO occurs before
the growth of the epitaxial YBCO film is completed. Hence,
the bulk nanodots would remain randomly oriented when the
YBCO growth front traps them and non-coherent interfaces
are formed. It is not precisely known at present how the pre-
existing randomly oriented nanodots influence the crystalline
quality of the epitaxial YBCO film. However, there is no doubt
that the growth mechanism and microstructure of the chemically
derived nanocomposites differs completely from that controlling
the formation of vacuum-deposited nanocomposites7,9,10,17,25. In
the latter case, surface diffusion of adatoms is high enough to allow
nucleation and growth of the BZO nanodots on the YBCO epitaxial
matrix, thus leading to coherent or semicoherent interfaces where,
at most, a few threading dislocations are generated. The atomic
mobility of the adatoms can even be high enough to form self-
assembled nanopillared structures allowing reduction of the elastic
energy of the nanocomposite9,10,26.

Coherent and semicoherent interfaces have much lower surface
energies than non-coherent interfaces, such as those observed
here in the chemically grown nanocomposites. These high surface
energies are actually the driving force of many phenomena
such as grain coarsening in polycrystalline films27 and grain
boundary and precipitate faceting28, and they are still poorly
understood. In chemically derived nanocomposites, they should
behave as a powerful driving force for the observed strong
microstructural perturbations of the surrounding YBCO matrix,
though this point requires further investigation. Nucleation
and growth of epitaxial YBCO films from TFA precursors
is a complex phenomenon involving the transformation of
intermediate phases, composition evolution29 and a templating
effect of oriented oxyfluoride phases30. This scenario becomes
even more complex with the inclusion of randomly oriented BZO
nanodots, which can disrupt the layered growth of YBCO and
promote the formation of a higher concentration of growth fronts
fostering the observed defects (antiphase boundaries, stacking
faults, intergrowths and plane buckling). In fact, an enhanced
microstructural complexity seems to be a general trend in
chemically derived nanocomposites, such as in magnetoresistive
La1−xSrxMnO3/MgO (ref. 31), biferroic PZT/CoFe2O4 (ref. 32) or
exchange-coupled ferromagnetic/antiferromagnetic oxides33.

An extensive investigation of the superconducting properties
will now demonstrate that unique properties are achieved
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in the chemically derived superconducting nanocomposites.
Figure 2a shows the magnetic-field dependence, Jc(H ∥ c), at two
typical temperatures (65 and 77 K) measured through transport
measurements for a nanocomposite and a standard YBCO–TFA
film. An overall increase in Jc(H) occurs, including the self-field,
J sf

c , and the high field, Jc(H). This is more clearly seen in the inset,
where the normalized field dependence, Jc(H)/J sf

c , at 77 K is shown.
For instance, whereas in standard YBCO–TFA films at 1 T and
77 K, Jc(H) decreases by a factor of ∼ 13, in the nanocomposite
films the decrease is only ∼ 3, leading to Jc(1 T) ∼ 2.2 MA cm−2.
The overall increase in Jc at all magnetic fields can be more clearly
seen when the magnetic-field dependence of the pinning force,
Fp = Jc(B) × B, is represented, as shown in Fig. 2b. This curve
shows data corresponding to a nanocomposite film at 77 and 65 K
and, for comparison purposes, the figure also includes data for
a standard YBCO–TFA film at 65 K and the highest values of
pinning force reported so far for NbTi wires at 4.2 K (ref. 34). A
record value of ∼ 21 GN m−3 is observed for YBCO at B ∼ 2 T and
77 K, that is, an enhancement of ∼ 175% over vacuum-deposited
BZO/YBCO nanocomposites7,9,10 and ∼ 60% over NbTi at 4.2 K
(ref. 34). An even more impressive pinning force of ∼ 78 GN m−3

nature materials VOL 6 MAY 2007 www.nature.com/naturematerials 369

Untitled-1   3 6/4/07, 10:13:05 am

2007: isotropic pinning

HRTEM:
BaZrO3  cubic second phase 

inserted in the YBCO matrix as 
nanoparticle, dia. ~7nm

Jc increases ~4
with BaZrO3

Successful insertion of 
nanoparticles in YBCO 
(chemical deposition 

technique)

Jc(H=0)>107 A/cm2!(Barcelona)
ARTICLES

Strong isotropic flux pinning in
solution-derived YBa2Cu3O7−x

nanocomposite superconductor films
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Power applications of superconductors will be tremendously boosted if an effective method for magnetic flux immobilization is
discovered. Here, we report the most efficient vortex-pinning mechanism reported so far which, in addition, is based on a low-cost
chemical solution deposition technique. A dense array of defects in the superconducting matrix is induced in YBa2Cu3O7−x−BaZrO3

nanocomposites where BaZrO3 nanodots are randomly oriented. Non-coherent interfaces are the driving force for generating
a new type of nanostructured superconductor. Angle-dependent critical-current measurements demonstrate that a strong and
isotropic flux-pinning mechanism is extremely effective at high temperatures and high magnetic fields leading to high-temperature
superconductors with record values of pinning force. The maximum vortex-pinning force achieved at 65 K, 78 GN m−3, is 500% higher
than that of the best low-temperature NbTi superconductors at 4.2 K and so a great wealth of high-field applications will be possible
at high temperatures.

Power applications of superconductors require conductors with
high pinning forces at high temperatures1. Second-generation
YBa2Cu3O7−x (YBCO) tapes are the most promising materials
for such applications2. The epitaxial thin-film structure of
these materials allows generation of the highest critical-current
densities observed so far in high-temperature superconductors
(HTS), although the vortex-pinning mechanism remains
controversial3–6. Achieving high pinning forces requires an effective
immobilization of vortices in a dense structure of defects with
nanometric dimensions. Several recently proposed strategies for
the preparation of nanostructured YBCO films have shown that
there is considerable room for magnetic flux-pinning improvement
in HTS7–11. In fact, the highest zero-field critical-current densities,
Jc(0,T), observed so far in YBCO are well below the maximum
theoretical limit (that is, ∼10−20% of the depairing current J0),
whereas individual vortices have the potential of being pinned
up to very high magnetic fields where the line tension is lost12.
All of the approaches reported up to now have been shown to be
only moderately successful in pinning vortices and, in addition,
the pinning enhancement was found to be strongly directional in
most cases7,9,13.

In this work, a new strategy leading to a quasi-isotropic
strong vortex-pinning landscape in a YBCO superconductor
has been developed on the basis of easily scalable chemical
solution deposition techniques. This new approach is based
on the generation of a quasi-continuous nanoscale network
of defects that become effective vortex-pinning centres. These
defects originate from a dense array of oxide BaZrO3 (BZO)
nanodots being randomly oriented and distributed within the

YBCO matrix. The random crystalline orientation is the essential
feature distinguishing chemically prepared nanocomposite films
from those prepared through vacuum deposition methods7–10.
Angle-dependent Jc(H ,T) measurements have demonstrated that
the new strategy is very effective in preventing the vortex motion
at high fields, high temperatures and for all magnetic-field
orientations, and so very high pinning forces, well above the
best values achieved with low-temperature superconductors at
4.2 K, are demonstrated at liquid nitrogen temperatures (65–77 K).
These record values, the quasi-isotropic character of the pinning
and the fact that the thin films are obtained based on easily
scalable chemical methods pave the way to the development
of efficient conductors for superconducting power or magnetic
resonance systems.

Epitaxial YBCO/BZO nanocomposite thin films were grown
from complex metal–organic solutions and their microstructure
was investigated (see the Methods section)14. Figure 1a,b shows
X-ray diffraction patterns of a YBCO/BZO nanocomposite with
10% mol BZO. Figure 1a shows the θ–2θ Bragg Brentano geometry
and Fig. 1b shows the two-dimensional (2D) pattern recorded
using a general area-detector diffractometer system (GADDS).
Note that the BZO phase is identified after growing the
nanocomposite at 830 ◦C, indicating that BZO nanodots are indeed
formed under the same growth conditions as for YBCO films. Pure
epitaxial BZO films can also be grown, using the same metal–
organic precursors, at much lower temperatures (T ∼ 700 ◦C),
indicating that BZO can nucleate heterogeneously before the YBCO
film15. From the θ–2θ X-ray diffraction patterns it can be inferred
that the BZO (200) peaks were anomalously weak, compared

nature materials VOL 6 MAY 2007 www.nature.com/naturematerials 367

Untitled-1   1 6/4/07, 10:12:54 am

ARTICLES

Strong isotropic flux pinning in
solution-derived YBa2Cu3O7−x

nanocomposite superconductor films
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nanocomposites where BaZrO3 nanodots are randomly oriented. Non-coherent interfaces are the driving force for generating
a new type of nanostructured superconductor. Angle-dependent critical-current measurements demonstrate that a strong and
isotropic flux-pinning mechanism is extremely effective at high temperatures and high magnetic fields leading to high-temperature
superconductors with record values of pinning force. The maximum vortex-pinning force achieved at 65 K, 78 GN m−3, is 500% higher
than that of the best low-temperature NbTi superconductors at 4.2 K and so a great wealth of high-field applications will be possible
at high temperatures.

Power applications of superconductors require conductors with
high pinning forces at high temperatures1. Second-generation
YBa2Cu3O7−x (YBCO) tapes are the most promising materials
for such applications2. The epitaxial thin-film structure of
these materials allows generation of the highest critical-current
densities observed so far in high-temperature superconductors
(HTS), although the vortex-pinning mechanism remains
controversial3–6. Achieving high pinning forces requires an effective
immobilization of vortices in a dense structure of defects with
nanometric dimensions. Several recently proposed strategies for
the preparation of nanostructured YBCO films have shown that
there is considerable room for magnetic flux-pinning improvement
in HTS7–11. In fact, the highest zero-field critical-current densities,
Jc(0,T), observed so far in YBCO are well below the maximum
theoretical limit (that is, ∼10−20% of the depairing current J0),
whereas individual vortices have the potential of being pinned
up to very high magnetic fields where the line tension is lost12.
All of the approaches reported up to now have been shown to be
only moderately successful in pinning vortices and, in addition,
the pinning enhancement was found to be strongly directional in
most cases7,9,13.

In this work, a new strategy leading to a quasi-isotropic
strong vortex-pinning landscape in a YBCO superconductor
has been developed on the basis of easily scalable chemical
solution deposition techniques. This new approach is based
on the generation of a quasi-continuous nanoscale network
of defects that become effective vortex-pinning centres. These
defects originate from a dense array of oxide BaZrO3 (BZO)
nanodots being randomly oriented and distributed within the

YBCO matrix. The random crystalline orientation is the essential
feature distinguishing chemically prepared nanocomposite films
from those prepared through vacuum deposition methods7–10.
Angle-dependent Jc(H ,T) measurements have demonstrated that
the new strategy is very effective in preventing the vortex motion
at high fields, high temperatures and for all magnetic-field
orientations, and so very high pinning forces, well above the
best values achieved with low-temperature superconductors at
4.2 K, are demonstrated at liquid nitrogen temperatures (65–77 K).
These record values, the quasi-isotropic character of the pinning
and the fact that the thin films are obtained based on easily
scalable chemical methods pave the way to the development
of efficient conductors for superconducting power or magnetic
resonance systems.

Epitaxial YBCO/BZO nanocomposite thin films were grown
from complex metal–organic solutions and their microstructure
was investigated (see the Methods section)14. Figure 1a,b shows
X-ray diffraction patterns of a YBCO/BZO nanocomposite with
10% mol BZO. Figure 1a shows the θ–2θ Bragg Brentano geometry
and Fig. 1b shows the two-dimensional (2D) pattern recorded
using a general area-detector diffractometer system (GADDS).
Note that the BZO phase is identified after growing the
nanocomposite at 830 ◦C, indicating that BZO nanodots are indeed
formed under the same growth conditions as for YBCO films. Pure
epitaxial BZO films can also be grown, using the same metal–
organic precursors, at much lower temperatures (T ∼ 700 ◦C),
indicating that BZO can nucleate heterogeneously before the YBCO
film15. From the θ–2θ X-ray diffraction patterns it can be inferred
that the BZO (200) peaks were anomalously weak, compared
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Figure 3 Anisotropy of the superconducting properties: critical-current density and irreversibility line. a, Jc (θ ) measured at different temperatures and magnetic fields
for a nanocomposite with 10%mol BZO, compared with a YBCO–TFA film at 65 K. b, Scaling of Jc (θ,H ) at 77 K assuming γ = 1.5. Inset: Scaled Hirr (T ) with γ = 1.5 from
measurements corresponding to θ ≤ 75◦ (squares: 0◦ ; triangles: 45◦ ; circles: 75◦ ). c, Jc (θ ) at 77 K and 7 T where the isotropic and anisotropic contributions are shown (the
solid red line is the isotropic contribution). d, Magnetic-field dependence of the accommodation angles (θab

acc) of Jc (θ ) near H ∥ ab for a nanocomposite and a standard
YBCO–TFA sample measured at 25 K. Inset: Detail of the experimental determination of θab

acc.

is observed at 65 K in a wide (∼ 3− 6 T) magnetic-field range, that
is, an enhancement of ∼ 500% over NbTi at 4.2 K, which clearly
exemplifies the appealing prospects for the present nanocomposite
films. Figure 2b also allows us to ascertain that the irreversibility
field in the present system is µ0Hirr(77 K) ∼ 9 T, a much higher
value than that usually observed in TFA–YBCO films, even if it is
still well below the maximum value predicted for YBCO when the
loss of vortex line tension is considered12. The observed pinning-
force values are the highest ever observed for YBCO films; only
nanostructured SmBCO films grown by PLD following a complex
process and having slightly higher Tc values have achieved values in
the same range35.

Further insight into the superconducting properties of the
nanostructured films has been achieved through angular Jc(H ,T)
measurements allowing us to distinguish the isotropic from the
anisotropic flux-pinning contributions. Figure 3a shows Jc(θ)
curves measured for a nanocomposite at 1 T and different
temperatures, compared with a standard YBCO–TFA film at 65 K.
As can be seen, the bare anisotropy of Jc(θ) is decreased in the
nanocomposites. For instance, at 1 T the ratio Jc(H ∥ ab)/Jc(H ∥ c)
observed in our standard YBCO–TFA samples is 2.8, whereas in the
nanocomposites it is only ∼ 1.7. In vacuum-deposited YBCO films
this ratio is typically even higher, and it can even be reversed owing
to the anisotropic enhancement of the critical currents7,9,36. The
anisotropic behaviour of the nanocomposite films can be further

characterized when the scaling behaviour of Jc(θ, H) at fixed
temperatures is analysed. As was first proposed by Blatter et al.37

and first applied to coated conductors by Civale et al.38, the
isotropic and anisotropic contributions to Jc(θ, H) can be
extracted from a plot of the effective field Heff = ε(θ)H , where
ε(θ) = [cos2(θ) + γ− 2 sin2(θ)]1/2 and γ− 1 is the mass anisotropy
ratio. Figure 3b shows a scaling plot at 77 K, where it is concluded
that scaling can only be achieved with γ ∼ 1.5 instead of the γ ∼ 5–7
values obtained in standard TFA–YBCO films39,40. Further evidence
for a decreased intrinsic anisotropy in the nanocomposite arises
from the scaling of the anisotropic irreversibility line, Hirr(θ,T).
The inset of Fig. 3b shows that an excellent scaling is obtained
for θ ≤ 75◦ when Heff is calculated with γ ∼ 1.5, in contrast
to that of standard TFA–YBCO samples, which have γ ∼ 5–7.
After estimation of the isotropic contribution to Jc(θ,T ,H), the
anisotropic contributions can be determined from plots such as
those in Fig. 3c for 7 T and 77 K. In this case, a very weak
contribution is detected at H ∥ c, whereas a much stronger term
is discerned for H ∥ ab. We can also conclude that the intrinsic
pinning and/or correlated pinning contribution of planar defects
associated with the H ∥ ab orientation has a contribution extending
to larger angles, θ ∼ 90◦. Figure 3d shows the magnetic-field
dependence of accommodation angles, θacc, at 25 K, as determined
from the FWHM of the peak corresponding to the anisotropic
contribution to Jc(θ) for H ∥ ab. Note that θacc has doubled in the
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Figure 1 Structural and microstructural characterization of YBCO/BZO nanocomposite films. a,b, X-ray diffraction patterns of a YBCO/BZO nanocomposite with
10% mol of BZO: θ–2θ Bragg Brentano geometry where the Bragg peaks of both phases are indicated (a); diffraction pattern obtained with a GADDS equipped with a 2D
X-ray detector (b). The x axis corresponds to 2θ and the rings correspond to χ which varies with constant 2θ. The Bragg peaks of the BZO and YBCO phases are identified.
Note the coexistence of diffracted intensities for BZO corresponding to textured and randomly oriented nanodots. c, Low-resolution cross-section TEM image of a
nanocomposite film viewed along the ⟨100⟩ direction of YBCO where BZO nanodots are clearly discerned. d, High-resolution TEM image of a BZO nanodot grown at the
interface with the single-crystal substrate. Inset: FFT of the image where the diffraction peaks of BZO and YBCO show the mutual epitaxial relationship. e, HRTEM image of a
BZO nanodot located at the bulk of the YBCO film. Inset: FFT of the BZO image showing that the nanodots are not coherent with the YBCO matrix.

with the YBCO (00l) peaks, taking into account the expected
composition. This is clarified in Fig. 1b, where it is seen that the
strongest (101) Bragg peak of BZO distributes its intensity in a ring
structure, whereas the (200) peak has a mainly peaked distribution
with only a faint ring intensity. This suggests that epitaxial and
randomly oriented BZO nanodots coexist, and actually the BZO
(101) Bragg peak observed in Fig. 1a arises from the randomly
oriented BZO nanodots. We estimated that ∼ 85− 90% of the BZO
phase remains randomly oriented through the relative intensities of
the Bragg peaks associated with the epitaxial phases, that is, BZO
(200) versus YBCO (005). From the full-width at half-maximum
(FWHM) of the BZO (002) and (110) peaks and the Scherrer
formula, we estimated that the BZO nanodot size is in the range
∼ 15− 30 nm.

The superconducting transition temperature of the YBCO/BZO
nanocomposites was determined from electrical resistivity
measurements to be Tc ∼ 91 K in the entire investigated range
of BZO content (<10% mol), a finding that differs from
results reported for nanocomposite films grown by pulsed laser
deposition9,16,17 (PLD). The electrical resistivity was found to
follow the typical linear temperature dependence with <70 µ# cm
residual resistivity of low-porosity films, as previously reported18.

Figure 1c shows a typical low-resolution transmission electron
microscopy (TEM) image of a nanocomposite where the BZO
nanodots can be easily discerned randomly distributed within the

matrix, with some of them nucleating at the substrate interface.
Figure 1d shows a characteristic BZO nanodot (composition
confirmed by electron energy-loss spectroscopy) nucleated at the
interface, whereas a cube-on-cube epitaxial relationship with the
YBCO matrix is inferred from the FFT shown in the inset.
Some planar defects parallel to the interface around these BZO
nanodots and a few YBCO unit cells between the dot and the
substrate are also seen. Occasionally, extended defects threading
the film are observed associated with some of these interfacial
nanodots. A typical BZO nanodot grown in the bulk of the
YBCO film is shown in Fig. 1e. The fast Fourier transform
(FFT) in the inset shows that in this case nanodots do not bear
any specific crystallographic orientation with the surrounding
matrix, that is, they are non-coherent with the matrix. At the
same time, the YBCO matrix seems strongly disordered around
these non-coherent nanodots. The periodicity of the CuO planes
seems strongly perturbed by stacking faults (YBa2Cu4Ox defects),
with the corresponding surrounding partial dislocations and
associated strains, and intergrowths (blocks YCuOx or BaCuOx),
which can heal antiphase boundaries. Overall, a very pronounced
buckling of the YBCO structure can be seen with undisturbed
plane periodicity extending only a few nanometres, though the
extent of disorder makes it difficult to identify individual defects
and quantitatively estimate their concentration and extension.
Disordered YBCO structures of this type have been observed
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Synergetic combination of different types of
defect to optimize pinning landscape using
BaZrO3-doped YBa2Cu3O7

B. Maiorov*, S. A. Baily†, H. Zhou†, O. Ugurlu‡, J. A. Kennison, P. C. Dowden, T. G. Holesinger,
S. R. Foltyn and L. Civale

Retaining a dissipation-free state while carrying large electrical currents is a challenge that needs to be solved to enable
commercial applications of high-temperature superconductivity. Here, we show that the controlled combination of two effective
pinning centres (randomly distributed nanoparticles and self-assembled columnar defects) is possible and effective. By simply
changing the temperature or growth rate during pulsed-laser deposition of BaZrO3-doped YBa2Cu3O7 films, we can vary the
ratio of these defects, tuning the field and angular critical-current (Ic) performance to maximize Ic. We show that the defects’
microstructure is governed by the growth kinetics and that the best results are obtained with a mixture of splayed columnar
defects and random nanoparticles. The very high Ic arises from a complex vortex pinning landscape where columnar defects
provide large pinning energy, while splay and nanoparticles inhibit flux creep. This knowledge is used to produce thick films
with remarkable Ic(H) and nearly isotropic angle dependence.

O
ne of the most fascinating and useful properties of
superconductors is the ability to carry electrical current
with ‘zero resistance’1,2. As electricity demand continues

to rise and environmental constraints become ever more relevant,
it is imperative to enhance the performance of superconductors.
Although the maximum amount of current that can be passed,
known as the critical current (Ic), can be high at low fields, it
decreases by orders of magnitude when a magnetic field (H) is
applied at liquid nitrogen temperatures (T ). This limits the utility of
high-temperature superconductors in electric power applications.
We have taken advantage of our new-found understanding of
the influence of defects and their interactions with vortices
to engineer the vortex pinning landscape in BaZrO3-doped
(BZO) YBa2Cu3O7 (YBCO) films by controlled, simultaneous
incorporation of nanosized columnar defects and randomly
distributed nanoparticles. This produces a synergetic effect where
the large pinning energy of the columnar defects generates strong
pinning while the nanoparticles and the splay in columnar defects
reduce the detrimental flux creep effect by precluding the expansion
of low-energy depinning excitations.

The Ic in superconductors depends on the ability to pin
superconducting vortices (quantized lines of magnetic flux).
In turn, pinning arises from the presence of material defects
and involves complex collective vortex–vortex and vortex–defects
interactions. To increase the critical-current density (Jc), it is
essential to gain a deeper understanding of the underlying vortex
pinning mechanisms. In spite of the extensive theoretical work,
the general relation between the pinning landscape and Jc is not
known. In a very clean superconductor, Jc can be arbitrarily
small. At the other extreme, the highest possible value of Jc is
an open problem. Although deep understanding of the pinning
mechanisms and great improvements in Jc were obtained in YBCO

Superconductivity Technology Center, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA. †These authors contributed equally to this
work. ‡Present address: Characterization Facility, University of Minnesota, Minneapolis, Minnesota 55455, USA. *e-mail: maiorov@lanl.gov.

crystals by introducing a single type of defect through particle
irradiation, present state-of-the-art thin epitaxial YBCO films
may carry 2–3 times more current under the same conditions.
Microstructural studies indicate that YBCO films exhibit a large
variety of defects, in contrast to single crystals. This suggests that
YBCO films are a natural starting point to explore the upper
limits to Jc, and that the most effective pinning may arise from
the appropriate combination of defects. The difficulty of applying
this concept for further engineering the pinning landscape is that
vortex pinning is not simply additive. The concept that Jc may be
higher if various types of defect act simultaneously is not necessarily
correct. Indeed, random and correlated disorders produce rather
opposite effects on the vortex topology and dynamics. The
former promotes wandering and entanglement, whereas the latter
promotes transverse localization. Therefore, the new paradigm
is no longer a simple, ‘one vortex/one defect’ challenge, but a
‘vortex lattice/pinning landscape’ puzzle. The objective is not just
adding more pinning centres but using the existing ones more
effectively. The present understanding of the pinning produced by
combinations of strong defects of differing geometry is very limited;
in particular, the methods of constraining the detrimental effects of
thermal fluctuations are almost unexplored. Here, we show that the
appropriate reduction of these excitations has a fundamental role in
obtaining higher critical currents.

Seminal works byMacManus-Driscoll et al. and Haugan et al.3,4,
showed that Jc(H ) can be improved by the introduction of
nanoparticles (BZO and Y2BaCuOx respectively) in films grown
by pulsed laser deposition (PLD). The incorporation of BZO into
YBCO films induces correlated pinning along the c axis, as was
clearly demonstrated by the appearance of a large peak in Jc(⇥)
centred at H k c (ref. 3), with a concomitant reduction of the
exponent ↵ that characterizes the power-law decay Jc /H�↵ , with
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Synergetic combination of different types of
defect to optimize pinning landscape using
BaZrO3-doped YBa2Cu3O7

B. Maiorov*, S. A. Baily†, H. Zhou†, O. Ugurlu‡, J. A. Kennison, P. C. Dowden, T. G. Holesinger,
S. R. Foltyn and L. Civale

Retaining a dissipation-free state while carrying large electrical currents is a challenge that needs to be solved to enable
commercial applications of high-temperature superconductivity. Here, we show that the controlled combination of two effective
pinning centres (randomly distributed nanoparticles and self-assembled columnar defects) is possible and effective. By simply
changing the temperature or growth rate during pulsed-laser deposition of BaZrO3-doped YBa2Cu3O7 films, we can vary the
ratio of these defects, tuning the field and angular critical-current (Ic) performance to maximize Ic. We show that the defects’
microstructure is governed by the growth kinetics and that the best results are obtained with a mixture of splayed columnar
defects and random nanoparticles. The very high Ic arises from a complex vortex pinning landscape where columnar defects
provide large pinning energy, while splay and nanoparticles inhibit flux creep. This knowledge is used to produce thick films
with remarkable Ic(H) and nearly isotropic angle dependence.

O
ne of the most fascinating and useful properties of
superconductors is the ability to carry electrical current
with ‘zero resistance’1,2. As electricity demand continues

to rise and environmental constraints become ever more relevant,
it is imperative to enhance the performance of superconductors.
Although the maximum amount of current that can be passed,
known as the critical current (Ic), can be high at low fields, it
decreases by orders of magnitude when a magnetic field (H) is
applied at liquid nitrogen temperatures (T ). This limits the utility of
high-temperature superconductors in electric power applications.
We have taken advantage of our new-found understanding of
the influence of defects and their interactions with vortices
to engineer the vortex pinning landscape in BaZrO3-doped
(BZO) YBa2Cu3O7 (YBCO) films by controlled, simultaneous
incorporation of nanosized columnar defects and randomly
distributed nanoparticles. This produces a synergetic effect where
the large pinning energy of the columnar defects generates strong
pinning while the nanoparticles and the splay in columnar defects
reduce the detrimental flux creep effect by precluding the expansion
of low-energy depinning excitations.

The Ic in superconductors depends on the ability to pin
superconducting vortices (quantized lines of magnetic flux).
In turn, pinning arises from the presence of material defects
and involves complex collective vortex–vortex and vortex–defects
interactions. To increase the critical-current density (Jc), it is
essential to gain a deeper understanding of the underlying vortex
pinning mechanisms. In spite of the extensive theoretical work,
the general relation between the pinning landscape and Jc is not
known. In a very clean superconductor, Jc can be arbitrarily
small. At the other extreme, the highest possible value of Jc is
an open problem. Although deep understanding of the pinning
mechanisms and great improvements in Jc were obtained in YBCO
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crystals by introducing a single type of defect through particle
irradiation, present state-of-the-art thin epitaxial YBCO films
may carry 2–3 times more current under the same conditions.
Microstructural studies indicate that YBCO films exhibit a large
variety of defects, in contrast to single crystals. This suggests that
YBCO films are a natural starting point to explore the upper
limits to Jc, and that the most effective pinning may arise from
the appropriate combination of defects. The difficulty of applying
this concept for further engineering the pinning landscape is that
vortex pinning is not simply additive. The concept that Jc may be
higher if various types of defect act simultaneously is not necessarily
correct. Indeed, random and correlated disorders produce rather
opposite effects on the vortex topology and dynamics. The
former promotes wandering and entanglement, whereas the latter
promotes transverse localization. Therefore, the new paradigm
is no longer a simple, ‘one vortex/one defect’ challenge, but a
‘vortex lattice/pinning landscape’ puzzle. The objective is not just
adding more pinning centres but using the existing ones more
effectively. The present understanding of the pinning produced by
combinations of strong defects of differing geometry is very limited;
in particular, the methods of constraining the detrimental effects of
thermal fluctuations are almost unexplored. Here, we show that the
appropriate reduction of these excitations has a fundamental role in
obtaining higher critical currents.

Seminal works byMacManus-Driscoll et al. and Haugan et al.3,4,
showed that Jc(H ) can be improved by the introduction of
nanoparticles (BZO and Y2BaCuOx respectively) in films grown
by pulsed laser deposition (PLD). The incorporation of BZO into
YBCO films induces correlated pinning along the c axis, as was
clearly demonstrated by the appearance of a large peak in Jc(⇥)
centred at H k c (ref. 3), with a concomitant reduction of the
exponent ↵ that characterizes the power-law decay Jc /H�↵ , with
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Figure 3 | Variation of microstructure with growth temperature. a–c, Cross-sectional TEM using the bright-field condition (left column) of film with
Tdep = 840 �C, g = {1̄03̄} (a), Tdep = 785 �C, g = {006̄} (b) and Tdep = 765 �C, g = {006̄} (c) and corresponding vectored positions of defects (right
column). Red lines in the right panel of b represent possible configurations of vortices pinned by several defects.

increasing the diffusion length for ordering. This indicates that
defect morphology is governed by growth kinetics.

The changes in pinning properties identified through the angular
dependence are also reflected in the field dependence. Figure 2a
shows Jc(Hk c) at 75.5 K for the samples grown at differentTdep. For
the Tdep > 800 �C films, a clear power-law decay region is observed,
with small values of↵. This translates into improved Jc at high fields.
The power-law regime in Jc(H ) is less conspicuous at Tdep = 800 �C
and completely disappears for lower Tdep. Interestingly, these
samples (Tdep < 780 �C) show a remarkably good Jc retention
(r = Jc(H )/Jc(sf)) at low fields, obtaining r = 0.90 at 0.08 T for
H k c (the worst orientation), making them suitable for cable
applications where self-field (sf) values are<0.4 T. The films grown
at intermediate Tdep = 785–800 �C maintain at all fields the overall
increase observed in Fig. 1a, having the highest Jc for all fields

(up to µ0H = 7 T), and temperatures (down to T = 5K). Figure 2b
also shows Jc(H k c) for the films with different repetition rates.
Jc(H ) improves with decreasing rate, with a clear inverse correlation
between c-axis peak height and ↵ (see Figs 1b and 2b), obtaining
very low values of ↵ = 0.19 while retaining a state-of-the-art
Jc(sf)=3MA cm�2 at t= 1 µm (refs 1, 5). This trend in Jc(H ) is also
maintained at lower temperatures, as observed by Jc magnetization
measurements (see Supplementary Fig. S5).

The effect of varying the pinning landscape can also be
appreciated by plotting the pinning force Fp = Jc ⇥H. The inset of
Fig. 2a shows Fp(Hk c) for some of the films grown at different Tdep.
The low-Tdep film exhibits an Fp maximum (Fmax

p ) at low fields and
then decays rapidly, consistent with having an excellent retention
factor at low fields, whereas the film with a high concentration of
correlated defects (high Tdep) has a maximum at a much higher
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Figure 1 | Critical-current density angular dependence for different
growth conditions. a,b Jc angular dependence, Jc(⇥) at T = 75.5 K and
µ0H = 1 T for t ⇠ 1 µm BZO+YBCO films grown at different substrate
temperatures (Tdep) at 10 Hz (a) and different laser pulse rates (b). Inset:
Experimental set-up and sample–field–current configuration with J?H.

↵ as low as 0.30 (refs 3, 5), whereas undoped YBCO has values
between 0.5–0.6 (refs 5, 6). This decrease translates into better
Jc(H ) performance at high field (µ0H > 2 T). This simple and
attractive way to increase Jc(H ) (ref. 3) was followed by numerous
publications, using additions of both BaZrO3 (refs 7, 8) and other
compounds that form BZO by reaction9. On the other hand,
pinning enhancement in ex situ methods such as BaF2 and metal
organic deposition showed that it was possible to improve Jc by
introducing nanoparticles of diverse chemical composition10–12.
Particularly, ex situ pinning enhancement routes using Y2O3 and
BZO nanoparticles by Solovyov et al.10 and Gutiérrez, et al.11 show
superior retention of Jc at low fields that translates into reduced Jc
angular dependence. Further insights by Holesinger et al.12, showed
that coexistence of planar and extended particles is attainable using
chemical doping in metal organic deposition. These studies suggest
that the combined effects of random nanoparticles and columnar
defects would be desirable for enhancing Jc at low and high fields.
However, because microstructural defects strongly depend on the
growth methods, it is uncertain that a single growth method can
enable the creation of both random particles and columnar defects.
More importantly, if successful, it is not straightforward to control
their growth and interplay to improve the performance of the
critical currents while keeping the composition constant.

The natural candidate for obtaining both types of defect3,11
and consequently increasing Jc over the entire field range is BZO-
doped YBCO using PLD. The way to achieve this would be by
changing the growth conditions, with the two cleanest parameters
that can be varied, deposition temperature (Tdep) and rate. If the
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Figure 2 | Critical-current density and pinning force field dependence for
different growth conditions. a,b, Jc field dependence for H k c for the same
t ⇠ 1 µm films as in Fig. 1 for different Tdep (a) and at 2, 5 and 10 Hz laser
repetition rates (b). Insets: Fp = Jc ⇥H for selected films with different Tdep

at 10 Hz (a) and the same as the main panel plus a 0.2- and 2.3-µm-thick
film grown at Tdep = 795 �C at 2 and 5 Hz, respectively (b).

formation of columns is constrained by kinetic energy, a higher
growth temperature will induce more ordered (longer) and aligned
columns of self-assembled BZO particles, owing to increased
mobility. However, if formation processes are solely determined
by free energy, the opposite result is expected. In undoped
YBCO, variation of Tdep results in changes in microstructure
morphology13,14, particularly at high temperature in the presence
of the liquid phase15.

Figure 1a shows Jc angular dependence, Jc(⇥), at T = 75.5K
at µ0H = 1 T for five films grown from 745 to 830 �C with
thicknesses t ⇠ 1 µm (see the Methods section). The films grown
at higher temperatures (Tdep > 800 �C) show a large peak centred
at H k c , indicating that uniaxial pinning by c-axis correlated
defects dominates, whereas for Tdep < 800 �C we observe a smooth
angular dependence typical of pinning by random disorder. Such
flat angular dependence does not follow the anisotropic scaling
relation with a reasonable � value (� = 5–7) as expected for
point-like random pinning5 but is altered by the strong pinning due
to nanoparticles10,11,15. The samples grown at 785 �C<Tdep <800 �C
show evidence of both correlated and random disorder and have
the highest Jc for all orientations. Figure 1b shows films grown at
Tdep = 795 �C at different laser repetition rates. A clear correlation
can be observed: the lower the rate, the larger the c-axis peak.
This is consistent with the results shown in Fig. 1a (varying Tdep),
showing that allowing more time for the BZO particles to migrate
and form correlated defects is equivalent to increasing Tdep, thus
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Figure 5 | Diagrams of expansion of vortex double kinks for
configurations involving different defects. a, Diagram of two parallel
correlated defects with a vortex depinning through the double-kink
mechanism. b, Diagram of a vortex and two splayed correlated defects,
showing how splay prevents the expansion of double kinks. c, Diagram of a
vortex and two parallel correlated defects plus particles, showing how the
double-kink mechanism is arrested by the particles.

changed18, exhibiting in both cases a plateau at S⇠ 0.02–0.03 for
20K < T < 60K (refs 18, 19). The same S(T ) is found in many
YBCO samples including our standard YBCO films (see Fig. 4b).
This universal plateau has a deep origin; it arises from the glassy
vortex dynamics, with a glassy exponent µ⇠ 1–1.5 characteristic
of collective creep from random disorder19. An exception occurs
in the case of columnar defects20–23. Figure 4a also shows S(T )
for a YBCO single crystal irradiated with Au ions that produce
roughly parallel columnar defects20, where a large peak in S(T ) at
T ⇠ 30K is observed. At low H and T , depinning from columnar
defects initially takes place through glassy half-loop excitations
(µ = 1), but as T increases (and Jc decreases) creep occurs by
double kinks between adjacent defects (see Fig. 5a). The S(T ) peak
is due to the easy expansion of double kinks. Ideally, for identical
parallel columnar defects, once a double kink is created there is
no energy barrier preventing the entire vortex from moving to the
next columnar defect, so the relaxation is non-glassy and S can be
arbitrarily large. In reality, pinning energy dispersion eventually
stops double-kink expansion, and further creep occurs through
glassy superkinks withµ⇠1/3 (ref. 23). In this case S is again finite,
but the value of S(T ) at themaximum, Smax, is much larger owing to
the S/1/µ relation. The large S(T ) peak has a negative implication,
as it induces a fast drop of Jc with increasingT (refs 20, 21).

This negative effect is partially suppressed by splayed columnar
defects. Owing to the increase of the kinks’ length as they spread
apart (see Fig. 5b), the expansion of double kinks and superkinks
is constrained20,24. This results in a smaller peak in S(T ), as
shown in Fig. 4a for the case of columnar defects created by
irradiation with Sn ions (in this case ' ⇠ 10�), and a smaller
Jc(T ) drop around T ⇠ 30K (see ref. 20). Also shown in Fig. 4a
is S(T ) for our 830 �C film. Comparison of the curves indicates
that although the pinning in our film is mostly correlated, it has
Smax much smaller than crystals with columnar defects, even the
splayed ones. Clearly, the naturally occurring splay h|'|i ⇠ 9� of
the BZO columns has the positive effect of precluding the easy
depinning of vortices. However, as the Tdep = 830 �C film and the
Sn-irradiated crystal have similar splay, the reduction in Smax in
our film cannot be accounted for by splay alone. We propose a
second mechanism that further constrains the expansion of kinks,
namely the pinning of the kinks by nanoparticles and/or disorder
naturally occurring in thin films, as shown in the schematic diagram
in Fig. 5c. This effect is almost absent in the heavy-ion-irradiated
crystals, which contain only a few weak point defects between
the columnar defects.
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Figure 6 | Critical-current angular dependence in thick YBCO+BZO
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Given the importance of fluctuations, it is key to know and
understand how the changes in microstructure of our samples
affect S. In view of the previous results, a further decrease in
Smax is expected as Tdep decreases. Indeed, Fig. 4b shows S(T )
at µ0H k c = 0.3 T for representative films. The films grown at
Tdep > 810 �C show a peak in S(T ), a clear fingerprint of the
presence of columnar defects. The 800 �C film has a smaller peak,
indicating that creep by kinks still occurs but at a diminished
pace. Instead, the 745 �C film shows the same plateau as standard
YBCO, confirming that creep is dominated by random defects.
Smax decreases monotonically with decreasing Tdep (see Fig. 4d),
consistent with the length decrease and splay increase observed by
TEM (Fig. 3 and Supplementary Figs S1–S4). The negative effect
of the increase in S in our films can be appreciated by comparing
Jc(T ,H k c = 0.3 T) for films grown at Tdep = 745 and 830 �C (see
Fig. 4c). At low temperatures, Jc(Tdep = 830 �C) is 50% higher than
Jc(Tdep = 745 �C); however, as T increases a clear drop in Jc is
observed concomitantly with the peak in S for the Tdep = 830 �C
film, showing the harmful effect of easy depinning excitations.
The effect is such that at high temperatures Jc(Tdep = 830 �C) is
50% lower than Jc(Tdep = 745 �C). The differences in Smax persist
at higher fields (see Fig. 4c, inset) with the intermediate samples
having smaller but still visible peaks. This is consistent with the
substantially higher amount of splay h|'|i ⇠ 18� and particles
compared with the films deposited at higher Tdep. Thus, in the
films with optimal Jc, a combination of these two mechanisms
(Fig. 5b,c) acts to preclude the expansion of kinks (see Fig. 3b,
where possible vortex–defects configurations are depicted). It is
tempting to separate the contribution coming from nanoparticles
and columns; unfortunately this is not possible, as they work
together. As shown in Fig. 4c, the drop in Jc(T ,Tdep = 830 �C) is
not related to changes in the pinning energy of the individual
columnar defects but to the flux creep excitations. In the presence of
nanoparticles and splay, this negative effect is partially suppressed,
resulting in an increase of Jc. In this process, the pinning energy
of an individual columnar defect has not been affected, but the
effectiveness of its pinning has. The particles have a double role,
one, as pinning centres, the other, as stabilizers preventing the easy
excitations, hence the synergetic combination of defects.

Once the pinning landscape has been optimized, we can apply
the knowledge obtained to technologically relevant thicker films
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current. Plan-view and cross section view Transmission
Electron Microscopy (TEM) examination of a few samples
was conducted using a JEOL-2000 FX microscope. The
high-resolution microscope used for this study was a scan-
ning TEM (STEM) Nion UltraSTEM 200TM operating at
200 kV equipped with a second generation 5th order probe
aberration corrector, a cold field emission electron gun, and
a Gatan Enfinium electron energy loss (EEL) spectrometer.23

This microscope routinely achieves a spatial resolution of
0.8 Å and has a maximum energy resolution of 300 meV. In
order to clarify the origin of the enhanced pinning in high-
content Zr samples, simultaneous bright field (BF) and high
angle annular dark field (HAADF) images were acquired
simultaneously. Due to the theorem of reciprocity24 between
TEM and STEM, BF STEM images are analogous to phase
contrast TEM images and, as such, are more sensitive to
strain and interference phenomena. On the other hand, owing
to the incoherent nature of the image imposed by the annular
detector, HAADF images are less sensitive to strain but yield
an intensity proportional to !Z2, showing compositional and
mass contrast. EEL spectra were acquired in the thinnest
region of the sample in order to maximize the signal origi-
nated within the small nanoparticles. Care was taken in the
choice of dwell time and step size in order to avoid radiation
damage to the area being analyzed. Both low-energy loss
Ba-N4,5, Y-M4,5, Zr-M4,5 and high-energy Ba-M4,5 Cu-L2,3,
and Gd-M4,5 edges were recorded.

A comparison of the critical current densities at 30 K,
B ? tape of GdYBCO films made by MOCVD with 7.5, 15,
and 25 mol. % Zr addition is displayed in Figure 1. Critical
current densities significantly higher than the previous best
values in 15 mol. % Zr-added tapes have been attained in the
25 mol. % Zr-added tapes. At 3 T, the Jc of the 25 mol. % Zr-
added tape is 20.3 MA/cm2, which is 1.56 times higher than
that previously reported in 15 mol. % Zr-added tapes.20 The
corresponding calculated critical current value in a 12 mm
wide tape at 30 K, 3 T (B ? tape) is 2195 A, which equates

to an engineering current density (Je) of 1829 A/mm2 consid-
ering a typical tape thickness of 0.1 mm with 40 lm of cop-
per stabilizer. Such a high Je value will enable a three-fold
reduction in the amount of the superconductor tape needed
for superconducting devices such as a 10 MW superconduct-
ing wind generator, which in turn will greatly improve the
economics for commercial applications. Since the present
cost of superconductor tapes is about 60% of the cost of a
10 MW wind generator, a significant cost reduction can be
attained with the high Je tape in this and other potential
superconducting applications. Maximum pinning force levels
of 690–700 GN/m3 at 4.5 to 6 T at 30 K and 1010–1020 GN/m3

at 5 to 7 T at 20 K have been measured in the 25 mol. % Zr-
added tape as shown in the inset of Figure 1. The power law
exponent a in the range of 3–9 T in the magnetic field de-
pendence of Jc of the 25% Zr-added tape, i.e., Jc ¼ kB#a in
Figure 1, is found to be 1.0 (k is a constant). Such a high
alpha value points to uncorrelated isotropic pinning in this
tape.

The critical current density of the 25 mol. % Zr-added
tape described in Figure 1, at 77 K in zero applied magnetic
field, is 3.1 MA/cm2. Such a high critical current density at
77 K, 0 T is possible in MOCVD-grown films because of Tc

values as high as 90 K even with such high levels of Zr addi-
tion.20 The critical current density of 20.3 MA/cm2 at 30 K,
3 T corresponds to a lift factor of 6.5 which compares to val-
ues of 4.2 and 2.1 in 15 mol. % and 7.5 mol. % Zr-added
tapes. Such a high lift factor indicates strongly active flux
pinning mechanisms at lower temperatures. It was found that
the lift factor at 30 K, 3 T depended not only on the Zr con-
tent but also on the Ba and Cu contents in the superconductor
film. An extensive analysis of 38 GdYBCO films with
15–25 mol. % Zr addition was conducted to develop a com-
position map of lift factor at 30 K, 3 T as a function of Ba,
Cu, and Zr atomic fractions in the films and result is shown
in Figure 2. It is seen from the figure that in addition to a Zr
atomic fraction of 25%–35%, a Cu fraction less than 58%
and a Ba fraction more than 38% are required to achieve lift

FIG. 1. Magnetic field dependence of critical current density of 7.5, 15, and
25 mol. % Zr-added (Gd,Y)BCO superconductor tapes at 30 K in the orienta-
tion of field perpendicular to tape. Inset—Pinning force characteristics of
25 mol. % Zr-added (Gd,Y)BCO superconductor tape at 30 K and 20 K in
the orientation of field perpendicular to tape.

FIG. 2. Composition map of lift factor in critical current density at 30 K,
3 T, B ? tape (ratio of critical current density at 30 K, 3 T to critical current
density at 77 K, 0 T) of Zr-added (Gd,Y)BCO superconductor tapes. The
total of Zr, Cu, and Ba content add up to 100% in the map.
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REBa2Cu3Ox ((REBCO), RE¼ rare earth) superconductor tapes with moderate levels of dopants
have been optimized for high critical current density in low magnetic fields at 77 K, but they do not
exhibit exemplary performance in conditions of interest for practical applications, i.e.,
temperatures less than 50 K and fields of 2–30 T. Heavy doping of REBCO tapes has been avoided
by researchers thus far due to deterioration in properties. Here, we report achievement of critical
current densities (Jc) above 20 MA/cm2 at 30 K, 3 T in heavily doped (25 mol. % Zr-added)
(Gd,Y)Ba2Cu3Ox superconductor tapes, which is more than three times higher than the Jc typically
obtained in moderately doped tapes. Pinning force levels above 1000 GN/m3 have also been
attained at 20 K. A composition map of lift factor in Jc (ratio of Jc at 30 K, 3 T to the Jc at 77 K, 0 T)
has been developed which reveals the optimum film composition to obtain lift factors above six,
which is thrice the typical value. A highly c-axis aligned BaZrO3 (BZO) nanocolumn defect density
of nearly 7" 1011 cm#2 as well as 2–3 nm sized particles rich in Cu and Zr have been found in the
high Jc films. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906205]

High performance, high temperature superconductor
tapes can make a substantial impact in a variety of high power
and high magnetic field applications as a replacement to resis-
tive copper conductors and low temperature superconductors.
REBa2Cu3Ox ((REBCO), RE¼ rare earth) superconductor
tapes made by epitaxial growth of REBCO thin films by vapor
deposition and solution deposition methods on biaxially tex-
tured buffer layers on flexible metal substrates1,2 are now pro-
duced in lengths of 500–1000 m by several institutions.3–7

High critical current densities are being pursued in REBCO
superconducting tapes in high magnetic fields (2–30 T) in a
temperature range of 4.2 K–50 K for use of these materials in
electric power applications such as motors, generators, super-
conducting magnetic energy storage (SMES) as well as in
high energy particle accelerators, magnetic resonance imag-
ing, and high-field magnets. Introduction of Y2BaCuO5,8

BaZrO3 (BZO),9–13 BaSnO3,14,15 BaHfO3,16 Ba2YNbO6,17,18

and Gd3TaO7
19 nanoscale defects in the REBCO films of the

superconducting tapes has been proven to be a powerful
method to increase critical current density (Jc) of these tapes
via enhanced flux pinning by these defects. Until recently,
high Jc in REBCO films with BaMO3 (M¼Zr, Sn, and Hf)
nanoscale defects has been obtained only with less than
10 mol. % of dopants in films made by pulsed laser deposition
(PLD),9–11,14–16 metal organic deposition,12 and metal organic
chemical vapor deposition (MOCVD).13 Such moderately
doped REBCO films have been optimized for high Jc in low
magnetic fields at 77 K and, as such, do not exhibit exemplary
performance in conditions of interest for practical applica-
tions, i.e., temperatures less than 50 K and fields of 2–30 T. A

sharp reduction in the superconducting transition temperature
(Tc) in films with high levels of BaMO3 addition resulted in
low Jc

15 and hence, heavily doped REBCO films have been
generally avoided by most researchers. Using a modified
MOCVD process, we have been exploring REBCO films with
dopant content higher than normal levels.20 In this paper, we
report REBCO tapes with nearly three-fold higher level of dop-
ant addition that has yielded record high critical current densities
over 20 MA/cm2 at 30 K, 3 T and the achievement of pinning
force levels above 1000 GN/m3 at 20 K in any superconductor.

The superconductor films were grown epitaxially on
LaMnO3-terminated biaxially textured buffer layers of MgO
fabricated by ion beam assisted deposition on Hastelloy
C276 substrates, 50 lm in thickness and 12 mm in width.21

All films including the superconductor were grown by reel-
to-reel thin film processes. MOCVD using a liquid precursor
delivery system was used to grow (Gd,Y)BaCuO films with
25% Zr addition.22 Standard tetramethyl heptanedionate
(thd) precursors were used for all components including Zr.
The deposition rate of the film was approximately 0.1 lm/min
controlled by the precursor molarity and precursor flow rate.
The superconductor film thickness was about 0.9 lm thick,
controlled by the substrate tape movement speed.

The composition of the films was analyzed by induc-
tively coupled plasma (ICP-MS) mass spectroscopy.
Transport critical current measurements were conducted on
tapes without copper stabilizer, at 77 K, in zero applied mag-
netic field and in presence of magnetic fields up to 9 T over a
temperature range of 20–77 K using a standard four probe
method. A bridge of 1–2 mm in width and approximately
10 mm in length was used for critical current measurements
to minimize the current required and sample heating. A volt-
age criterion of 3 lV/cm was used to determine the critical
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factors above 5.4 at 30 K, 3 T. The excess Ba is apparently
needed to form sufficient BaZrO3. It is found that a lift factor
above 6 at 30 K, 3 T could be achieved only in films with
(Ba þ Zr)/Cu ratio above 0.71. We find from X-ray diffrac-
tion that films with a higher Cu content contain Cu2O. It is
possible that such Cu2O formation in films with low (Ba
þ Zr)/Cu content can interrupt continuous growth of BZO
nanocolumns which in turn can diminish the lift factor. Since
the Jc at 77 K, 0 T can reduce in films with too deficient a

Cu composition, a maximum threshold is expected for the
(Ba þ Zr)/Cu ratio to achieve a combination of a high lift
factor and a high critical current density at 30 K, 3 T.

Angular dependence of Jc in high magnetic fields pro-
vides valuable information on the anisotropy in Jc especially
in superconducting films with multiple pinning mechanisms.
Figure 3 shows the angular dependence of Jc of a 25% Zr-
added GdYBCO tape in a magnetic field of 3 T at 77, 65, 50,
and 30 K. The Jc at 77 K, 3 T shows a prominent peak at B jj c
(B ? tape) which is 2.7 times the value of the weak peak at
B jj ab (Bjj tape). The abundant BZO nanorods aligned along
the c-axis that will be discussed next must have contributed
to strong correlated pinning resulting in such a prominent
peak in Jc at B jj c at 77 K. A higher ratio of Jc at B jj c to
that at B jj ab at 77 K, 3 T was recently found to predict a
higher minimum Jc at 30 K, 3 T.25 The prominent peak at B
jj c persists at 65 K, 3 T where the ratio of Jc at B jj c to that
at B jj ab increases to 3.3. However, at 50 K, 3 T, this ratio
reduces to 1.46 and further reduces to 0.78 at 30 K, 3 T.
These results indicate that in addition to correlated pinning
by BZO nanocolumns along the c-axis, other types of defects
are becoming more prominent pinning centers at lower tem-
peratures. Another manifestation of uncorrelated isotropic
pinning at 30 K in the 25% Zr-added tape is the increased
width of the peak in Jc in the orientation of B jj a-b as seen in
Figure 3.

The microstructure of GdYBCO tapes with 25 mol. % Zr
addition examined by cross sectional TEM reveals continuous
BZO nanocolumns threading through the entire superconductor

FIG. 3. Angular dependence of critical current density of 25 mol. % Zr-
added (Gd,Y)BCO superconductor tape in a magnetic field of 3 T at 77, 65,
50, and 30 K.

FIG. 4. Microstructures of a 25 mol. %
Zr-added (Gd,Y)BCO superconductor
tape made by MOCVD analyzed by
cross sectional TEM (a) and (b), plan
view TEM (c), and using aberration-
corrected scanning transmission elec-
tron microscope. (d) Bright-field image,
(e) HAADF image, (f) high-resolution
image, and (g) composition map of
a nanoparticle by in situ EEL
spectroscopy.
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Zs = Rs+iXs surface impedance
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Thin film: 
complexities due to different substrates. 

Care in the extraction of superconducting parameters:

Metallic (coated conductors) 
N. Pompeo et al., IEEE TAS 28, 9000505 (2018) 

J. Phys.: Conf. Ser. 1065 052018 (2018) 

Para/ferroelectric (SrTiO3) 
N. Pompeo et al., SuST 20, 1002 (2007) 

N. Pompeo et al. Proc. IEEE I2MTC 2017 doi: 10.1109/I2MTC.2017.7969902  

Semiconductors 
N. Pompeo, R. Marcon, L. Méchin, E. Silva, SuST 18, 531 (2005)
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Microwave response – Hdc ≠ 0: vortex motion
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High-frequency vortex dynamics in YBa2Cu3O7

Figure 2. In the superclean limit there are well-separated bound states inside the vortex core. In the hydrodynamic limit
these bound states are broadened and their overlap results in a continuum excitation spectrum.

Figure 3. Vortex motion under the action of an alternating
current Jac. (a) At high frequencies the vortex is confined
within a potential well U (x). The vortex undergoes small
oscillations and its motion is determined by the balance
between pinning and viscous forces. (b) At lower
frequencies hopping to an adjacent potential well (flux
creep) may occur.

Figure 4. The pinning constant in several limiting cases.
(a) Rigid vortex and weak pinning sites. The pinning
constant is the spring coefficient of the restoring force
exerted by the pinning sites. (b) Elastic vortex and very
strong pinning sites. The pinning constant is determined by
the line tension of the vortex and not by the properties of
the pinning sites. (c) General case. The pinning constant is
determined by the vortex elasticity and by the strength of
the pinning sites as well. Lc is the average distance
between pinning sites (correlation length along the vortex).

(pinning) force which is proportional to displacement:

Fpin = kpx. This force originates from the interaction

with the pinning sites (figure 4(a)) and from the short-

range vortex elasticity (figure 4(b)). The restoring

force coefficient kp is the pinning constant or Labusch

parameter [19]. (Sometimes the pinning constant is defined

differently, as the spring coefficient of the bulk pinning

force [4], i.e. kpB/⌦0. We will not use this definition.)

There are two main regimes of vortex pinning:

individual pinning and collective pinning (figure 5).

Individual pinning is realized at low fields, when there

are few vortices and many pinning sites. In this regime

the pinning constant does not depend on the vortex

concentration (i.e. on magnetic field). Collective pinning

is realized at higher fields when the vortex concentration

is high and there are many vortices per pinning site.

In this regime the pinning constant is smaller and field

dependent (in conventional superconductors kp ⌅ B�1/2

[20, 21]). (We point out that the notion ‘collective pinning’

has two different connotations. One of them (which we

use throughout the present work) describes the situation

when there are many vortices per pinning site. Another

one (which we do not use) describes the pinning of a

flexible vortex by a whole ensemble of pinning points.

A flexible vortex deviates from the straight line in order

to accommodate the pinning potential created by randomly

distributed pinning points. In such a way the flexible vortex

is pinned by the whole ensemble of pinning sites, which a

rigid vortex can not accommodate and each pinning site

acts it independently.) The pinning constant has a clear

physical meaning for individual pinning (interaction of a

single vortex with one or several pinning sites), while for

collective pinning it is a result of statistical summation over

many vortices and pinning sites. We will focus our attention

on the individual pinning.

There are two major sources of the pinning:

electromagnetic and core pinning [4]. Electromagnetic

pinning [22] arises, for example, when the supercurrent

pattern around the vortex is disturbed due to the presence of

a non-conducting defect. Core pinning arises, for example,

when a vortex core sticks to a normal-state inclusion. Since

condensation energy is lost in the vortex core, some part

of this energy is restored upon such sticking. A useful

insight into the physical meaning of the pinning constant

may be obtained from the following non-rigorous estimate

[23, 24]. The core energy is spread over a distance 2� .
Optimal core pinning is achieved by a defect of the same

size. Assuming an infinite linear (or planar) defect and

equating the linear core energy µ0H
2
c �

2/8 (here Hc is the

thermodynamic critical field) to the elastic energy kp�
2/2,

the core pinning constant is estimated as

(kmaxp )core ⇤ 0.25µ0H
2
c (t). (6)

3

Driven vortices → complex resistivity

Drag (flux flow) 
+ 

elastic recall (pinning)

Fig. by M. Golosovsky et al, SuST. 9 (1996) 1–15. 
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Vortex motion at microwaves

DC (Jc, ρdc): 

vortex drag 

• large current: strongly nonlinear regime 
• strongly tilted washboard potential 
• large vortex displacement 
⇒ vortex-vortex interaction relevant 
    in the dynamics 
    (vortex fluids, molasses, etc etc)

Low frequency: large distances. Details of pinning
dictate the response (mainly imaginary):
       => pinning constant kp

High frequency: small distances. Pinning unessential
 => flux flow (mainly real), vortex viscosity ηηηη

thermal activation, creep,...
     => vortex relaxation rate ωωωω0.

VORTEX RESISTIVITY

+ vortex-vortex interaction effects.

BUT: at high enough driving frequency,

Vortex viscosity η : electronic states in the vortex core.

ρvm (ω,T,B) =
Φ0B

η

1+ ε(
ω0

ω )
2

+ i(1− ε)
ω0

ω

1+ (
ω0

ω )
2

sin2α“Simple” model:

ρvm (ω,T,B) =
Φ0B

η
ρff(T,B)→→→→

α
J

B
FL = J × Φ0

Lorentz force     vortex velocity     complex response

⇑⇑

Coffey, Clem, PRL 67, 386 (1991)
Brandt, PRL 67, 2219 (1991)
Coffey, Clem, PRB 48, 342 (1993)

Low frequency: large distances. Details of pinning
dictate the response (mainly imaginary):
       => pinning constant kp

High frequency: small distances. Pinning unessential
 => flux flow (mainly real), vortex viscosity ηηηη

thermal activation, creep,...
     => vortex relaxation rate ωωωω0.

VORTEX RESISTIVITY

+ vortex-vortex interaction effects.

BUT: at high enough driving frequency,

Vortex viscosity η : electronic states in the vortex core.

ρvm (ω,T,B) =
Φ0B

η
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+ i(1− ε)
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ρvm (ω,T,B) =
Φ0B

η
ρff(T,B)→→→→

α
J

B
FL = J × Φ0

Lorentz force     vortex velocity     complex response

⇑⇑

Coffey, Clem, PRL 67, 386 (1991)
Brandt, PRL 67, 2219 (1991)
Coffey, Clem, PRB 48, 342 (1993)

• technical issues 
   (heating, large currents, ...)

Microwaves: 

vortex shaking 

• subcritical current: linear regime 
• negligible perturbation on pinning potential 
• very small rms vortex displacements (≪ 1nm) 
⇒ vortex-vortex interaction relevant 
    for the static arrangement only

Low frequency: large distances. Details of pinning
dictate the response (mainly imaginary):
       => pinning constant kp

High frequency: small distances. Pinning unessential
 => flux flow (mainly real), vortex viscosity ηηηη

thermal activation, creep,...
     => vortex relaxation rate ωωωω0.

VORTEX RESISTIVITY

+ vortex-vortex interaction effects.

BUT: at high enough driving frequency,

Vortex viscosity η : electronic states in the vortex core.

ρvm (ω,T,B) =
Φ0B

η

1+ ε(
ω0

ω )
2

+ i(1− ε)
ω0

ω

1+ (
ω0

ω )
2

sin2α“Simple” model:

ρvm (ω,T,B) =
Φ0B

η
ρff(T,B)→→→→

α
J

B
FL = J × Φ0

Lorentz force     vortex velocity     complex response

⇑⇑

Coffey, Clem, PRL 67, 386 (1991)
Brandt, PRL 67, 2219 (1991)
Coffey, Clem, PRB 48, 342 (1993)

pinning 
(reactive)

creep 
(thermal)

• dissipation+reactance (two observables)

flux-flow 
(dissipative)



creep 
(thermal)

Microwaves: 

vortex shaking 

• subcritical current: linear regime 
• negligible perturbation on pinning potential 
• very small rms vortex displacements (≪ 1nm) 
⇒ vortex-vortex interaction relevant 
    for the static arrangement only

⇢ff =
�0B

⌘

Many models*,one equation**:

⇢v1(H) + i⇢v2(H) = ⇢ff

�+ i ⌫
⌫0

1 + i ⌫
⌫0
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Vortex motion at microwaves

χ

kp

ρff

**   N. Pompeo, E.Silva PRB 78, 094503 (2008)

Gittleman, Rosenblum PRL 16 734 (1966)  No creep 
Coffey, Clem PRL 67 386 (1991)  Sinusoidal potential 
Brandt PRL 67 2219 (1991)  Thermally relaxing kp 
Placais, Mathieu, Simon, Sonin, Traito, PRB 54 13083 (1996)      Two-mode

*

⌘v + kpx = J⇥ n̂�0 + Fthermal

kp = ⌫p⌘
2. flux-flow resistivity

vs. T, H, θ

⇢↵ = �0B/⌘

3. creep factor

1. depinning frequency

(νp ≠ ν0: “depinning frequency”)

 pinning constant 
(elastic recall)

χ

ν0 → νp = kp/2πη

vortex motion complex resistivity

Low frequency: large distances. Details of pinning
dictate the response (mainly imaginary):
       => pinning constant kp

High frequency: small distances. Pinning unessential
 => flux flow (mainly real), vortex viscosity ηηηη

thermal activation, creep,...
     => vortex relaxation rate ωωωω0.

VORTEX RESISTIVITY

+ vortex-vortex interaction effects.

BUT: at high enough driving frequency,

Vortex viscosity η : electronic states in the vortex core.

ρvm (ω,T,B) =
Φ0B

η

1+ ε(
ω0

ω )
2

+ i(1− ε)
ω0

ω

1+ (
ω0

ω )
2

sin2α“Simple” model:

ρvm (ω,T,B) =
Φ0B

η
ρff(T,B)→→→→

α
J

B
FL = J × Φ0

Lorentz force     vortex velocity     complex response

⇑⇑

Coffey, Clem, PRL 67, 386 (1991)
Brandt, PRL 67, 2219 (1991)
Coffey, Clem, PRB 48, 342 (1993)

pinning 
(reactive)

flux-flow 
(dissipative)
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High frequency vortex motion

• dissipation arises 
• elastic recall from pinning centers 
• flux creep

�⇢1(H) + i�⇢2(H) = ⇢ff

�+ i ⌫
⌫0

1 + i ⌫
⌫0

ρff 

ρ1
ρ2

0
10-2 10-1 100 101 102

ω/ω
0

ρff χ

ρ1, ρ2

ρff (1– χ)/2
0
0 5 10

ρff 

ω/ω
0

Low frequency: large distances. Details of pinning
dictate the response (mainly imaginary):
       => pinning constant kp

High frequency: small distances. Pinning unessential
 => flux flow (mainly real), vortex viscosity ηηηη

thermal activation, creep,...
     => vortex relaxation rate ωωωω0.

VORTEX RESISTIVITY

+ vortex-vortex interaction effects.

BUT: at high enough driving frequency,

Vortex viscosity η : electronic states in the vortex core.

ρvm (ω,T,B) =
Φ0B

η

1+ ε(
ω0

ω )
2

+ i(1− ε)
ω0

ω

1+ (
ω0

ω )
2

sin2α“Simple” model:

ρvm (ω,T,B) =
Φ0B

η
ρff(T,B)→→→→

α
J

B
FL = J × Φ0

Lorentz force     vortex velocity     complex response

⇑⇑

Coffey, Clem, PRL 67, 386 (1991)
Brandt, PRL 67, 2219 (1991)
Coffey, Clem, PRB 48, 342 (1993)

pinning 
(reactive)

flux-flow 
(dissipative)

creep 
(thermal)

Even strongly pinned 
vortices oscillates

kp = ⌫p⌘
2. flux-flow resistivity

vs. T, H, θ

⇢↵ = �0B/⌘

3. creep factor

1. depinning frequency

(νp ≠ ν0: “depinning frequency”)

 pinning constant 
(elastic recall)

χ

ν0 → νp = kp/2πη

ν / ν₀
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High frequency vortex motion

Low frequency: large distances. Details of pinning
dictate the response (mainly imaginary):
       => pinning constant kp

High frequency: small distances. Pinning unessential
 => flux flow (mainly real), vortex viscosity ηηηη

thermal activation, creep,...
     => vortex relaxation rate ωωωω0.

VORTEX RESISTIVITY

+ vortex-vortex interaction effects.

BUT: at high enough driving frequency,

Vortex viscosity η : electronic states in the vortex core.

ρvm (ω,T,B) =
Φ0B

η

1+ ε(
ω0

ω )
2

+ i(1− ε)
ω0

ω

1+ (
ω0

ω )
2

sin2α“Simple” model:

ρvm (ω,T,B) =
Φ0B

η
ρff(T,B)→→→→

α
J

B
FL = J × Φ0

Lorentz force     vortex velocity     complex response

⇑⇑

Coffey, Clem, PRL 67, 386 (1991)
Brandt, PRL 67, 2219 (1991)
Coffey, Clem, PRB 48, 342 (1993)

pinning 
(reactive)

flux-flow 
(dissipative)

creep 
(thermal)

kp = ⌫p⌘
2. flux-flow resistivity

vs. T, H, θ

⇢↵ = �0B/⌘

3. creep factor

1. depinning frequency

(νp ≠ ν0: “depinning frequency”)

 pinning constant 
(elastic recall)

χ

ν0 → νp = kp/2πη

Decrease losses at fixed ν: high ν0, small losses: 
• high kp: strong pinning. Can be engineered (to a point) 
• small ρff. Cannot be engineered, microscopic state

ρff 
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0
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High frequency vortex motion complex resistivity

ρff 
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Surface impedance

kp = 4 × 104 Nm−2 

η = 3 × 10−7 Nsm−2
(appropriate for YBa2Cu3O7 
thin films around 60 K) 
→ ωp = 2π · 21 GHz.
Small symbols: 
same parameters, with χ = 0.1

Δ ZS = ZS(H)-ZS(0)

BCS Rs irrelevant!
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Why?
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Motivation: physics - flux flow

Flux-flow: free motion of vortices (pinning irrelevant)

    “Bardeen-Stephen 
    
   (+ maybe corrections)”

⇢ff = ⇢n
1

�(T )

B

Bc2(T )

Physics of the vortex core: fundamental processesρff

⇢ff = ⇢n
B

Bc2(T )
BS

ρff, η

A window on quasiparticles in the mixed state
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Motivation: physics - pinning kp, νp

F = – kp x

⇒ optimization of the pinning landscape 

(complementary information to Jc → heigth of the pinning well)

Material science: pinning constant measures the steepness of the pinning well

Depinning frequency: crossover between low and high losses 
regimes (→ applications in H≠0)

νp

kp
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Motivation: physics - anisotropy ρff, kp, γ

S. R. Foltyn, l. Civale,  
J. l. MacManus-Driscoll, Q. X. Jia,  

B. Maiorov, H. Wang and M. Maley  
Nature Materials vol.6, 631 (2007)

REVIEW ARTICLE

nature materials | VOL 6 | SEPTEMBER 2007 | www.nature.com/naturematerials 635

Jc of YBCO single crystals can be increased by one or two orders of 
magnitude. Irradiation with electrons26, protons27, fast neutrons28,29 
and light ions generates randomly distributed defects either of atomic 
or nanometre size (uncorrelated pinning), whereas irradiation with 
high-energy heavy ions produces columnar defects30 (correlated 
pinning). It was quickly found, however, that adding irradiation 
defects to YBCO thin films resulted in a marginal Jc improvement at 
best14,31–33, which was not surprising given the high density of pinning 
centres naturally occurring in coatings. On a more practical side, 
irradiation of kilometre-long wires did not seem to be commercially 
feasible. Alternate approaches were clearly needed.

Such alternate approaches can take two distinct paths. We can 
try to identify which of the naturally present defects in YBCO films 
are the most effective pinning centres and then try to manipulate 
their characteristics to improve performance, or we can add extrinsic 
defects. In either case, clear correlations need to be established 
between processing, microstructure and properties. To that end 
pinning improvement must be evaluated by mapping Jc as a function 
of temperature and the strength and orientation of an external 
magnetic field, and the material must receive nanoscale scrutiny to 
catalogue the defects that may act as pinning sites.

An early effort34 following the first path involved changing the 
density of a common type of thin-film defect known as a threading 
dislocation. It was shown that these linear defects — which are parallel 
to the crystalline c axis of YBCO and are therefore geometrically 
similar to the columnar defects created by heavy-ion irradiation — 
occur predominantly at the boundaries between growth islands and 
that their density can be changed by changing the size of the islands. 
The density of this particular defect was found to have little effect 
on Jc in ‘self-field’, but increasing the density extended the low-
field plateau (the single vortex-pinning regime) to higher field. 
(Self-field is the very weak magnetic field generated by current in 
the superconductor; it is proportional to the product of Jc and film 
thickness and is approximately 0.01 T for a 1-μm-thick film with 
a Jc of 1 MA cm–2; ref. 35.) This was the first reported quantitative 
correlation between a specific, observable defect type and its effect 
on YBCO film performance.

In the remainder of this article we focus on the issue of flux 
pinning, specifically the widespread and ongoing efforts aimed at 
enhancing both the self-field and in-field performance of YBCO 
through the intentional incorporation of defects beyond those 
normally present in YBCO films.

INCREASING THICKNESS WITHOUT DECREASING JC

Before entering into the details of the efforts made to improve the 
pinning efficiency in an applied magnetic field, we examine the 
obstacles in enhancing the critical current by simply increasing 
the thickness of the superconducting wires, when only self-field 
is present. Looking at Fig. 2a, three possible approaches can be 
imagined for making a conductor that carries 1,000 amperes in a 
1-cm width, which is a US Department of Energy goal for the year 
201036. An obvious approach is to make a coating more than 5-μm 
thick, but this adds considerably to the conductor cost, and is not 
feasible for every film-production method. Another approach is 
a thin film with very high Jc, but films less than 1-μm thick would 
require an improbably high Jc of over 10 MA cm–2. Only one practical 
course of action is then left: to make films more than 1-μm thick that 
retain, as much as possible, the high Jc of much thinner films. Only 
recently, with the taming of more urgent problems, has this issue 
begun to attract serious attention from the HTS community.

The starting point is to examine the tantalizingly high Jc values 
that can be achieved in very thin films, and the reasons why they 
have not been achieved in thicker films. First it should be pointed 
out that, although the 7 MA cm–2 results shown in Fig. 2a are for 
PLD films, most deposition techniques — representing considerable 
microstructural diversity — have produced equally high or even 
higher Jc values37–39. In every such case, however, Jc drops rapidly 
as the films are made thicker. So the issue is a general one and not 
specific to a single deposition method. Further, confusion arises 
from the characterization of the phenomenon as a decreasing Jc, 

PLD YBCO
PLD YBCO + BZO
PLD YBCO + BZO
MOD YBCO 
MOD YBCO + 50% Er 
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J c /
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0 45 90

Angle between H and c axis (°)

T = 75.5 K

Figure 4 Comparison of the angular dependence of different film types at 1 T 
shows that the situation is complex and no single orientation can tell the full story. 
In the figure, zero degrees corresponds to the field orientation perpendicular to the 
film plane (parallel to the YBCO c-axis), and at 90o the field is parallel to the YBCO 
a–b planes; Jc is normalized to self-field values (Jc-sf) to facilitate the comparison. 
This type of measurement is essential for elucidating the types of important 
flux-pinning defects present in films and must ultimately become a routine part of 
enhancement research.

STO

YBCO

50 nmMgO

Precipitates
(often Y2O3)

Growth island
boundaries 

(where threading
dislocations reside)

Dark contrast
probably due to

interfacial
misfit dislocations

Stacking faults

Contours
indicating
film strain

Figure 3 Transmission electron microscope image of a laser-deposited YBCO film 
on a SrTiO3-buffered MgO crystal. Films of this type have very good performance, 
but are also heavily populated with defects like the ones shown in Fig. B1 — the two 
aspects are related but the exact relationships are frequently difficult to decipher. 
Absent from this film are defects that are known to block current, such as voids, 
large-angle grain boundaries and a-axis grains.

)

H
θ

Directional pinning: 
dramatic effect on Jc anisotropy.  

Do defects change the microscopic state 
(i.e. the mass anisotropy)?

mass anisotropy + extended defects

γ γeff=
Hc2||

Hc2?

“intrinsic” “effective”

Microwave 
measurements 

disentangle

Angle between H and c axis (°)

ρff does not depend on pinning strongly depends on pinningkp

←  →

Measured anisotropy:
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Motivation: FCC beam screen

Low Rs for wake fields from travelling 
charged particles. “Beam-screen”

Operates in high-field: 16 T! 
(care to energy content at low 

frequency, below 2 GHz)

→ high depinning frequency νp

νp
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Motivation: Axion detectors

Operates in “moderate” fields: few T 
Operating frequency 5-25 GHz 

High Q required (above Cu) 
⇒ low Rs

νp

→ high depinning frequency νp

Instruments 2022, 6, 1 6 of 13

𝐸-field
𝐻-field

𝐽𝑠

𝐵

Figure 1. Electromagnetic simulation of the haloscope excited with the TM010 mode. The distributions
of the radio frequency electric E-field (in blue), the magnetic H-field (in black), and the surface current
density Js (in red) are shown. The direction of the externally applied static B field is shown to be
parallel to the longitudinal axis of the cavity.

3.2. Materials under Investigation

The perspective application of four different superconductive materials to the realisa-
tion of haloscopes is investigated here.

In Table 1, the list of the samples, whose vortex motion parameters were measured in
high magnetic fields, their main characteristics, and references where further information
can be found, are reported.

Table 1. List of the samples under investigation.

Material NbTi Nb3Sn YBa2Cu3O7�d FeSe0.5Te0.5

Thickness (nm) (3.5 ± 0.5)⇥ 103 bulk 80 ± 5 240 ± 15

Growing tech. RF sputtering HIP (1) CSD (2) PLD (3)

Substrate Cu – LaAlO3 CaF2

Tc (K) 8.0 ± 0.2 18.0 ± 0.2 89.9 ± 0.5 18.0 ± 0.2

Ref. [11] [16,34] [35] [36]
(1) High Isostatic Pressure; (2) Chemical Solution Deposition; (3) Pulsed Laser Deposition.

The microwave vortex motion properties of NbTi were characterised through the
study of the performance of the NbTi-coated haloscope analysed in [11]. The Nb3Sn, YBCO,
and FeSeTe samples were studied through the measurement technique based on the use of
the dielectric loaded resonator described and optimised in [37–40]. In particular, the anal-
ysis of the vortex motion parameters in Nb3Sn was reported in [16,41]. The microwave
surface impedance analysis, limited to B  1.2 T, of FeSeTe was detailed in [29,42,43], while
both the FeSeTe and YBCO data in high magnetic fields were specifically measured for
this work.

For the comparison, we chose to work in the same operative condition of the cavity
analysed in [11]: T = 4 K, µ0H = 5 T parallel to the SC surface, and with the selected
resonant mode inducing microwave currents J k H. Actually, the latter samples (Nb3Sn,
YBCO, and FeSeTe) were characterised with a different configuration of currents and field
orientations (J ? H with H k c-axis for anisotropic SC), with respect to the haloscope
considered here. Hence, the vortex motion resistivity r̃ must be properly evaluated in the
configuration of interest. First, the a coefficient must be evaluated; see Equation (3). This is
accomplished through the first-order model proposed in Section 2. The collective pinning
length Lc =

p
2#`/kp is evaluated from the experimentally measured kp by equating the

pinning energy Uc/Lc to the pinning energy (both per unit length) expressed in terms of
kp, kpx2/2. The data used to estimate Lc and #`, i.e., l and kp, are reported in Table 2.

Second, for both YBCO and FeSeTe, the intrinsic material anisotropy must be taken
into account (see Equation (4)), taking g from [28,42] for YBCO and FeSeTe, respectively.

• Cavity experiments for axion detections

J.S. Sloan et al, 
Physics of the dark universe 
14, 95-102 (2016)
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Experimental method: 
the dielectric resonator 
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Measurements: resonators technique

Here of interest: 
surface perturbation

• Resonators: QU and �Q0 � Rs and Xs

Resonant techniques

- Sample patterning

- JPw peaked at borders

- unaltered sample 

- planar JPw +

c-oriented films � abU~

- planar resonators - surface perturbation

• Setups for flat samples:

supercond. resonant line

ground plane substrate

resonant cavity

(flat) sample

Quality factor, 
resonant frequency

variation of the surface 
resistance and reactance

variation of the complex 
resistivity

Maxwell

Thin film (     )

Calibration of the 
resonator

Measurand vs. ν  
at various T e H: 

scattering coefficients

Additional assumptions, 
reference measurements

line calibration

• Resonators: QU and �Q0 � Rs and Xs

Resonant techniques

- Sample patterning

- JPw peaked at borders

- unaltered sample 

- planar JPw +

c-oriented films � abU~

- planar resonators - surface perturbation

• Setups for flat samples:

supercond. resonant line

ground plane substrate

S21

Difficulties: 
• calibrations 
• cryogenics (down to 3 K) 
• high magnetic fields (up to 12 T)

• Resonators: QU and �Q0 � Rs and Xs

Resonant techniques

- Sample patterning

- JPw peaked at borders

- unaltered sample 

- planar JPw +

c-oriented films � abU~

- planar resonators - surface perturbation
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ground plane substrate
• Resonators: QU and �Q0 � Rs and Xs

Resonant techniques

- Sample patterning

- JPw peaked at borders

- unaltered sample 

- planar JPw +
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Dielectric loaded resonators

variation of XS (e.g., with T or H)

“Hakki-Coleman”. 
TE011: high Q, planar and circular currents

dielectric
sample

shield

16, 27 GHz dual mode 
sapphire resonator.

8 GHz rutile resonator.

N. Pompeo et al., Meas. Sci. Rev. 14, 164 (2016) 
K. Torokhtii et al J. Phys.: Conf. Ser. 1065 052027 (2018) 
A. Alimenti et al., Meas. Sci. Technol., 30, 065601 (2019)

couplers

heaters

dielectric
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Dielectric loaded resonators

variation of XS (e.g., with T or H)

• Resonators: QU and �Q0 � Rs and Xs

Resonant techniques

- Sample patterning

- JPw peaked at borders

- unaltered sample 

- planar JPw +

c-oriented films � abU~

- planar resonators - surface perturbation

• Setups for flat samples:

supercond. resonant line

ground plane substrate

S21

• Resonators: QU and �Q0 � Rs and Xs

Resonant techniques

- Sample patterning
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- unaltered sample 

- planar JPw +

c-oriented films � abU~

- planar resonators - surface perturbation

• Setups for flat samples:

supercond. resonant line

ground plane substrate
• Resonators: QU and �Q0 � Rs and Xs

Resonant techniques

- Sample patterning

- JPw peaked at borders

- unaltered sample 

- planar JPw +

c-oriented films � abU~

- planar resonators - surface perturbation

• Setups for flat samples:

supercond. resonant line

ground plane substrate

S21

16, 27 GHz dual mode 
sapphire resonator.
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bulk polycrystalline Nb3Sn platelets 
sintering Nb & Sn powder mixture  in 
Ar under Hot Isostatic Pressure

Flux-flow: 
a Bardeen-Stephen case 

Depinning frequency: promising for specific 
applications

Nb3Sn

Samples: 
R. Flükiger, T. Spina

Grain size  20 μm
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Nb3Sn: surface impedance, 15 GHz

Field-
cooled 

transitions

ZFC field 
sweeps
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A. Alimenti et al., Supercond. Sci. Technol. 34 (2021) 014003  
IEEE Trans. Appl. Supercond. 29 (2019) 3500104 
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Nb3Sn: flux flow resistivity
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Bardeen-Stephen
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5IF QPJOUT BU � , � , �� , BSF PCUBJOFE GSPN UIF ρGG TDBMJOH� 5IF
EBUB BSF àUUFE XJUI UIF .BLJ�EF (FOOFT NPEFM 	.(
 <�� ��>� 5IF
CMBDL USJBOHMFT BSF PCUBJOFE GSPN UIF MJOFBS FYUSBQPMBUJPO PG LQ	5
 UP
� 	TFF TFDUJPO �����
�

ρGG =
(
ρ ′
WN

� + ρ ′ ′
WN

�
)
/ρ ′

WN JO ;'$� " HPPE PWFSMBQ JT GPVOE
XJUI ρGG NFBTVSFE JO '$ DPOEJUJPOT 	TFF àHVSF �
� 5IF �� ,
;'$ DVSWF JT OPU BOBMZ[FE IFSF TJODF OFBS UIF USBOTJUJPO UIF
VOBWPJEBCMF QSFTFODF PG áVY DSFFQ QSFWFOUT GSPN QFSGPSNJOH
UIF BOBMZTJT IFSF QSFTFOUFE� 'PS UIF TBNF SFBTPO UIF EFSJW�
BUJPO PG UIF WPSUFY QBSBNFUFST JT FTUJNBUFE BT QPTTJCMF POMZ
GPS 5< �.�5D� XIFSF 5D� = 5D())� 'JHVSF � DPSSFDUMZ TIPXT
UIBU ρGG JODSFBTFT XIFO 5 BOE ) JODSFBTF� 5IJT JT BO FYQFD�
UFE CFIBWJPVS TJODF ρGG ∝< τ >−� ·# XJUI τ UIF RVBTJQBSUJDMF
TDBUUFSJOH UJNF JO WPSUJDFT DPSF <��> BWFSBHFE PO UIF 'FSNJ
TVSGBDF� .PSFPWFS àHVSF � TIPXT BO BMNPTU QFSGFDU MJOFBS
CFIBWJPS ρGG ∝ )� 5IJT JNQMJFT UIBU η JT àFME JOEFQFOEFOU
JO BHSFFNFOU XJUI CPUI 5JOLIBN <��> BOE #BSEFFO�4UFQIFO
	#4
 <��> EFTDSJQUJPOT PG UIF WPSUFY EJTTJQBUJPO QIFOPNFOB�
'PS 5≪ 5D CPUI UIFPSJFT HJWF BO FRVJWBMFOU EFTDSJQUJPO PG
UIF UPUBM WJTDPTJUZ <�� ��>�

η =
Φ�#
ρGG

≈ Φ�µ�)D�

ρO
. 	�


&RVBUJPO 	�
 BMMPXT VT UP TDBMF UIFTF DVSWFT XJUI SFTQFDU UP
)D� PODF ρO(5) = �3O(5)�/ωµ� JT EFUFSNJOFE 	TFDUJPO ���
�
'JHVSF � TIPXT UIF PCUBJOFE HPPE ρGG TDBMJOH UIBU BMMPXT B
SFMJBCMF EFUFSNJOBUJPO PG UIF VQQFS DSJUJDBM àFME )D�	5
 FWFO
BCPWF UIF NBYJNVN àFME SFBDIFE� 5IF PCUBJOFE UFNQFSBU�
VSF EFSJWBUJWF µ�E)D�(5)/E5|5D ≃ �.� 5�, BOE UIF)D�	5
 EBUB
QPJOUT XIJDI XFSF EJSFDUMZ PCTFSWFE BOE�PS PCUBJOFE CZ UIF
TDBMJOH QSPDFEVSF BSF XFMM àUUFE XJUI UIF .BLJ�EF (FOOFT
	.(
 BQQSPYJNBUJPO <�� ��> 	TFF àHVSF �
 JO BHSFFNFOU XJUI
UIF MJUFSBUVSF <��>� 5IF GBDU UIBU UIF )D� QPJOUT PCUBJOFE CZ
UIF TDBMJOH QSPDFEVSF BSF XFMM QMBDFE PO UIF .( DVSWF GVS�
UIFS WBMJEBUFT UIF VTF PG UIF #4 NPEFM GPS /C�4O BOE UIF
TDBMJOH QSPDFEVSF� 5IF .( NPEFM VTFT POMZ UXP GSFF QBS�

�

4VQFSDPOE� 4DJ� 5FDIOPM� �� 	����
 ������ " "MJNFOUJ FU BM

'JHVSF �� 5IF áVY áPX SFTJTUJWJUZ ρGG PG CVML /C�4O BT B GVODUJPO
PG UIF BQQMJFE NBHOFUJD àFME µ�)≃# NFBTVSFE JO ;'$ BU EJGGFSFOU
UFNQFSBUVSFT 	J�F� � , � , �� ,
� 5IF TQBSTF FNQUZ DJSDMFT DPNF
GSPN UIF '$ NFBTVSFNFOUT�

'JHVSF �� 'MVY�áPX SFTJTUJWJUZ ρGG NFBTVSFE GSPN ;'$ àFME TXFFQT
BU � , � , �� , BOE OPSNBMJ[FE UP UIF OPSNBM TUBUF SFTJTUJWJUZ ρO�
5IF àFME WBMVFT BSF OPSNBMJ[FE DIPPTJOH )D�	5
 WBMVFT JO PSEFS UP
PCUBJO VOJUBSZ TMPQF�

OFHMJHJCMF UIF (3 NPEFM QSPWJEFT B MPXFS CPVOEBSZ GPS νQ
BOE LQ <��>� 5IVT EFTQJUF UIF NPEFM TJNQMJDJUZ UIF (3 NPEFM
JT QBSUJDVMBSMZ VTFGVM GPS BO FTUJNBUJPO PG UIF QJOOJOH QBSBNFU�
FST BT QSFTFOUFE JO UIF OFYU TVCTFDUJPOT�

������ 'MVY�áPX SFTJTUJWJUZ BOE WJTDPVT ESBH DPFGGJDJFOU�
8IFO B WPSUFY NPWFT FOFSHZ JT MPTU CZ UIF OPO�FRVJMJCSJVN
DPOWFSTJPO PG UIF DPOEFOTBUF JO RVBTJ�QBSUJDMF PO UIF
POXBSE WPSUFY TJEF BOE UIF SFTUPSJOH PG UIF DPOEFOTBUF
JO UIF CBDL TJEF <�� ��>� 'JHVSF � TIPXT ρGG BT PCUBJOFE
CZ DPNCJOJOH FRVBUJPOT 	�
 BOE 	�
 BOE FRVBUJPO 	�
 BT

'JHVSF �� .FBTVSFE VQQFS DSJUJDBM àFME µ�)D� UFNQFSBUVSF
EFQFOEFODF� 5IF GVMM CMVF DJSDMFT BSF PCUBJOFE GSPN UIF àFME DPPMJOH
UFNQFSBUVSF TXFFQT XIJMF UIF GVMM SFE TRVBSFT GSPN UIF àFME TXFFQT�
5IF QPJOUT BU � , � , �� , BSF PCUBJOFE GSPN UIF ρGG TDBMJOH� 5IF
EBUB BSF àUUFE XJUI UIF .BLJ�EF (FOOFT NPEFM 	.(
 <�� ��>� 5IF
CMBDL USJBOHMFT BSF PCUBJOFE GSPN UIF MJOFBS FYUSBQPMBUJPO PG LQ	5
 UP
� 	TFF TFDUJPO �����
�

ρGG =
(
ρ ′
WN

� + ρ ′ ′
WN

�
)
/ρ ′

WN JO ;'$� " HPPE PWFSMBQ JT GPVOE
XJUI ρGG NFBTVSFE JO '$ DPOEJUJPOT 	TFF àHVSF �
� 5IF �� ,
;'$ DVSWF JT OPU BOBMZ[FE IFSF TJODF OFBS UIF USBOTJUJPO UIF
VOBWPJEBCMF QSFTFODF PG áVY DSFFQ QSFWFOUT GSPN QFSGPSNJOH
UIF BOBMZTJT IFSF QSFTFOUFE� 'PS UIF TBNF SFBTPO UIF EFSJW�
BUJPO PG UIF WPSUFY QBSBNFUFST JT FTUJNBUFE BT QPTTJCMF POMZ
GPS 5< �.�5D� XIFSF 5D� = 5D())� 'JHVSF � DPSSFDUMZ TIPXT
UIBU ρGG JODSFBTFT XIFO 5 BOE ) JODSFBTF� 5IJT JT BO FYQFD�
UFE CFIBWJPVS TJODF ρGG ∝< τ >−� ·# XJUI τ UIF RVBTJQBSUJDMF
TDBUUFSJOH UJNF JO WPSUJDFT DPSF <��> BWFSBHFE PO UIF 'FSNJ
TVSGBDF� .PSFPWFS àHVSF � TIPXT BO BMNPTU QFSGFDU MJOFBS
CFIBWJPS ρGG ∝ )� 5IJT JNQMJFT UIBU η JT àFME JOEFQFOEFOU
JO BHSFFNFOU XJUI CPUI 5JOLIBN <��> BOE #BSEFFO�4UFQIFO
	#4
 <��> EFTDSJQUJPOT PG UIF WPSUFY EJTTJQBUJPO QIFOPNFOB�
'PS 5≪ 5D CPUI UIFPSJFT HJWF BO FRVJWBMFOU EFTDSJQUJPO PG
UIF UPUBM WJTDPTJUZ <�� ��>�

η =
Φ�#
ρGG

≈ Φ�µ�)D�

ρO
. 	�


&RVBUJPO 	�
 BMMPXT VT UP TDBMF UIFTF DVSWFT XJUI SFTQFDU UP
)D� PODF ρO(5) = �3O(5)�/ωµ� JT EFUFSNJOFE 	TFDUJPO ���
�
'JHVSF � TIPXT UIF PCUBJOFE HPPE ρGG TDBMJOH UIBU BMMPXT B
SFMJBCMF EFUFSNJOBUJPO PG UIF VQQFS DSJUJDBM àFME )D�	5
 FWFO
BCPWF UIF NBYJNVN àFME SFBDIFE� 5IF PCUBJOFE UFNQFSBU�
VSF EFSJWBUJWF µ�E)D�(5)/E5|5D ≃ �.� 5�, BOE UIF)D�	5
 EBUB
QPJOUT XIJDI XFSF EJSFDUMZ PCTFSWFE BOE�PS PCUBJOFE CZ UIF
TDBMJOH QSPDFEVSF BSF XFMM àUUFE XJUI UIF .BLJ�EF (FOOFT
	.(
 BQQSPYJNBUJPO <�� ��> 	TFF àHVSF �
 JO BHSFFNFOU XJUI
UIF MJUFSBUVSF <��>� 5IF GBDU UIBU UIF )D� QPJOUT PCUBJOFE CZ
UIF TDBMJOH QSPDFEVSF BSF XFMM QMBDFE PO UIF .( DVSWF GVS�
UIFS WBMJEBUFT UIF VTF PG UIF #4 NPEFM GPS /C�4O BOE UIF
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�
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Nb3Sn: pinning constant

ZS = Rs + iXs ) ⇢1 + i⇢2 ) kp

4VQFSDPOE� 4DJ� 5FDIOPM� �� 	����
 ������ " "MJNFOUJ FU BM

'JHVSF �� .FBTVSFE QJOOJOH DPOTUBOU LQ	)5
 JO '$ DPOEJUJPO BU
� 5 � 5 � 5 �� 5� 5IF TQBSTF FNQUZ DZDMFT DPNF GSPN UIF ;'$
NFBTVSFNFOUT� *O UIF JOTFU LQ	)
 BU � , JT TIPXO JO B MPH�MPH QMPU UP
IJHIMJHIU UIF QPXFS EFQFOEFODF LQ ∝ )α XJUI α= −���� UZQJDBM
PG UIF DPMMFDUJWF QJOOJOH SFHJNF�

BNFUFST� 5D 	NFBTVSFE
 BOE UIF OPSNBM FMFDUSPOT EJGGVTJPO
DPFGàDJFOU%� *O QBSUJDVMBS JU DBO CF TIPXO <��> UIBU XJUIJO UIF
.( BQQSPYJNBUJPO µ�E)D�(5)/E5|5D =−�Φ�L#/π�!% XJUI
L# UIF #PMU[NBOO DPOTUBOU BOE ! UIF SFEVDFE 1MBODL DPO�
TUBOU� 5IVT UIF àU DPOUBJOT POMZ FYQFSJNFOUBMMZ EFUFSNJOFE
QBSBNFUFST� 8JUI UIF àU PG UIF NFBTVSFE )D�	5
 XF PCUBJO
%∼ ���× ��−� N� T−�� 8F QPJOU PVU UIBU )D�	5
 EPFT OPU
EFQFOE PO UIF FMFDUSPO�QIPOPO DPVQMJOH UIVT FWFO JG UIF
TJNQMF .( BQQSPYJNBUJPO EPFT OPU UBLF UIF DPVQMJOH TUSFOHUI
JOUP BDDPVOU 	EJGGFSFOUMZ GSPN UIF NPSF DPNQMFY &MJBTICFSH
UIFPSZ
 JU DBO CF SFMJBCMZ VTFE JO UIJT DBTF� JU JT TIPXO JO MJU�
FSBUVSF <��> UIBU UIF .( NPEFM BQQSPYJNBUFT XFMM UIF /C�4O
)D�	5
 CFIBWJPS JO EJGGFSFOU TBNQMFT 	F�H� TJOHMF DSZTUBM UIJO
àMNT CVML XJSFT
 BOE XJUI EJGGFSFOU 4O DPOUFOUT <��>�

������ 1JOOJOH DPOTUBOU� 5IF QJOOJOH DPOTUBOU TIPXO JO
àHVSF � JT PCUBJOFE CZ DPNCJOJOH FRVBUJPOT 	�
 BOE 	�
 BOE
FRVBUJPO 	�
 LQ = �πΦ�#νQ/ρGG� "T QSFTFOUFE JO TFDUJPO � UIJT
QBSBNFUFS JO UIF MJNJUJOH DBTF PG SJHJE WPSUJDFT JT B NFBTVSF
PG UIF TUFFQOFTT PG UIF QJOOJOH QPUFOUJBM XFMMT� 5IF PCUBJOFE
LQ DPSSFDUMZ EFDSFBTFT XIFO UIF UFNQFSBUVSF BOE UIF NBH�
OFUJD àFME BSF JODSFBTFE EVF UP B SFEVDUJPO PG UIF QJOOJOH FGà�
DJFODZ� 'JHVSF � TIPXT UIBU FWFO BU µ�)= � 5 BOE 5 ∼ � ,
LQ > �� L/ N−�� 5IJT WBMVF JOEJDBUFT BO FOIBODFE QJOOJOH
FGàDJFODZ JO /C�4O BT DPNQBSFE UP UIBU PG /C àMNT� *O GBDU
JO UIF MBUUFS UIF LQ MJUFSBUVSF WBMVF JT BTTFTTFE UP CF BCPVU BO
PSEFS PG NBHOJUVEF TNBMMFS UIBO UIBU PG /C�4O BU U= ��� JO B
�� ON UIJDL àMN <��> BOE FWFO TNBMMFS JO B �� ON UIJDL àMN BU
U= ���� <�� ��>� " LQ WBMVF TJNJMBS UP UIBU PG /C�4O XBT BMTP
PCTFSWFE PO QSJTUJOF CVML .H#� XIFSF BU � 5 BOE BU �� ,
LQ ∼ �� L/ N−� <��>� )JHIFS LQ BSF PCTFSWFE JO DVQSBUFT
F�H� LQ ≃ �� L/ N−� BU U= ��� BOE µ�)= ��� 5 JO ��� ON
:#B�$V�0�−δ UIJO àMN BEEFE XJUI #B;S0� JODMVTJPOT <��>
BOE LQ VQ UP ��� L/N−� BUUBJOFE FWFO BUNVDI IJHIFS U∼ ����

BU µ�)= ��� 5 JO ��� ON :#B�$V�0�−δ UIJO àMN BEEFE XJUI
#B�:/C0�+#B�:5B0� JODMVTJPOT <�� ��>�

5IF UFNQFSBUVSF EFQFOEFODF LQ	5
 JT TIPXO JO àHVSF ��
LQ EFDSFBTFT TUFBEJMZ XJUI UIF UFNQFSBUVSF JOEJDBUJOH UIBU OP
NBUDIJOH�àFME FGGFDUT UBLF QMBDF� 5IF UFNQFSBUVSFT GPS XIJDI
LQ= � DPSSFTQPOEJOH UP UIF DPNQMFUF WBOJTIJOH PG UIF QJOOJOH
FGGFDU BSF PCUBJOFE UISPVHI B MJOFBS FYUSBQPMBUJPO PG UIF IJHI
UFNQFSBUVSF SFHJPO PG UIF DVSWFT JO àHVSF �� 5IF DPSSFTQPOE�
JOH QPJOUT BSF SFQPSUFE PO UIF QIBTF EJBHSBN PG àHVSF �� 5IFTF
QPJOUT NBSL UIF EFQJOOJOH MJOF BT PCUBJOFE CZ UIF NJDSPXBWF
UFDIOJRVF� "T JU DBO CF TFFO UIF DPNQMFUF áBUUFOJOH PG UIF
QJOOJOH QPUFOUJBM BSJTFT WFSZ DMPTF UP )D��

5IF ;'$ NFBTVSFE LQ	)
 BU � , JT TIPXO JO UIF JOTFU PG
àHVSF � UP GPMMPX UIF QPXFS MBX EFQFOEFODF LQ ∝ )α XJUI
α=−����� 5IJT CFIBWJPS JT FYQFDUFE JO UIF DPMMFDUJWF QJOOJOH
SFHJNF XIFSF GPS DPOWFOUJPOBM TVQFSDPOEVDUPST POF FYQFDUT
α= −��� <�� �� ��>� *O GBDU UIJT àFME EFQFOEFODF JOEJD�
BUFT UIBU FWFO BU MPX UFNQFSBUVSF WPSUJDFT JO /C�4O BSF OPU
JOEJWJEVBMMZ QJOOFE CVU B CVODI PG WPSUJDFT JT CPVOEFE BSPVOE
XFBL QJOT UIVT UIF WPSUJDFT DPODFOUSBUJPO JT IJHIFS UIBO UIBU PG
UIF QJOOJOH DFOUSFT�8F JOEJDBUF UIJT QJOOJOH SFHJNF BT DPMMFDU�
JWF QJOOJOH BDDPSEJOH UP <��>� *O UIJT DPOàHVSBUJPO UIF áVYPOT
JOUFSBDU XJUI FBDI PUIFS BOE UIVT UIF QJOOJOH QSPQFSUJFT BSF
TUSPOHMZ EFQFOEFOU PO UIF áVYPOT EFOTJUZ BOE UIF QJOOJOH
TUSFOHUI EFDSFBTFT XJUI UIF àFME� *O UIJT SFHJNF LQ JT OP NPSF
B EJSFDU NFBTVSF PG UIF TJOHMF QJOOJOH DFOUSF TUSFOHUI CVU JU JT
B TUBUJTUJDBM BWFSBHF PG UIF DPOUSJCVUJPO HJWFO CZ TFWFSBM QJO�
OJOH DFOUSFT BOE WPSUJDFT� 5IJT NFBOT UIBU JO QSJODJQMF UIFSF
JT TUJMM SPPN PG JNQSPWFNFOU GPS FOIBODFE LQ WBMVFT JO /C�4O
TBNQMFT FOHJOFFSFE GPS IJHI àFME BOE IJHI GSFRVFODZ BQQMJD�
BUJPOT 	F�H� 3' DBWJUJFT GPS EBSL NBUUFS SFTFBSDI <�>
� *O GBDU
BO VQQFS MJNJU GPS LQ DBO CF FTUJNBUFE JO UIF TJOHMF�WPSUFY QJO�
OJOH SFHJNF CZ BTTVNJOH WPSUJDFT JOEJWJEVBMMZ QJOOFE CZ DZM�
JOESJDBM EFGFDUT PG EJBNFUFS �ξ CFJOH ξ UIF DPIFSFODF MFOHUI
PSJFOUFE QBSBMMFM UP UIF BQQMJFE NBHOFUJD àFME� *O UIJT DBTF
UIF DPOEFOTBUJPO FOFSHZ 	QFS VOJU MFOHUI
 JO UIF WPSUFY DPSF
�
�µ�)�

Dξ
� XJUI)D UIF UIFSNPEZOBNJD DSJUJDBM àFME JT FRVBM UP

UIF NBYJNVN QJOOJOH FMBTUJD FOFSHZ 	QFS VOJU MFOHUI
 �
�LQξ

��
)FODF UIF NBYJNVN LNBY

Q ≈ �.��µ�)�
D <��> DBO CF BTTFTTFE

JO UIJT JEFBM DPSF QJOOJOH DPOàHVSBUJPO� 6TJOH UIF MJUFSBUVSF
WBMVF µ�)D(�)∼ �.�� 5 <��> GPS TUPJDIJPNFUSJD /C�4O LNBY

Q ∼
�� L/N−� JT PCUBJOFE� 5IJT LQ VQQFS MJNJU JT OFBS UP UIBU NFBT�
VSFE PO ��� ON àMN QSJTUJOF :#$0 <��>�

������ %FQJOOJOH GSFRVFODZ� 'JOBMMZ UIF EFQJOOJOH GSF�
RVFODZ νQ = LQ/(�πη) JT EJTDVTTFE JO UIJT TFDUJPO� 8F TIPX JO
àHVSF �	B
 UIF EFQJOOJOH GSFRVFODZ νQ NFBTVSFE JO '$ DPO�
EJUJPO BU µ�)= \� � � ��^ 5 BOE PCUBJOFE XJUI FRVBUJPO 	�
�
8F DBO TFF UIBU JU JT BMNPTU DPOTUBOU BU MPX FOPVHI UFNQFSBUVSF
	J�F� GPS 5/5D� < �.�
 BOE JU TIBSQMZ EFDSFBTFT BQQSPBDIJOH UIF
EFQJOOJOH MJOF BT EFTDSJCFE JO TFDUJPO ������ *O àHVSF �	C
 UIF
νQ	)
 àFME EFQFOEFODF BU 5 = \� ��� �^ , JT TIPXO� 8F OPUF
UIBU BU UIF MPXFS 5 νQ	)
 TUBSUT UP EFDSFBTF BCPWF µ�)= � 5
XIJMF BU MPXFS àFMET JU UFOET UP TBUVSBUF BU νQ ∼ ��� ()[� 5IF
NFBTVSFE WBMVFT BSF RVJUF MBSHF BMTP BU IJHI àFMET νQ > � ()[
BU �� 5 BOE MPX 5 XIJDI JT MBSHFS UIBO UIBU FYIJCJUFE CZ UIJO /C
àMNT� *U JT LOPXO UIBU νQ JT TUSPOHMZ EFQFOEFOU PO UIF TBNQMF

�
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Nb3Sn: depinning frequency

Almost constant at low T 
High values (with respect to Nb): 
potential use for rf applications

ZS = Rs + iXs ) ⇢1 + i⇢2 ) νp

Compare to: 

Nb thin films: 

•t = 160 nm νp≃1 GHz (T= 0.5 Tc) 

YBCO + BaZrO3 thin films: 

•t = 100 nm νp≃50 GHz (T=0.8 Tc ) 

YBCO – coated conductor: 

•t = 175 nm νp≃70 GHz (T=77 K) 
K	Torokh(i	et	al,	IEEE-TAS,	26	8001605	(2016)

D	Janjusevic	et	al,	Phys	Rev	B,	74	104501	(2006)

N.	Pompeo	et	al,	IEEE-TAS	(2019)	
DOI:	10.1109/TASC.2019.2897956

N.	Pompeo	et	al,	APL	91,	182507	2007	  

4VQFSDPOE� 4DJ� 5FDIOPM� �� 	����
 ������ " "MJNFOUJ FU BM

'JHVSF �� 	B
 5IF EFQJOOJOH GSFRVFODZ νQ NFBTVSFE JO '$ DPOEJUJPO
BU EJGGFSFOU àFMET 	J�F� � 5 � 5 � 5 �� 5
 PCUBJOFE XJUI UIF (3
NPEFM� 5IF TIPXO EBUB BSF TNPPUIFE BOE UIF TUBOEBSE EFWJBUJPO PG
UIF EBUB TDBUUFSJOH SFQSFTFOUFE CZ UIF TIBEPXFE BSFBT� 	C
 5IF
EFQJOOJOH GSFRVFODZ νQ EFQFOEFODF PO UIF BQQMJFE NBHOFUJD àFME
µ�) BU ��� , ��� , ��� ,� 5IF EBTIFE MJOF JT B HVJEF GPS UIF FZF�

UIJDLOFTT JO /C àMNT� νQ ∼ �� ()[ JO �� ON /C àMN BU ��� 5
BOE � , <��> νQ ∼ � ()[ JO �� ON /C àMN BU ��� 5 <��> BOE
JU GBMMT UP � ()[ GPS ��� ON àMNT JO ��� 5 BOE � , <��>� *O
/C UIF JODSFBTF PG νQ XJUI UIF MPXFSJOH PG UIF àMN UIJDLOFTT
XBT BUUSJCVUFE UP UIF EPNJOBOU FGGFDU PG UIF TVSGBDF QJOOJOH
DFOUSFT <��>� 5IJT FGGFDU JT NBTLFE JO UIJDLFS TBNQMFT EVF UP
UIF JODSFBTFE WPMVNF JOUFSFTUFE CZ UIF XFBLFS WPMVNF QJOOJOH
JO /C <��>� .PSFPWFS JU JT XFMM LOPXO UIBU UIF NBJO DPOUSJ�
CVUJPO UP QJOOJOH JO /C�4O <��m��> BT JO PUIFS JOUFSNFUBMMJD
DPNQPVOET <�� ��> BOE NFUBMT BT /C <��m��> JT HJWFO CZ UIF
HSBJO CPVOEBSJFT BOE UIBU UIF QJOOJOH FGàDJFODZ JT JOWFSTFMZ
QSPQPSUJPOBM UP UIF BWFSBHF HSBJOT TJ[F� 4JODF JO /C�4O UIF
HSBJO TJ[F DBO CF SFEVDFE CZ MPXFSJOH UIF TBNQMF UIJDLOFTT

'JHVSF �� -PXFS MJNJU PG UIF DSFFQ BDUJWBUJPO FOFSHZ 6�,NJO(5,)) JO
'$ BU � 5 � 5 � 5 BOE �� 5� 8F TIPX BO BMNPTU QFSGFDU TDBMJOH PG
UIF 6�,NJO(5,)) DVSWFT JO UIF JOTFU� 5IF DPOUJOVPVT MJOF JO UIF JOTFU
JT UIF àU SFBMJ[FE XJUI UIF OPSNBMJ[FE 6� ∝ )�

Dξ
O�

<��> JU JT SFBTPOBCMF UP FYQFDU UIBU GPS UIJO /C�4O TBNQMFT νQ
DPVME SFBDI WFSZ IJHI WBMVFT� 5IJT PQFOT UIF QPTTJCJMJUJFT UP
JOUFSFTUJOH 3' BQQMJDBUJPOT PG /C�4O àMNT BMTP JO QSFTFODF
PG IJHI NBHOFUJD àFMET� .PSFPWFS BTTVNJOH B /C�4O TBNQMF
FOHJOFFSFE XJUI B TVGàDJFOUMZ IJHI EFGFDUT EFOTJUZ UP àSNMZ
SFNBJO JO UIF TJOHMF WPSUFY QJOOJOH SFHJNF GSPN UIF QSFWJ�
PVTMZ DBMDVMBUFE LNBY

Q  B UIFPSFUJDBM VQQFS MJNJU νNBY
Q ∼ �� ()[

DBO CF FYQFDUFE JO CVML TBNQMFT�
$POTJEFSJOH PUIFS TVQFSDPOEVDUJOH NBUFSJBMT JU DPNFT PVU

UIBU UIF PCUBJOFE WBMVFT BU � 5 BSF DPNQBSBCMF XJUI UIPTF
NFBTVSFE JO B .H#� UIJO àMN JO UIF TBNF )�5 SFHJPO <��>
�
0O UIF PUIFS IBOE JU NVTU CF OPUJDFE UIBU 'F4F���5F��� BOE
:#B�$V�0�−δ QFSGPSNBODFT BSF TUJMM GBS JO GBDU BU �� , BOE
��� 5 νQ ∼ �� ()[ BOE>�� ()[ SFTQFDUJWFMZ JO ��� ON BOE
��� ON UIJDL 'F4F���5F��� àMNT <�� ��> XIJMF νQ ∼ �� ()[
JO ��� ON UIJDL :#B�$V�0�−δ àMNT BU �� , <��>� 'PS B
NPSF DPNQMFUF DPNQBSJTPO UIJO /C�4O àMNT TIPVME CF DIBS�
BDUFSJ[FE JO UIF TBNF DPOEJUJPOT UP FYQFSJNFOUBMMZ WFSJGZ UIF
JODSFBTF PG νQ XJUI UIF SFEVDUJPO PG UIF TBNQMF UIJDLOFTT� %FT�
QJUF PG UIJT GSPN UIJT TUVEZ JU JT TIPXO UIBU CVML /C�4O DPVME
SFNBJO B HPPE DIPJDF GPS BQQMJDBUJPOT UIBU XPSL BU OPU UPP IJHI
GSFRVFODJFT 	F�H� SBEJP GSFRVFODZ DBWJUJFT GPS BYJPOT EFUFDUJPO
<��>
 BOE GPS XIJDI UIF VTF PG B NFUBMMJD BOE XJFMEZ NBUFSJBM
JT BO JNQPSUBOU SFRVJSFNFOU�

������ &WBMVBUJPO PG UIF UIFSNBM DSFFQ DPOUSJCVUJPO� 8F
DPNQMFUF UIJT XPSL CZ QSPWJEJOH BO FTUJNBUF PG UIF UIFSNBM
DSFFQ DPOUSJCVUJPO UP UIF FWBMVBUJPO PG UIF WPSUFY QBSBNFUFST
UISPVHI B TUBUJTUJDBM BOBMZTJT BDDPSEJOH UP <��>� 8F EFSJWF UIF
NBYJNVN DSFFQ GBDUPS ϵNBY BOE UIF MPXFS MJNJU GPS UIF BDUJWB�
UJPO FOFSHZ6�,NJO� 8F UIFO EFSJWF B DPOàEFODF JOUFSWBM GPS UIF
DIBSBDUFSJTUJD GSFRVFODZ νD 	XF SFDBMM UIBU XIFO DSFFQ JT UBLFO
JOUP BDDPVOU UIF DIBSBDUFSJTUJD GSFRVFODZ JT OP MPOHFS νQ CVU
νD TFF FRVBUJPO 	�
 BOE FRVBUJPO 	�

�

�

A. Alimenti et al., Supercond. Sci. Technol. 34 (2021) 014003  
IEEE Trans. Appl. Supercond. 29 (2019) 3500104 

https://doi.org/10.1109/TASC.2019.2897956
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YBa2Cu3O7-x/BaZrO3 

Vortex motion up to high fields 
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YBCO/BZO — Samples

Thin films YBCO - 5 mol.% BZO sample on SrTiO3 
single crystal substrate  
grown by chemical deposition 
BaZrO3 nanoparticles (Ø~10 nm)

SEM Critical current density

G. Celentano

FROLOVA et al.: TRANSPORT PROPERTIES OF MOD YBCO FILMS WITH BaZrO3 AS APCs 8001205

Fig. 1. SEM images of pure YBCO (upper panel) and YBCO/BZO (lower
panel) films. The magnification is 100 k × for both images.

Fig. 2. Temperature dependences of resistivity measured for pure YBCO (red
open circles) and YBCO/BZO (blue full circles) films. Tc has been evaluated as
zero resistance temperature. In the inset the resistive transition region has been
magnified for both samples.

the normal state resistivity values for pure and doped samples
can be explained by an increase of scattering due to the more
disordered structure and to the increased density of defects in
the doped sample, as indicated by SEM images, as well as the
increased scattering due to the introduction of BZO itself.

The field dependences of the critical current density, Jc(H),
at 77 K and 65 K for YBCO and YBCO/BZO films are
compared in Fig. 3. As it can be seen, whereas in low-field
region (0.01–0.1) T Jc values are higher for the pure sample
(i.e., 2.1 MA/cm2 for YBCO and 0.9 MA/cm2 for YBCO/BZO
at 77 K), there is a field range (0.1–1) T, where the YBCO/BZO
film performs better.

Considering the Jc curves at 77 K, in low magnetic field
region the pure sample has a power-law like dependence Jc ∼
B−α with coefficient α ∼ 0 .61 . By contrast, the YBCO/BZO
sample exhibits a much better Jc retention with a weak field
dependence in the range (0.01–0.1) T and a non-power-law Jc

behavior for larger field, as it was already reported for MOD
YBCO/BZO films [1], [11]. The magnetic field range at 77 K,
where YBCO/BZO Jc is higher than YBCO Jc, expands from
0.05 T to about 2 T at 65 K. The microstructure of the

Fig. 3. Jc(H) dependencies for the YBCO-0% BZO (open symbols) and
YBCO-5%BZO films (full symbols), measured at several temperatures.

Fig. 4. Microwave data acquired on MOD YBCO samples at T = 78 K. Field-
induced change of the complex surface impedance in pure YBCO (a) and in
YBCO/BZO (b). The lower resistive response ∆R of YBCO/BZO indicates
reduced vortex state dissipation.

YBCO/BZO sample, invoked previously, cannot be taken into
account for the differences in Jc behavior, which, more easily,
indicate an actual change in vortex pinning mechanisms and
efficiency.

The field dependence of the complex effective surface im-
pedance for pure YBCO (a) and with BZO inclusions (b) is
presented in Fig. 4. Lower ∆R value of YBCO/BZO film indi-
cates the reduced dissipation in the vortex state with respect to
the pure sample [14]. Moreover, this is reflected on r parameter
[Fig. 5(a)]. It indicates that the introduction of BZO increases
the absolute value of the pinning parameter and drastically re-
duces the steepness of r (H). It can be seen that there is appre-
ciable similar vortex pinning r ∼ 1 .25 at low fields (0.01–0.1) T
because of the same order of ∆X and ∆R in both samples
(Fig. 4). This proves that there is a stronger pinning vortex
due to the BZO inclusions in field range (0.1–0.8) T [19], [29],
[30] apart from the low-field region (µ0H < 0 .1 T). The results

A. Frolova et al, IEEE TAS 26, 8001205  
(2016)

Sharp drop above 1 T 
Typical of nanostructured YBCO
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YBCO/BZO

field-sweeps: data analysis

ΔR
s (
Ω)

ΔX
s (
Ω)

k p
 (N

m
–2

)

kp is field-independent up to 12 T: 
BZO nanoparticles produce very steep potential wells 

(height is less efficient: Jc drops)

Vortex viscosity compares well with data 
on single crystals and pristine films: 

BZO nanoparticles do not affect the microscopic 
(quasiparticle) state(*) Tsuchiya et al. 

PRB 63, 184517 (2001)  

vs. T
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high field: YBCO vs. Nb3Sn

A. Alimenti et al. IEEE Instrum. and Meas. Mag. p.12 (dec. 2021)  

N. Pompeo et al., in preparation

T/Tc ≈ 1/3 
YBCO: 27 K 
Nb3Sn: 6 K
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Fe(Se,Te) 
a new player in the arena? 

samples: thin films

Samples: 
V. Braccini



1.7 NORME DI RIDUZIONE

UNIVERSITÀ DEGLI STUDI

ROMA
TRE

2,39 cm

1,21 cm

Le dimensioni del logo possono variare rispettando l'esatto rapporto di proporzioni di tutti gli

elementi che lo compongono. Per consentire sempre una chiara leggibilità, il logo non può

essere riprodotto in dimensioni inferiori a 2,39 x 1,21 cm.

Il logo inferiore alla misura minima deve essere sostituito con una semplice scritta in

maiuscolo e rispettando il carattere istituzionale (Times New Roman Regular). Anche in

questo caso deve essere rispettata l'area di rispetto e la riproduzione in positivo o negativo

per sfondi colorati.

ROMATRE UNIVERSITÀ DEGLI STUDIROMATRE UNIVERSITÀ DEGLI STUDI

UNIVERSITÀ DEGLI STUDI

ROMA
TRE

UNIVERSITÀ DEGLI STUDI

ROMA
TRE

UNIVERSITÀ DEGLI STUDI

ROMA
TRE

Enrico Silva Padua, May 26th 2022

Perspectives



1.7 NORME DI RIDUZIONE

UNIVERSITÀ DEGLI STUDI

ROMA
TRE

2,39 cm

1,21 cm

Le dimensioni del logo possono variare rispettando l'esatto rapporto di proporzioni di tutti gli

elementi che lo compongono. Per consentire sempre una chiara leggibilità, il logo non può

essere riprodotto in dimensioni inferiori a 2,39 x 1,21 cm.

Il logo inferiore alla misura minima deve essere sostituito con una semplice scritta in

maiuscolo e rispettando il carattere istituzionale (Times New Roman Regular). Anche in

questo caso deve essere rispettata l'area di rispetto e la riproduzione in positivo o negativo

per sfondi colorati.

ROMATRE UNIVERSITÀ DEGLI STUDIROMATRE UNIVERSITÀ DEGLI STUDI

UNIVERSITÀ DEGLI STUDI

ROMA
TRE

UNIVERSITÀ DEGLI STUDI

ROMA
TRE

UNIVERSITÀ DEGLI STUDI

ROMA
TRE

Enrico Silva Padua, May 26th 2022

rf applications in high fields?

CERN-FCC 
Low Rs for wake fields from travelling 
charged particles. “Beam-screen”

Operates in high-field: 16 T! Operates in “moderate”field: 2-8 T

Cavity experiments for axion detections

→ high depinning frequency νp



1.7 NORME DI RIDUZIONE

UNIVERSITÀ DEGLI STUDI

ROMA
TRE

2,39 cm

1,21 cm

Le dimensioni del logo possono variare rispettando l'esatto rapporto di proporzioni di tutti gli

elementi che lo compongono. Per consentire sempre una chiara leggibilità, il logo non può

essere riprodotto in dimensioni inferiori a 2,39 x 1,21 cm.

Il logo inferiore alla misura minima deve essere sostituito con una semplice scritta in

maiuscolo e rispettando il carattere istituzionale (Times New Roman Regular). Anche in

questo caso deve essere rispettata l'area di rispetto e la riproduzione in positivo o negativo

per sfondi colorati.

ROMATRE UNIVERSITÀ DEGLI STUDIROMATRE UNIVERSITÀ DEGLI STUDI

UNIVERSITÀ DEGLI STUDI

ROMA
TRE

UNIVERSITÀ DEGLI STUDI

ROMA
TRE

UNIVERSITÀ DEGLI STUDI

ROMA
TRE

Enrico Silva Padua, May 26th 2022

Pinning constant kp

Instruments 2022, 6, 1 7 of 13

The anisotropy enters also the evaluation of the a coefficient, which, in the geometry
here considered, enhances tilting due to thermal fluctuations and reduces the one due
to the elastic accommodation to pins. It is worth noting here that FeSeTe is a multiband
superconductor. Indeed, it exhibits intricate anisotropy properties which are actually
different among the various superconducting quantities l, x, Bc1, and Bc2 [44]. Moreover,
r f f shows an unusual field dependence [29,42,43,45]. Hence, a direct experimental study
of FeSeTe in the same configuration involved in the considered haloscope design would be
particularly recommended.

In addition, for the sake of simplicity, we neglect the increased pinning when H k ab

planes (the so-called ’intrinsic pinning’), which is connected to the layered structure of
materials such as YBCO. Moreover, it must be noted that, in engineered materials, the effects
of the intrinsic pinning are essentially hidden by those of the artificial pinning centres [28].

Finally, the T and H range of interest must be considered. Since measurements at
T = 4 K and µ0H = 5 T are available only for Nb3Sn, for YBCO and FeSeTe, the low-
temperature data must be extrapolated from currently existing measurements. However,
the temperature dependences of both h and kp derive from those of l and of the coherence
length x [46]: hence, at low temperatures, these parameters saturate similarly to l and
x [25]. Thus, negligible uncertainties associated with the model choice are introduced in
the mentioned extrapolation [46].

The pinning frequency is computed from kp and h as 2pnp = kp/h. In Figure 2a the
pinning constant kp(t), with t = T/Tc, measured at 5 T on YBCO and FeSeTe is shown.
The measurements are obtained in zero field cooling (ZFC) conditions by sweeping the
magnetic field at fixed temperature values. The values at 4 K are extrapolated from these
measurements through the empirical models shown in [46] and reported in the caption of
Figure 2. The field dependence of kp is shown in Figure 2b. Here, the Nb3Sn measurement,
performed at 4 K (thus for it no extrapolation is needed), is also reported. From the behavior
of kp(H) on the different materials, different pinning regimes can be recognised. In YBCO,
kp is field-independent at 10 K and up to 10 T, indicating a pinning regime where fluxons
are strongly pinned, independently one from another. On the contrary, FeSeTe and Nb3Sn
display a kp µ H

�0.5 dependence, typical of the collective pinning regime (bundles of
fluxons pinned on multiple pinning centres). These field dependences will be considered
in the final performance analysis presented.

103
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 m
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3
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Figure 2. (a) Pinning constant kp, measured on YBCO (orange circles) and FeSeTe (blue
squares) in zero field cooling conditions (ZFC) at 5 T as a function of the reduced tem-
perature t = T/Tc. The fit of the data is performed with the model developed in [46]:
kp(t) = kp(0)(1 � t)4/3(1 + t)2

e
(�T/T0). The best fit parameters are: kp(0) = 1.40 ⇥ 105 N m�2

and T0 = 56 K for YBCO, kp(0) = 7.07 ⇥ 104 N m�2 and T0 = Tc for FeSeTe. The empty square sym-
bols represent the points extrapolated from the fit at 4 K (which will be used in the next elaborations).
(b) Field dependence of kp in Nb3Sn (green triangle), YBCO, and FeSeTe samples measured at the
lower temperatures. kp(H) in Nb3Sn and FeSeTe is shown to be µ H

�0.5.

A. Alimenti et al., Instruments 6, 1 (2022)
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Vortex viscosity η

Instruments 2022, 6, 1 8 of 13

For what concerns h = F0B/r f f , in Figure 3, measurements at 5 T on YBCO and
FeSeTe are reported. Additionally, in this case, from the model shown in [46], the value at
4 K is extrapolated. Resorting to the conventional Bardeen–Stephen behaviour [26] exhib-
ited by Nb3Sn [16] and NbTi, the flux-flow resistivity is simply obtained from the normal
state resistivity rn as r f f = rnB/Bc2 with Bc2 ⇡ Bc2(0)(1 � t

2). We take rn = 14.8 µW cm
and Bc2 = 27 T for Nb3Sn [16], and rn = 70 µW cm, Bc2 = 13 T for NbTi [11].

10-8

10-7

10-6

0 0.2 0.4 0.6 0.8 1

K 
(N

 s
 m

-2
)

t

YBCO

P
0
H=5 T

FeSeTe

NbTi

Nb
3
Sn

Figure 3. Viscous drag coefficient h measured on YBCO (orange circles) and FeSeTe (blue squares)
at 5 T in ZFC as a function of the reduced temperature t. The measured data are approxi-
mated with h(t) = h(0)(1 � t

2)/(1 + t
2) [46], with h(0) = 3.59 ⇥ 10�7 N s m�2 for YBCO and

h(0) = 2.02 ⇥ 10�7 N s m�2 for the FeSeTe sample. The empty square symbols represent the points
extrapolated from the fit at 4 K (which will be used in the next elaborations). The green and red curves
represent h(t) obtained by considering h(t) = F0Bc2(t)/rn (from r f f = rnB/Bc2 and h = F0B/r f f )
for Nb3Sn and NbTi, respectively.

All the parameters of interest for the different materials are reported in Table 2.

Table 2. Measured parameters of the SCs of interest used for the evaluation of Rs.

NbTi Nb3Sn YBCO FeSeTe

kp (N m�2) at 4 K, 5 T – (9.9 ± 1.5)⇥ 103 (1.3 ± 0.2)⇥ 105 (5.9 ± 0.9)⇥ 104

pinning regime single collective single collective

h (N s m�2) at 4 K, 5 T – – (3.6 ± 0.5)⇥ 10�7 (1.8 ± 0.3)⇥ 10�7

rn (µW cm) 70 ± 2 14.8 ± 0.2 – –

Bc2(0) (T) 13.0 ± 0.5 27.0 ± 0.5 – –

np (GHz) at 4 K, 5 T 44 ± 7 4.2 ± 0.6 59 ± 9 52 ± 8

meas. geometry H k J H ? J H k c axis, H ? J

g 1 1 5.3 ± 0.7 1.8 ± 0.2

l(0) (nm) 270 ± 20 [17,47] 160 ± 20 [48] 150 ± 10 [49,50] 520 ± 50 [45]

4. Results and Discussion

From the data collected in Table 2, the surface resistance Rs of the selected SCs is
evaluated to compare the figure of merit B

2
Q of haloscopes (with the geometry shown

in [11]) and coated with different materials. In particular, Equation (3) is computed with
the data in Table 2, taking into account the a coefficient, the anisotropy g for YBCO and
FeSeTe, the collective pinning dependences in Nb3Sn and FeSeTe, and the pair-breaking
effects on the superfluid s2 and, for NbTi, also on s1. From this, the complex resistivity r̃

A. Alimenti et al., Instruments 6, 1 (2022)

FeSeTe: not too low viscosity

⇢ff = �0
µ0H

⌘



1.7 NORME DI RIDUZIONE

UNIVERSITÀ DEGLI STUDI

ROMA
TRE

2,39 cm

1,21 cm

Le dimensioni del logo possono variare rispettando l'esatto rapporto di proporzioni di tutti gli

elementi che lo compongono. Per consentire sempre una chiara leggibilità, il logo non può

essere riprodotto in dimensioni inferiori a 2,39 x 1,21 cm.

Il logo inferiore alla misura minima deve essere sostituito con una semplice scritta in

maiuscolo e rispettando il carattere istituzionale (Times New Roman Regular). Anche in

questo caso deve essere rispettata l'area di rispetto e la riproduzione in positivo o negativo

per sfondi colorati.

ROMATRE UNIVERSITÀ DEGLI STUDIROMATRE UNIVERSITÀ DEGLI STUDI

UNIVERSITÀ DEGLI STUDI

ROMA
TRE

UNIVERSITÀ DEGLI STUDI

ROMA
TRE

UNIVERSITÀ DEGLI STUDI

ROMA
TRE

Enrico Silva Padua, May 26th 2022

parametric plot

A. Alimenti et al. IEEE Instrum. and Meas. Mag. p.12 (dec. 2021)  

18 IEEE Instrumentation & Measurement Magazine December 2021

depth and λ the London penetration depth, and when the SC 
film is deposited onto a dielectric substrate, Z =ρ/t. We refer 
readers to [25] (and references therein) for a full discussion of 
the uncertainties introduced in such approximation. Since the 
variations ΔZ(H) = Z(H)−Z(H = 0) induced by the magnetic 
field are measured, ΔZ(H)t  Δρ(H) ≈ ρvm. The first approx-
imation relies on the film being electromagnetically thin, a 
geometrical property, and the second relies on a physical con-
dition, i.e., that the vortex motion resistivity is much larger 
than other superconducting contributions, which is realized 
not too close to the transition to the normal state. The ρvm mea-
surements are shown in Fig. 3b and Fig. 3d. From these, the 
vortex motion parameters are derived by means of (1) and 
shown in Fig. 3e, Fig. 3f and Fig. 3g.

It can be noted how measurements of the surface reactance 
require a rather accurate fitting of S21 and S12. The ‘-3 dB method’ 
yields unacceptably large uncertainties in the vortex parame-
ters (see the scattering of the data in Fig. 3e, Fig. 3f and Fig. 3g).

The field dependence of the obtained parameters yields in-
formation on pinning that is very useful for the optimization of 
the SC material. In this specific case, for example, the field in-
dependence of fc and χ identifies, within the fluxon dynamics 
theory, a regime in which the density of the PCs in the mate-
rials is higher than the density of the fluxons, so that further 
optimization is possible only by fine tuning the kind of defects 
and not the density.

A comparison between S2 (YBCO) and S3 (Nb3Sn), is very 
interesting. The surface impedance of a bulk sample of Nb3Sn 
was measured with a single tone DR at ~14.9 GHz, down to 
4 K and up to 12 T [26]. The low operating temperature allows 
to safely neglect χ, so that single-frequency Uvm = ivm vmU Uc cc�  still 
yield fc and ρff. The results are shown in Fig. 4 up to 12 T, at 
6 K for Nb3Sn and 27 K for YBCO. Due to the different critical 
temperatures, Tc~18.0 K in Nb3Sn and Tc~91.0 K in YBCO, the 
selected temperatures correspond to similar reduced temper-
ature T/Tc ≈ 0.3.

For practical use of SCs at high frequency in large dc mag-
netic fields, operation at f << fc is required. fc in Nb3Sn at e.g., 
10 T is ~5 times smaller than that of YBCO, which is rather dis-
couraging for RF applications. However, the field dependence 
of fc points to a different pinning regime, known as collective 
pinning, in which a low density of PC is present in the SC with 
respect to the density of the fluxons. This is not the most effec-
tive pinning regime; thus further material improvements can 
be made, e.g., by adding artificial PCs in the SC to optimize the 
high frequency behavior of Nb3Sn in the mixed state. This is a 
completely new paradigm in high-frequency applications of 
SCs: whereas for accelerator cavities (operating in zero field) 
one looks for the purest SC material, a different approach may 
be required for the requirements of new experiments. Addi-
tionally, ρff (H) has a similar slope in both SCs. This means that 
in the high frequency limit f >> fc, the losses in Nb3Sn at 6 K are 
of the same order than those in YBCO at 27 K in the same field 
range up to 12 T, with only a factor of ~2 between the two. Since 
ρff is directly related to the microscopic properties of the mate-
rial, tuning of this property by material science is not expected.

The present measurements thus indicate that, by engineer-
ing the PCs, it can be possible to improve the high-frequency, 
in-field properties of a “SC workhorse” like Nb3Sn, while the 
high fc of YBCO makes this material already mature, from 
the point of view of the physical properties, for the perspec-
tive high frequency applications of SCs in the mixed state. 
Indeed, the properties of various commercial YBCO tapes 
have been recently studied at 8 GHz and up to 9 T [13], show-
ing that even dc-optimized, industrial YBCO tapes could fulfil 
the requirements of the aforementioned large scale applica-
tions. However, it must be noticed that commercial tapes are 
optimized for dc operations through the introduction of such 
a large density of PCs that they have detrimental effects on 
ρff: despite the large fc found in some nanoengineered YBCO 
tapes, the slope of ρff (H), on the same tapes, was measured to 
be times larger than that obtained in pristine YBCO [13]. We 

Fig. 4. Flux-flow resistivity (red) and the characteristic frequency (blue) 
measured at similar reduced temperature T/Tc on a bulk Nb3Sn sample at 6 K 
(triangles) and on a YBCO thin film (full dots) at 27 K, for fields up to 12 T.

Fig. 5. Plot of the flux-flow resistivity ρff and characteristic frequency fc 
measured at 10 K and 1 T on different SCs: Nb3Sn (orange), MgB2 (green), 
YBCO (light blue) and FeSe0.5Te0.5 (pink).
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comparison

Instruments 2022, 6, 1 8 of 13

For what concerns h = F0B/r f f , in Figure 3, measurements at 5 T on YBCO and
FeSeTe are reported. Additionally, in this case, from the model shown in [46], the value at
4 K is extrapolated. Resorting to the conventional Bardeen–Stephen behaviour [26] exhib-
ited by Nb3Sn [16] and NbTi, the flux-flow resistivity is simply obtained from the normal
state resistivity rn as r f f = rnB/Bc2 with Bc2 ⇡ Bc2(0)(1 � t

2). We take rn = 14.8 µW cm
and Bc2 = 27 T for Nb3Sn [16], and rn = 70 µW cm, Bc2 = 13 T for NbTi [11].
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0
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Figure 3. Viscous drag coefficient h measured on YBCO (orange circles) and FeSeTe (blue squares)
at 5 T in ZFC as a function of the reduced temperature t. The measured data are approxi-
mated with h(t) = h(0)(1 � t

2)/(1 + t
2) [46], with h(0) = 3.59 ⇥ 10�7 N s m�2 for YBCO and

h(0) = 2.02 ⇥ 10�7 N s m�2 for the FeSeTe sample. The empty square symbols represent the points
extrapolated from the fit at 4 K (which will be used in the next elaborations). The green and red curves
represent h(t) obtained by considering h(t) = F0Bc2(t)/rn (from r f f = rnB/Bc2 and h = F0B/r f f )
for Nb3Sn and NbTi, respectively.

All the parameters of interest for the different materials are reported in Table 2.

Table 2. Measured parameters of the SCs of interest used for the evaluation of Rs.

NbTi Nb3Sn YBCO FeSeTe

kp (N m�2) at 4 K, 5 T – (9.9 ± 1.5)⇥ 103 (1.3 ± 0.2)⇥ 105 (5.9 ± 0.9)⇥ 104

pinning regime single collective single collective

h (N s m�2) at 4 K, 5 T – – (3.6 ± 0.5)⇥ 10�7 (1.8 ± 0.3)⇥ 10�7

rn (µW cm) 70 ± 2 14.8 ± 0.2 – –

Bc2(0) (T) 13.0 ± 0.5 27.0 ± 0.5 – –

np (GHz) at 4 K, 5 T 44 ± 7 4.2 ± 0.6 59 ± 9 52 ± 8

meas. geometry H k J H ? J H k c axis, H ? J

g 1 1 5.3 ± 0.7 1.8 ± 0.2

l(0) (nm) 270 ± 20 [17,47] 160 ± 20 [48] 150 ± 10 [49,50] 520 ± 50 [45]

4. Results and Discussion

From the data collected in Table 2, the surface resistance Rs of the selected SCs is
evaluated to compare the figure of merit B

2
Q of haloscopes (with the geometry shown

in [11]) and coated with different materials. In particular, Equation (3) is computed with
the data in Table 2, taking into account the a coefficient, the anisotropy g for YBCO and
FeSeTe, the collective pinning dependences in Nb3Sn and FeSeTe, and the pair-breaking
effects on the superfluid s2 and, for NbTi, also on s1. From this, the complex resistivity r̃

optimization of Fe(Se,Te) possible (nanoengineering)! 
Maybe better or on par with YBCO, 

but good perspectives for growing as a coating (at least, FeSe) 
(cavity people would be very thankful…)

A. Alimenti et al., Instruments 6, 1 (2022)
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Microwaves: a versatile and powerful tool for vortex physics 

New rf requirements for operation in a dc magnetic field 

Nb3Sn and YBCO/BZO are mature major players in rf high-field experiments 

FeSeTe: at intrinsic properties level, competitive for rf with Nb3Sn and, in 
perspective, with YBCO (but still non mature from material science point of vue)

Summary
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