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Abstract In this chapter, we discuss the structures and properties of classical (or
conventional) superconductors, often dubbed also low-T. materials (LTSc). Among
them are elemental superconductors, being superconductors at ambient conditions or
under pressure, and several metallic alloys. Among them are the systems NbTi, NbN,
and NbsSn, which are the so-called workhorses of superconductivity for nearly all
types of applications, even today. Then, there are several families of materials with
interesting outstanding superconducting and/or crystallographic properties like the
heavy-fermion superconductors, the Chevrel phases, borocarbides, 2D materials or
layered superconductors. For basic research questions, the metallic superconduc-
tors are ideal materials when preparing mesoscopic superconductor structures for
the investigation of superconductivity in reduced dimensions. With the discovery of
MgB, with a T of 38 K in 2001, the border to the high-T. materials was crossed,
thus triggering a lot of research efforts in the field. Besides this big push, the field
of conventional superconductors is still progressing—new materials like the super-
conducting high entropy alloys (HEAs) and new families like the LaBi3 supercon-
ductors or superconducting magic-angle graphene were discovered—stimulating the
research in the field of superconductivity even further. Among the new experiments
carried out are high-pressure experiments on the HEAs and even on NbTi, which
was never done before. These experiments gave remarkable results showing NbTi
being a superconductor with increased 7. ~ 19 K even up to 261 GPa. And finally,
the high-pressure research on H3S and LaH led to record, nearly room-temperature
T.’s for materials belonging to the conventional superconductors.
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1 Introduction

Superconductivity was discovered in Hg by H. Kamerlingh Onnes in 1911 [1, 2] by
accident when trying to answer the question what the resistance will do at ultralow
temperatures after having established the liquefaction of He. Mercury (Hg), being
a liquid at ambient conditions, was the best choice to obtain very pure samples by
multiple distillation. Hg was found to be a superconductor below 7. = 4.15 K,
just below the temperature of liquid Helium (4.2 K). It took then some time to find
other metallic elements showing the same superconducting transition, including the
metals Sn and Pb with 7. = 7.2 K [3-8], being well above 4.2 K, followed by Nb
with a T, of 9.15 K, which is the highest one of all elements in ambient condi-
tions. However, all these materials did not allow to produce a superconducting coil
to generate magnetic fields without losses, which already Onnes had planned. The
next step forward was NbN with a T, of 16k, followed by the alloys NbTi and
V3Si in the 1950s, which set the base for the development of real conductors with
improved high-field properties [3, 7]. In this period, also fruitful empirical rules like
the Matthias’ rules were developed to enable the search for new superconductors,
especially among the metallic alloys [9, 10]. The Al5-alloys like Nbs;Sn, and the
long-time T.-record holder, Nb3;Ge with 7. = 23.2 K [11], were then developed in
a quest to improve T further. Besides this, new families of superconductors were
discovered from the 1960s onwards like the Chevrel phases [12], the heavy-fermion
superconductors [13] and the borocarbides [14]. All the main development in this
field then focused on the conductor development and some other applications like
superconducting sensor elements, Josephson circuits including super-computers [4,
6]. Besides the big push with the upcoming of the high- 7. superconductors in 1986
[15], the field of conventional superconductivity did not die out, however, T, could
only be improved in 2001 [16] when MgB, was found to be a superconductor. As the
conventional superconductors are metals, the samples could always be produced with
high purity, making these systems most interesting for basic research questions. This
opened up new fields like layered superconductors and mesoscopic superconductors,
which are most interesting to investigate superconductivity in reduced dimensions
like in nanowires or nanoparticles [17, 18]. Also, the search for new superconductors
has never stopped, and so new systems like the ones with AuCls-structure [19] and
the high-entropy alloys (HEAs) [20] were found. This quest for new superconduc-
tors is nowadays pushed forward by machine-learning search of databases [21-23].
Moreover, the recent high-pressure experiments on the HEAs [24], on NbTi [25],
H3S [26] and the La (super)hydrides (LaH;o) [27] brought out very interesting and
remarkable results, with T'. reaching practically room-temperature. This further stim-
ulated the research on the question if metallic hydrogen could be a superconductor
[28, 29]. Thus, there are still many open questions to be answered, and so the field
of conventional superconductivity remains to be very important.
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2 Superconducting Elements

All superconductors marked green in Fig. 1 are metals, whereas also semimetals and
non-metals can become superconductors under high pressure conditions (violet).
There are some remarkable elements like carbon, which can be a superconductor
with T, = 15 K in form of carbon nanotubes [30], Boron-doped diamond films with
T. = 4 K [31], and recently as magic-angle bi-layered graphene with 7. ranging
between 0.5 and 3 K [32-34]. Cr can be a superconducting material only as thin
film [35], and Pd is a superconductor when being irradiated with He*-ions [36].
Recently, also for Bi a 7. was obtained in ambient conditions, although very low (T’
= 0.53 mK, [37]) as compared to the several high-pressure phases of Bi, reaching
8.7 K (9 GPa). The same applies for Li, which was found to be superconductor at
ambient conditions with 7. = 4 mK, but having 7. = 20 K at 50 GPa pressure [38].
Remarkable is further that even Fe may be a superconductor at T, = 2 K under
pressure [39]. Note also the very high T.’s for the non-metals B, O, S, P, and Se.
Superconductivity for metallic hydrogen is still an open question (“??”), but with
remarkable predictions to be a room-temperature superconductor [28, 29].

Nb is the element with the highest 7. = 9.2 K in ambient conditions, closely
followed by the radioactive element, Tc, with 7. = 7.8 K [40]. Figure 2 presents 7'
as a function of the year of discovery following Refs. [41, 42]. The blue symbols
denote the elements superconducting at ambient conditions, and the red symbols
such being superconducting only under pressure.
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Fig. 1 Superconducting elements in the periodic table. The green color denotes elements being
superconducting in ambient conditions, violet color denotes elements being superconductors under
pressure. Light blue indicates elements being superconducting only under special conditions, see
text. For some elements, a second T is given when in thin film or nanosized form. Hydrogen is
marked orange with “??” for T, pointing to the big challenge for future investigations (“metallic
H”). Drawn using data collected from Refs. [3-8, 30—43]
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The bold line shows the upper 7.-limit as function of time. Table 1 gives a compi-
lation of the superconducting properties (London penetration depth, A, the coher-
ence length, . and the critical field, B, of some elemental superconductors, together
with the respective crystal structure and the Debye temperature, ®p, which describes
the lattice vibrations and the melting point. Note that all superconducting elements
are type-1 superconductors (see chapter “Magnetic Properties of Superconducting
Materials™), except Nb, which has a k being very close to the borderline between
type-1 and type-2 superconductors, so pure Nb is ‘just’ a type-2 superconductor.
Table 2 presents the T'¢-values of some of the elements being superconductors under
pressure, including the latest element found to be a superconductor, Eu [43]. It is
remarkable that the 7.-values obtained can be relatively high as compared to the
elements at ambient conditions, and are exceptionally high for Li (20 K at 50 GPa,
but 0.4 mK ambient), which holds the T.-record of all elements, followed closely
by P (18 K). Buzea and Robbie have reviewed the so-called puzzle of supercon-
ducting elements, as it is not straightforward to determine a clear rule if a material
will be a superconductor or not [41]. The data presented in Tables 1 and 2 clearly
reveal further that there is no simple relation between 7. and the respective crystal
structure or the Debye temperature, ®p, but as described in Refs. [44, 45], a relation
between a characteristic crystallographic length, x, and 7', does exist which enables
a simple calculation of T with the only knowledge of the electronic structure and
the crystallographic data [46, 47]. This approach, called Roeser-Huber formula, can
directly be proven using superconducting elements being superconducting with more
than one crystal structure, also called polymorphs (Fig. 3).

Such cases can indeed be found for Hg (see Table 1), and especially, for La with
the two structures fcc (T = 6 K) and dhcp (double hexagonal close-packed, with 7',
=4.8 K) [41]. The application of the Roeser-Huber formula and the search principles
for the characteristic length x in the crystal structure brings out the correct values for
the respective T values.
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Table 1 T of some superconducting elements in alphabetical order, together with their crystal
lattice, melting point and some superconducting properties. Data were collected from Refs. [3,
30-43]. The crystal structures are fcc—face-centered cubic, bcc—body-centered cubic, hex. —
hexagonal, dhcp—double hexagonal close packed, rhomb.—rhombohedral, fetr—tetragonal and
orth.—orthorhombic

Element | T, (K) Crystal Melting point | Op (K) | AL (nm) |EgL (nm) | B. (mT)
structure | (°C)

Al 1.18 fec 660 420 50 1600 10
Bi 0.00053 | trigonal |271.4 112 0.16 96,000 0.0052
Cd 0.52 hex 321 300 130 760 3
Ga 1.08 orth 29.8 317 120 5.9
Hg 4.15 rhomb —38.9 90 - 55 40

3.95 tetr - - - - 34
In 34 tetr 156 109 24-64 360440 |28
La 59 fee - - - - -

4.8 dhcp - - - - -
Nb 9.2 fec 2500 240 3244 39-40 195
Pb 7.2 fec 327 96 32-39 51-83 80
Re 1.7 hex 3180 430 - - 19
Ru 0.5 hex 2500 600 - - 6.6
Sn 3.7 tetr 231.9 195 25-50 120-320 |30.5
Ta 4.4 bce 3000 260 35 93 80
Th 1.4 fec 1695 170 15
v 54 bce 1730 340 39.8 45 120
w 0.01 bce 3380 390 - - 0.124
Zn 0.85 hex 419 310 25-32 52

Table 2 T of elements

. . Element T. (K) Pressure (MPa)

being superconducting only

under pressure. Data were As 2.7 24

collected from Refs. [3, Ba 5.1 20

30-431 Bi-II 39 2.6
Bi-III 7.2 >2.7
Bi-V 8.7 >9
Eu 2.7 142
Fe 2 21
Ge 5.4 11.5
Li 20 50
P 18 30
Se 6.9 13
Si 8.5 12
Te 74 35
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Fig. 3 Typical crystal structures of the superconducting elements (see also Table 1). Crystal struc-
tures were drawn using VESTA software [48] and the data files were performed based on X-ray
databases [49-51]

The puzzle of the superconducting elements gets an additional complication when
preparing superconductors in reduced dimensions (e.g., as nanostructured thin films
(2D/1D), as nanowires (1D) or nanowire arrays or even nanoparticles (0D)). In thin
film form, which acts as a platform for geometrically confined, strongly interacting
electrons, several superconductors exhibit higher 7'.’s (the most famous example are
here Al thin films with 7', raising from 1.2 Kup to4 K [52]), and other materials follow
the more common understanding showing their 7. being reduced with decreasing
the film thickness. All such experiments were summarized by Ivry et al. [53], which
certainly contributes to gain better understanding of these effects.

Another complication is offered when approaching 1D or 0D dimensions with
nanowires and nanoparticles prepared from superconducting materials. Several
observations of unexpected phenomena were reported in the literature, e.g., Pb
films with thickness-dependent oscillating behavior of T [54], and Al-nanowires
exhibiting size-dependent breakdowns of superconductivity [55].

A recent example should be mentioned here in more detail: Samples of nanos-
tructured B-Ga wires were recently prepared by a novel method of metallic-flux
nanonucleation in alumina templates [56] allowing the determination of several
superconducting parameters via magnetic measurements. The Ga nanowires could
be described as a weak-coupling type-2 superconductor with k = 1.18, favorized
by the nanoscopic scale of the Ga nanowires. This result and the relatively high 7',
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of 6.2 K reported is in stark contrast to pure bulk Ga, which is a type-I supercon-
ductor with T, ~ 1.1 K [57, 58]. The fabrication techniques of such 1D-nanowires
were recently reviewed by Koblischka and Koblischka-Veneva [59], and similar
effects were observed also in other superconducting materials when being prepared
in nanowire form. The topic of superconductivity in reduced dimensions and the
possible increase of T will certainly deliver new surprises in the future.

A set of empirical rules was established in 1957 by Matthias [9, 10], which is
commonly referred to as Matthias’ rule. Although there is no apparent regularity in
the occurrence of super-conductivity and the placement of the element in the periodic
table, the rules provide certain useful traits for the search of new superconducting
materials. The main idea is to qualitatively relate the superconducting transition
temperature, T, to the valence electrons per atom, e/a. When looking at this relation
for non-transition elements (e.g., closed d-shell), T is a smooth increasing function
of the e/a, while for the transition metals, when being in stable crystalline form, the
resulting function shows peaks in T for e/a values of 3, 5, and 7. This function is
shown in Fig. 4, indicating the transition period and the period of closed d-shell.
Another rule concerns the crystal symmetry, saying ‘high symmetry is good, cubic
symmetry is the best’. Other rules contain recommendations like ‘Stay away from
magnetism’, which is a quite understandable advice, or ‘Stay away from oxygen and
insulators’, but many new unconventional superconductors have broken these rules.
For most metals, and especially for the main superconducting alloys and intermetallic
compounds, the rules have worked fairly well, helping researchers a lot to find new
superconducting materials.

Fig. 4 Matthias’ rule, transition period closed d-shell period
showing 7' as function of
the valence electron count,
e/a. 3 peaks appear in the
transition period, whereas a
smooth curve is obtained in
the closed d-shell period 1

not metallic

0 2 4 6 8 10 12 14 16 18
valence electrons per atom e/a
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3 Metallic Alloys and Intermetallic Compounds

The metallic alloys and intermetallic compounds are the largest group of all super-
conducting materials with more than 1000 members, reflecting the numerous combi-
nations of metallic elements possible. In this chapter, we will therefore only focus
on the five alloys and intermetallic compounds, which are the most important ones
for applications, that is, NbN, NbTi, the A15-compounds with the most prominent
member, Nb;Sn, the Chevrel phases plus the newest member with the highest T'.
of all metal alloys, the MgB, compound. Especially when considering supercon-
ductivity in the metallic alloys, the Matthias’ rule proved its usefulness to find new
superconducting materials.

3.1 NbN

The NbN material was the first binary compound with a 7. above 10 K discovered
by Aschermann [60] in 1941. The optimum 7', is obtained to be 16 K, being much
higher than that of the superconducting elements. NbN has a crystal structure of the
rock-salt type (B1), and the lattice parameter and the achievable T depend strongly
on the N content [61-63]. The material is attractive for applications especially in
form of thin films [4, 64] for use in radio frequency cavities or as active element in
single-photon detectors [65, 66]. NbN is typically sputtered (reactive DC magnetron
sputtering) from Nb targets in controlled N,-atmosphere on Si/SiO,-substrates, and
the heating of the substrate material is an important issue for the performance as
it influences directly the sample resistance and the upper critical fields. As thin
film material, nanostructuring with modern technologies like e-beam lithography or
focused ion-beam milling is an important issue for further development.

3.2 NbTi

The alloy NbTi is the classical workhorse of superconductivity. Since its discovery in
1960, this material proved that it can be easily produced in wire form, even as multi-
filaments. The superconducting parameters including a T of approximately 10 K
and an upper critical field of B, (0) ~ 11.5 T made it the material of choice for MRI
applications and most laboratory equipment [67-69]. The Ti content in commercial
NbTi conductors varies between 30 and 49%, and additions of, e.g., 20% Zr (for Ti)
further strengthen the high field properties. The NbTi material has a bcc structure
[70], which corresponds to that of Nb, whereas Ti has a hexagonal, close packed
(hep) crystal structure (P63/mmc). The size difference of Nb and Ti is only 2%, so
the resulting lattice parameter, a, of NbTi is 0.3285 nm, slightly smaller than that of
pure Nb. The component Ti itself is not superconducting down to 0.39 K at ambient



Classical Superconductors Materials, Structures and Properties 155

pressure [71]. Thus, the superconductivity depends mainly on the Nb component,
and the bcce crystal structure must be maintained to keep up the 7, which defines the
limits of Ti and Zr additions. The effects of the metallurgical treatments and details
of the composition on the flux pinning properties were discussed by Hillmann [72].
The development of NbTi wires for magnet applications is still ongoing [67], and
also thin films of NbTi are of interest in the development of superconducting joints
for HT'Sc conductors [73].

Very recently, high-pressure resistance measurements were performed as function
of temperature and applied magnetic field on commercial NbTi alloy samples with
the nominal composition Nbg 44Tig 56, showing a T. at ambient conditions of 9.6 K.
Interestingly enough, such experiments were not carried out in all the years before.
The interest in such experiments was now sparked by similar experiments carried
out on the superconducting high-entropy alloys (HEA), which are based on the NbTi
system. The properties of the HEA superconductors will be discussed in Sect. 2
below.

The high-pressure experiments on NbTi conducted in a non-magnetic diamond
anvil cell by Guo et al. [25] showed an extraordinary robustness of superconductivity
against pressure up to the very high pressure of 261 GPa. As illustrated in Fig. 5,
this pressure corresponds to the outer core of Earth. The high-pressure experiments
made NbTi now holding the record T'; and the record upper critical field, B,, for an
alloy composed solely from transition elements. The high-pressure measurements
also included XRD analysis, so Fig. 6 presents T as a function of the volume change
(—AV/Vy) of the unit cell caused by the applied pressure. Both NbTi and the HEA
alloy (Tb, Nb)g ¢7(Hf, Zr, Ti)o 33 with the same crystal structure (bcc) show a similar
behavior, although with clearly different magnitude, as compared to the pure element
Nb. The remarkable findings presented in [25] thus not only reveal the extraordinary
high-pressure superconducting properties of a commercially fabricated NbTi alloy,
but also give a new push forward to a better understanding of the mechanism of
superconductivity in general.

3.3 AI5-Compounds

The other big group of superconducting alloys important for applications are the
so-called A15 superconductors. The A15-type superconductors (V3Si and Nb3Sn)
were found by Hardy and Hulm [74] and Matthias [10, 75] in 1954. The history of
these materials, which were since then the materials with the highest 7. known until
the HTSc era, was recently reviewed by Stewart [76]. There are 69 distinct members
of A15 compounds, from which 53 are superconductors, and 15 of them show a
superconducting transition temperature of 10 K or higher. All the superconductors
with the A15 structure are extreme type-2 superconductors and thus very important
for the generation of large magnetic fields.
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Fig. 5 High-pressure resistance measurements as function of applied magnetic field and temper-
ature on NbTi. Data are taken in different experimental runs as indicated by the colors used. The
red star marks the record T of 19.1 K at 261 GPa, the green one the highest critical field, Bco,
recorded at 19 T. The inset presents the pressures around Earth’s core for comparison. Reproduced
with permission from Ref. [25]
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Fig. 7 Crystal structure of
the A15-compounds. The
dashed red lines indicate the
chain directions, formed by
the A-elements

The crystal structure of the A15 compounds is the B-tungsten structure. The proto-
type material of the A15-class is Cr3Si (or abbreviated A3;B). The B-component occu-
pies a bcec lattice, and on each crystal face, there are two atoms of the A-component.
The crystal structure is depicted in Fig. 7. The lattice parameters are a = b = ¢ and
a=p=1y=90e-.

The superconducting transition temperatures were steadily increased from 18 K
(Nb3Sn, 1954) [74, 75], to 20 K (Nb3zAlp2Geo g, 1967) [76], 20.3 K (Nb3Ga, 1971)
[77] and, finally, Nb3Ge with a T'. of 22.3 K (1973) and further optimized in thin film
form to the record value of 23.2 K in 1974 [78, 79]. The biggest problem is that the
fabrication of wires from the A 15 superconductors is a very complicated procedure as
Nbs3Sn is a brittle intermetallic compound [4], but with a well-defined stoichiometry.
The wire form is typically prepared by long term reactive diffusion, using Nb and
Sn rods as the starting materials. To further improve the fabrication process and to
prepare the required multifilamentary wires, several routes have been developed in
the literature like the bronze route, the internal tin and the powder-in-tube technique
[4, 5]. The production of the A15 conductors is mainly driven by the large projects
on particle accelerators and fusion reactors, demanding high magnetic fields [80].
Therefore, many new developments are reported in this field still today, and the
achieved progress concerning the critical current density is remarkable [8§1-83].

Another direction of research is the preparation of thin films of the A15 materials
to be used in superconducting cavities. It is remarkable that the highest 7. of all
A15 compounds was reached in the thin film state, where the substrate contributes
to stabilizing the metastable Nb3Ge compound. Also, in this branch of research,
the work is still ongoing to further optimize the microstructures and the resulting
superconducting properties [84].
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3.4 Chevrel Phases

The intermetallic compounds known as Chevrel phases are ternary molybdenum
chalcogenides, with the general formula MyMogX3, where M is a metal ion and X
a chalcogen (S, Se, or Te). The Chevrel phases form a very interesting family of
materials, and their unusual crystal structures were discovered by Chevrel et al. in
1971 [13, 85]. The superconductivity of these materials, with 7. values ranging up to
15 K, was first reported by Matthias et al. in 1972 [86]. In the following years, it was
found that many members of this Chevrel phase family exhibited exceptionally high
upper critical fields, which were clearly higher than the 20-40 T range of the A-15
superconductors [87, 88]. This observation made the Chevrel phase superconductors
very unique, and very interesting for possible high-field applications [89]. In general,
superconductivity is observed for compounds containing M = Li, Na, Sc, Pb, Sn, Cu,
Ag,Zn, Cd, and almost all lanthanides, except Ce, Pm, and Eu [7]. Among the ternary
compounds, the material PbMogSg (abbreviated as PMS) shows the highest 7. of
15 K and the upper critical field at T = 4.2 K reaches 60 T [4, 90, 91]. Thus, PMS is
a material for high-field applications at low temperatures with an upper critical field
clearly above that of Nb3Sn.

The characteristic of all Chevrel-phase compounds with the chemical formula
MyMogXg contain MogXg octahedra as basic building blocks of the rhombohedral-
hexagonal structure with space group R(—3) as presented in Fig. 8. Each unit has in
the form of a distorted cube or pseudo-cube with the X-atoms being located at the
corners. The six Mo atoms are placed near the centers of each of its six faces, thus
forming a dense cluster with the shape of a distorted Mo octahedron.

Looking at the various compositions possible, the intra-cluster distance varies
from 0.267 nm for Cuz ¢MogSg to 0.276 ,,,, for MogSg and the inter-cluster distance
ranges from 0.308 ,;, for MogSg to 0.366 ,,y, for PbMogSes. The Mo-3d-orbitals are
sufficiently extended allowing strong metallic bonding. The pseudo-cubes are stacked
in an almost-cubic unit cell, with each of its one-eighth unit cells being occupied

Fig. 8 Crystal structure of Py
Chevrel phase compound <
PbMogSg (PMS)

Pb
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by a MogXs cluster. The side length of the unit cell is typically about 0.65 ,,, and
the extension of the embedded MogSg cluster is about 0.38 nm. Both the intra- and
inter-cluster distances were found in the literature to be important in controlling the
T of the compound.

The superconducting parameters of the Chevrel phase compounds are quite special
(see Fig. 9 and Table 3), placing these materials between the conventional metal
systems and the HT'Sc materials. The anisotropy is >2, whereas the coherence length
is ~2.5 nm, which is smaller than that of Nb3Sn (3 nm), but larger as for the HTSc.
Superconductivity in Chevrel-phase compounds was previously thought to be of
conventional singlet s-wave type, although experimental data exhibit features of both
conventional and unconventional superconductivity. Interestingly, recent studies have
found them to be d-wave superconductors, and even multiband superconductivity
has been manifested in PMS and SMS compounds in STS studies [7]. A full under-
standing of these unusual materials is still not reached yet. Nevertheless, Chevrel-
phase superconductors are potential materials for ultrahigh-field applications due to
their extremely high critical fields [4].

Fig. 9 Comparison of the
upper critical fields, B (T),
of PbMogSg (PMS) with
Nbs(Al, Ge), Nb3Ge,
Nb3Sn, NbTi, MgB, and the
HTSc material Y-123 in the
field directions Bllc and Bll(a,
b). Data were collected from
Ref. [91]
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Table 3 Superconducting parameters of various Chevrel phase compounds. Data were collected
from Refs. [3, 7]

Material T. (K) B (T) AL (nm) gL (nm)
PbMogSg 15 60 240 2.3
SnMogSs 12 34 240 35
LaMogSg 7 45 - 3.1
TbMogSs 1.65 0.2 - 45
PbMogSes 3.6 3.8 - 11
LaMogSeg 11 5 - 9

3.5 Magnesium Diboride, MgB,

Superconductivity in the MgB, system was found by Nagamatsu et al. in 2001 [16],
showing a T'; of 38 K. This finding nearly doubled the previous record for the highest
T . of a metallic compound, crossing into the HTSc regime above 30 K. The material
itself was not new, but never tested for superconductivity before. A reason for this
may be the fact that neither element Mg nor B is superconducting itself, and both
constituents are light metals without d-electrons, which were thought to be necessary
for superconductors.

The crystal structure of MgB, is hexagonal of the type AlB, (space group C32,
P6/mmm). The magnesium and boron atoms are arranged in sequent layers (see
Fig. 10). The lattice parameters are a = 0.3047 nm and ¢ = 0.3421 nm. The shortest
distance between atoms is the B-B-spacing within the B-layer with d = 0.176 nm
[92, 93].

The MgB, compound shows several remarkable properties including extreme
type-2 superconductivity with high critical fields up to 14 T (bulks) and 74 T for
thin films [7]. MgB, is the first established example of a multiband superconductor,
possessing two distinct energy gaps of about 2 and 7 meV [94]. Owing to the close
relation to the metallic superconductors, polycrystalline samples of MgB, were
quickly found to show transparency of transport currents to the grain boundaries,

Fig. 10 Crystal structure of
the MgB>-compound
showing the two different
structures of Mg and the
boron layer
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which implies that the grain boundaries are not acting as weak links to degrade the
critical currents as is the case for the cuprate HTSc superconductors [95, 96]. This
observation sparked the interest in applications of MgB,, as a much cheaper produc-
tion route could lead to wires and bulk samples, even though the 7' is clearly below
77 K.

The MgB, crystal lattice shows two different atomic bindings, the covalent ones
which are mostly typical for semiconductors and also metallic binding, being typical
for conductive materials. These covalent bindings are strong, whereas the coupling
between B and Mg between the layers is formed by metallic 3D n-bindings, which
provide a weak coupling only [93]. Furthermore, the bindings within the Mg-plane
are much stronger than the Mg-B-bindings [92]; thus, cleaving of the crystal can take
place at this position [94]. The electronic structure of MgB, shows 4 bands crossing
the Fermi niveau [97, 98]. Two m-bands, which result from the p,-orbitals of the
B-atoms and are weakly coupled with the phonon-modes (3D character). The two
o-bands result from the py ,-orbitals of the B-atoms. These are weakly coupled to the
phonon-modes exhibiting 2D character [97, 99, 100]. Furthermore, there have been
recently speculations that MgB, could belong to a new type of superconductivity,
the type-1.5 superconductivity (see also chapter “Magnetic Properties of Supercon-
ducting Materials”), exhibiting similarities between type-1 and type-2 superconduc-
tivity, based on observations of the flux-line lattice [101]. This is a direct consequence
of the multiband character of superconductivity in MgB,. The MgB, compound is
now considered as a strong competitor to the other metallic superconductors NbTi
and Nb3Sn, but offers also the possibility to operate at more elevated temperatures
like 20k, which can be cost-effectively generated by modern cryo-cooling systems.
The fact that both ingredients abundantly available, and no expensive rare earth mate-
rials are involved, makes MgB, a cost-effective superconducting material, which can
also compete with the HT'Sc for some applications. Thus, the development of fabri-
cation processes of MgB, wires is strongly pushed forward [102], also benefitting
from the lessons learned in the HT'Sc wire development.

4 Ciritical Currents and Fields, Conductor Development

4.1 Comparison of Critical Currents and Fields of Different
Materials

The starting point for choosing an appropriate material for a given application is, of
course, a proper choice of the superconducting properties of the respective material.
Thus, it is very informative to have a look at the j.(T, B)-diagram and compare
the common wire materials NbTi, NbsSn and the new MgB, with each other. Such
a comparison of the j.(B, T)-surfaces of MgB,, NbTi and NbsSn is depicted in
Fig. 11. Nb3Sn reveals the best high-field properties among these materials, but
MgB, competes mostly well with NbTi—with the critical field being a bit low—but
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Fig. 11 Comparison of the Je (A mm?)
3D-surfaces jc(B,T) for the

compounds MgB,, NbTi and
Nb3Sn, following Ref. [103]

has the advantage of a possible operation at 20 K due to the much higher 7. The
data for the critical current density, j., at 4.2 K, the upper critical fields, B., at4.2 K,
the irreversibility fields, Bj; at 4.2 K and the superconducting parameters A(0) and
£(0) are given in Table 3 together with the electrical resistivity obtained at 7.

Table 4 reveals that the critical fields of the HTSc compounds at 4.2 K are unbeat-
ably high, whereas the size of the critical currents is comparable of all materials.
The metallic alloys have the advantage of having no anisotropy effects, which makes
them the best choice for applications at low temperatures and in their respective field
range. It is also obvious from the data that MgB, belongs to the metallic alloys,
showing a small anisotropy. However, the critical fields of MgB, at 4.2 K are rela-
tively low, but when considering applications operating at 20 K, MgB, has a unique
position among all superconducting materials.

Table 4 Comparison of the superconducting properties of NbTi, Nb3Sn and MgB, with those of
the HTSc compounds YBa;Cu3Ox (YBCO) and BiySr,CaCuz Oy (Bi-2223) (see also chapter
“Noncuprate Superconductors: Materials, Structures and Properties™)

Parameter NbTi Nb3Sn MgB»> YBCO Bi-2223
T. (K) 9 18 39 92 110
anisotropy Negligible | Negligible |1.5-5 5-7 50-200

je at 4.2 K (Alem?) ~100 ~10° ~100 ~10° ~107

B (T)at4.2K 11-12 25-29 15-20 >100 >100

Bir (T)at4.2 K 10-11 21-24 6-12 5-7(77K) |0.2 (77 K)
£(0) (nm) 4-5 3 4-5 1.5 1.5

A(0) (nm) 240 65 100 ~ 140 | 150 150
Resistivity p(T¢) (L2 cm) | 60 5 0.4 150-800 40-60
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Fig. 12 Results of the critical current density (whole wire, ' = 4.2 K) from various types of wire
samples, including MgB;-wires, NbTi, Nb3Sn and the HTSc-compounds Bi-2212, Bi-2223 and
YBCO [104]

Figure 12 presents data of the whole wire critical current density at T = 4.2 K
(liquid Helium temperature) as function of the applied magnetic field. At the given
low temperature, the HT'Sc materials show their ultimately high critical fields, but the
critical currents of the nowadays well-developed Nb;Sn and NbTi-wires can surpass
the ones of the HTSc in an appropriate field range.

The critical current data of the MgB,-wire are still the lowest ones, but of course,
the MgB,-wire production is still not as mature as that of NbTi, so there is hope for
future developments improving the flux pinning properties.

4.2 Fabrication of Wires for Applications

Careful design is required to develop superconducting wires and cables as detailed in
the reviews of wire manufacturing in Refs. [4, 5]. For different types of applications,
the wire design needs to be adapted accordingly, which adds complexity to the wire
architecture in the sense that also the outer shell and the manufacturing route have
to be selected carefully to achieve the demanded superconducting properties.

NbTi is practically an ideal material for conductor fabrication, with no anisotropy
(cubic crystal structure), the only metallic superconductor being ductile and being
composed of only two constituents [S]. Figure 13 presents cross-section views of
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Fig. 13 Modern 504 filament (left) and 288 filament (right) PIT wires, manufactured by Shape
Metal Innovations (SMI, Enschede, The Netherlands). Reproduced with permission from Ref. [105]

(a) a 504 filament and (b) 288 filament powder-in-tube (PIT) NbTi wires fabricated
by Shape Metal Innovations (SMI). The properties of these wires were discussed in
detail in Ref. [105]. However, as shown before in Fig. 12, the applicable field range
for NbTi is limited up to 9 T, so for the high-field applications in laboratory magnets
and the large particle colliders, Nb3Sn wires are required for the magnet design
[106]. In Ref. [107], the properties of Nb3Sn wires for applications at CERN (Large
Hadron Collider, LH-LHC quadrupoles) were discussed and the wires stemming from
different manufacturers were compared to each other. This illustrated in Fig. 14a,
b. Figure 14c, d present Nb3Sn wires with different manufacturing processes from
SMI (reinforced ternary PIT wire) and a wire fabricated by the ternary bronze route
from Vacuumschmelze, respectively. A comprehensive discussion of the Nb3;Sn wire
fabrication was presented by Godeke [108].

Accelerator magnets use high-current, multi-strand superconducting cables to
reduce the number of turns in the coils, and thus magnet inductance [106]. A face
view and the cross-sections of such a 40-strand Nb3Sn cable are presented in Fig. 15.

Figure 16 presents the steps made towards an MgB,-wire fabrication, which can
profit from the existing knowledge of the other metallic compounds, but also from
the lessons learned from the HT'Sc wires of the first generation. The images of Fig. 16
present a MgB, monofilament, the strand architecture, shaped wires and 3 x 3 and
12-strand cables. Even though the MgB, material is relatively new as compared to
the metal alloys of the 1960, multifilament wires and cables of MgB, can already
be manufactured, but there are still lot of efforts required to bring the MgB, wires to
a similar stage like the metal alloys NbTi and Nb3Sn. The current status of European
MgB,-wire manufacturing was recently reviewed in [105].

Finally, Fig. 17 illustrates the conductor development of the Chevrel phase super-
conductor, TMC (ternary Mo chalcogenides, i.e., the compound PbMogSg). The
superconducting material is packed in a Mo shell, and then into a stainless-steel tube
to improve the mechanical properties as the final conductor is foreseen for high-field
experiments [110, 111]. The extrusion billet shown weighs 1.5 kg. The TMC wires
are not only working at much higher fields as those of Nb3Sn, but may also have an
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Fig. 14 Nb3Sn wire development. a Restacked-rod process (RRP)-wires from Oxford Instruments
(USA) and b PIT-wires from Bruker (Hanau, Germany). Reprinted from Ref. [107]. ¢ Reinforced
ternary PIT wire from SMI and d wires using the ternary bronze route from Vacuumschmelze
(Hanau, Germany). Reprinted from Ref. [108]

ROC OO QO C)

DOAOIOIIOIC

Fig. 15 Nb3Sn Rutherford cables: a large face view of cable with stainless-steel (SS) core; b
cross-sections of 40-strand cable. Reprinted from Ref. [109]

advantage of lower fabrication and material costs involved [111]. Wires of this type
are manufactured by Plansee SE (Austria) [110].
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Fig. 16 MgB;-wire development [109], showing the steps towards useful wire architecture

Fig. 17 Development of
Chevrel-phase conductors of
the TMC-type, showing an
extrusion billet (~1.4 kg) for
a 1 km long wire.
Reinforcement by stainless
steel is required for the
foreseen high-field
applications, Image from
Plansee SE, courtesy B.
Seeber [110]

Molybdenum

5 Other Superconducting Materials

5.1 Heavy Fermions

The prerequisite for heavy fermion (HF) compounds is a high concentration of
magnetic ions which build up periodic lattice sites. As consequence, it seemed to be
remote to find superconductivity as the presence of strong magnetism prohibits in
principle the formation of Cooper pairs. However, Steglich et al. [112] have found the
superconductor CeCu,Si,, exhibiting unconventional superconductivity in ambient
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Fig. 18 Crystal structure of
the heavy-fermion
superconductor CeCu;Sip
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conditions; the crystal structure is presented in Fig. 18. Since this time, supercon-
ductivity was discovered in more than 30 HF materials mainly containing Ce and U,
and many more of their substituted phases, building up an entire class of materials
with ferromagnetic and antiferromagnetic order. The superconductivity takes place
mostly at 7' values below 2k, but the most recently found materials NpPdsAl, with
T.=4.9K[113] and PuCoGas [114] with a T of even 18.5 K exhibit an even more
strange behaviour (Table 5).

The unique properties of the HF superconductors were reviewed by Stewart [115]
and Steglich [12, 116, 117]. Some superconducting parameters are listed in Table 4.
The HF materials are strongly correlated materials with an effective charge carrier
being 10—1000 larger than that of a free electron, with the direct consequence
that the pairing mechanism is unconventional. These materials are still a big puzzle
concerning the coexistence of magnetism and superconductivity [118], and so a
recent article concludes that the superconducting state may arise due to the magnetism
rather than in spite of it [ 119]. These observations on the HF systems, being classified

Table 5 Properties of selected heavy-fermion compounds. Data were collected from Refs. [12,
115]

Material T. (K) Eff. mass (em) B (T) AL (nm) ggL (nm)
URu;Si 1.5 140 8 1000 10
CeCu;Sip 1.5 380 1.5-2.5 500 9

UPt3 1.5 180 1.5 >1500 20
UBej3 0.85 260 10 1100 9.5
UNizAlz 1 48 <l 330 24
UPd,Al3 2 66 2.5-3 400 8.5
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as unconventional superconductors, may also shed light on the pairing mechanism
leading to high-T'; superconductivity (d-wave superconductivity), where a similar
phase diagram with a coexistence of magnetism (antiferromagnetism) exists.

5.2 Borocarbides

At the same time as the Chevrel phases, ternary borides and stannides were discov-
ered, all of which show also an interplay between magnetism and superconductivity.
The formulae of these compounds are RERhyB4 (where RE = Nd, Sm, Er, or Tm)
and the stannides are described by RERh,Sny (where RE = La or Er with x ~ 1-1.5
and y &~ 3.5-4.5) [7]. The magnetic order in these materials can be ferromagnetic,
antiferromagnetic, spin glass-type, oscillatory, as well as weakly ferromagnetic.

The most recent addition to this class of materials are the quaternary borides, which
show an interplay with antiferromagnetism [3, 7]. The Ni-based borocarbides with the
chemical formula RENi;B,C (RE = Dy, Ho, Er, Tm, or Lu) exhibit superconducting
transitions in the range between 6 and 17 K, with the most prominent member,
YNi;B,C, becoming superconducting at 15.5 K (see Table 6). The T'.-value is found
to increase up to 23 K, when Ni is replaced by Pd. The crystal structure (see Fig. 19)
is body-centered tetragonal, with the electrical conduction taking place in the Ni, B,
layers. The T. and the Néel temperature, TN, values are very close to each other,
exhibiting all possible combinations 7. > Tx, T < Tn, and T, = Ty.

The superconducting properties in these compounds were reviewed in [120-123]
and are considered as conventional superconductors, but similar to MgB,, different
energy bands contribute in different fashion to superconductivity. Borocarbides are
type-2 superconductors withk ~ 15 (§ ~ 10nm, A ~ 150 nm and B, up to 107). Further-
more, in this family also antiferromagnetism and superconductivity can coexist, with
the compound YbNi,B,C exhibiting a heavy-fermion behavior. Furthermore, it was
shown in [124] that the grain boundaries of polycrystalline borocarbide samples act
as weak links like in the case of the HTSc cuprates, which makes them uninteresting
for possible applications.

Table 6 Properties of selected borocarbide compounds. Data were collected from Refs. [3, 120-

123]

Material T. (K) B (T) AL (nm) EgL (nm)
YPd;B,C 23 - - -
LuNi;B,C 16.6 70-130 7
YNi;B,C 15.5 6.5 120-350 6.5
TmNi ,B,C 11 - - -
ErNizB,C 10.5 14 750 15
HoNi;B,C 7.5 - - -
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Fig. 19 Crystal structure of
the quarternary borocarbide
RENi;B,C (RE = rare
earths)

Ni,B,-layer

5.3 Layered Superconductors

The thin film preparation technology enabled the growth of multilayered systems
consisting of, e.g., a metal and a superconductor, an insulator and a superconductor
or two superconductors with different superconducting properties. As the thicknesses
of the constituents can be varied, artificial multilayers with a variety of properties can
be fabricated. Such materials were reviewed in [125, 126]. Even more interesting are
materials with an internal layer structure or real 2D superconductors. If the coherence
length gets smaller than the interlayer distance, the superconducting state will vary
spatially, and in the extreme case, there will be an atomic sequence of superconducting
and non-superconducting layers, where superconducting current perpendicular to the
layers will flow as Josephson currents. Beginning in the 1960s, such natural layered
superconductors were investigated. The general formula of these systems can be
written as MX, with M being a transition metal and X a chalcogenide Se, S or Te [3,
7]. A typical crystal structure of this material class is shown in Fig. 20 for the case
of niobium diselenide (NbSe;), which was described first in [127].

This material is very interesting for low-temperature STM investigations as a
calibration material, as the structure can readily be cleaved. With the upcoming of
van der Waals-coupled multilayer engineering [128, 129], NbSe; is best suited to
provide a superconducting contribution for such 2D-vdW-architectures.
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Fig. 20 Crystal structure of
NbSe; as an example of
layered or
2D-superconductors
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6 New Developments

6.1 New Materials

New superconducting materials are still searched for, and the Matthias’ rule is still
an important guide to do so [130]. Recently, the Matthias’ rules helped to find a
new class of superconductors, which crystallize in the AuCus-type lattice, that is,
the compounds of LaBi; [19]. The finding of superconducting high-entropy alloys is
also strongly guided by the valence electron count, e/a. This demonstrates that there
are still many more superconducting materials to discover, and the help of machine
learning to search databases and to perform band structure calculations [21-23] will
certainly contribute to these efforts in the future.

6.2 High-Entropy Alloys (HEA) Compounds

A new field for research opened up when the high-entropy alloys (HEA) were found to
contain also superconducting members. Based on the overall structure of the Nb-Ti-
system, a total of 5 elements were composed to achieve the HEA effect as illustrated
in Fig. 21. All atoms may occupy any lattice site with the same probability. The first
such alloy was Ta34Nbs3Ti|; Zr4Hfg, found by Kozelj et al. [20] with a T of 7.3 K.
The basic idea of the HEA compound is depicted in Fig. 20. All atoms involved may
take any position in the unit cell, in this case a bcc one. In the meantime, other HEA
compounds including Nb-Re-Hf-Zr-Ti, Hf-Nb-Ti-V-Zr, Mo-Re-Ru-Rh-Ti [131, 132]
and such containing U were found to be superconductors [133].
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Fig. 21 Composition
scheme of the HEA alloys in
the bcc structure. All atoms
involved may occupy each
lattice site as indicated by the
different colors

It was later shown that HEA is not limited to the bcc unit cell as a superconducting
hexagonal HEA alloy (ResgNb;;TijZr; Hf};) with a T of 4.4 K was found [134],
and the HEA AgInSnPbBiTes crystallizes in a NaCl-structure (space group Fm-3 m),
with the metals on the cation site and Te on the anion site. The T of this system is
2.8 K[135]. V-Nb-Mo-Al-Ga shows polymorphism and crystallizes for some mixing
ratio in the bec structure but upon annealing, an A15-structure is obtained [136].

While in the A15-structure, the highest upper critical field for all HEAs of 20.1 T
was measured. All the superconducting HEAS are type-2 superconductors with crit-
ical fields up to 8—10 T. The remarkable behavior of the electron system of the HEA
compounds became visible in high-pressure experiments as shown in Fig. 6, which
indicates that the electronic character of the HEA is different from that of the single
constituents. The consequences this may have for the fabrication of wires is still not
yet explored. Thus, there will be for sure more interesting physics coming out from
such systems in the future.

6.3 Magic-Angle Bi-layered Graphene

Carbon becomes superconducting in various forms, including the carbon-doped
diamond films and carbon nanotubes [30, 31]. Another interesting carbon mate-
rial is graphene, and superconductivity in such systems was discovered recently in
magic-angle, twisted bi-layered graphene (MA-tblG) [32-34]. Placing two graphene
layers together under an angle of 1.1° forms a Moiré pattern as shown in Fig. 22.
This observation leads to a new type of superconducting material, being the start
of the so-called Moiré superconductivity, where superconductivity depends on the
Moir¢ pattern formed between two or more atomically flat layers with a much larger
lattice parameter. The T of MA-tblG is low with T ranging between 0.5 and 1.4 K,
but it could be shown that adding hexagonal boron nitride (h-BN) layers of different
thickness improves 7. up to 4 K [34].
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Fig. 22 Magic-angle bi-layered graphene (MA-tblG), presented as Moiré-pattern of two 5°-tilted
graphene layers for clarity. The bold line shows the new Moiré lattice parameter. The inset presents
the arrangement for measurements, where the sample is covered by few layers of graphite flakes
(fiG) acting as gates

The superconductivity of the MA-tblG layers is on the way to be understood in
detail [137], even though more careful experiments on the Moiré superconductors,
which include also other 2D-layers with similar structure like e.g., WSe, [138],
regarding their superconducting properties are still required.

6.4 Metal Hydrides Under Pressure

Superconductivity in metal-hydrides was found in 1972 by Skoskiewicz in the Pd-H
system [139]. A maximum T of ~4 K was obtained for a ratio H/Pd ~ 0.9 in ambient
conditions. However, if the pressure is sufficiently high, hydrogen is believed to
become a monatomic metal with exotic electronic properties owing to the quantum
nature of this low-Z system [28, 140]. Due to the fact that very high pressures
are required to create such states, hydrogen-rich metal compounds, in which the
hydrogen is chemically pre-compressed, have been considered as an alternative for
experimental work.

In recent experiments, X-ray diffraction and optical studies have demonstrated
that super-hydrides of lanthanum can be synthesized with La atoms in an fcc lattice
at 170 GPa upon heating to about 1000 K. The results obtained in [27, 141, 142]
match the predicted cubic metallic phase of LaH /o [143] having cages of thirty-two
hydrogen atoms surrounding each La atom. This configuration is up to now the closest
one to pure metallic hydrogen. Four-probe electrical transport measurements were
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Fig. 23 Resistance measurements under high pressure (188 GPa) on LaH;g.Reproduced with
permission from Ref. [141]. On the right, the crystal structure of R-3 m-LaHjq is shown, with
the blue arrows indicating displacements of the H-cluster. Below the H3,-cluster which surrounds
each La atom in the structure is presented. Reproduced with permission from Ref. [143]

performed in the high-pressure environment that display significant drops in resis-
tivity on cooling up to 260 K and 180-200 GPa. These measured transitions repre-
sent signatures of superconductivity at near room temperature, which is a remark-
able result, initiating a new area in superconductivity [42]. The underlying mecha-
nism is, however, that of conventional superconductivity based on electron—phonon
interaction (Fig. 23).

7 Conclusion

The conventional or low-T. superconductors are by no means dead as one could
think during the hype around the various high-7. materials: The LTSc still serve
as model systems in basic physics, e.g., for creating mesoscopic superconducting
samples, 2D superconductors or model systems to investigate flux pinning prop-
erties. Concerning the fabrication of superconducting wires, there is still a lot of
development required to design and produce the wires and cables for the current big
projects like ITER and the planned fusion reactors. And, very important, there are
new and unexpected results reported in the literature, which give the entire field a
new push. This concerns mainly the discovery of new superconducting materials like
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the discovery of the high-entropy alloys (HEA), which was based on the Matthias’
rules. These materials show up with interesting new properties. This is especially the
case for the high-pressure dependence of 7., which exhibited superconductivity up
to 190 GPa pressure. This result points out that the electron system of a HEA is truly
different from its individual components like No or Ta. Very remarkably, it was found
that the parent compound of the HEA, NbTi, was never investigated before at high
pressures, carrying out this experiment recently, brought out the striking result that
T of NbTi can be increased up to 19 K, and the superconductivity persists also up
to 261 GPa, the highest pressure which can be applied experimentally. Furthermore,
superconductivity was found in magic-angle, bi-layered graphene, creating a new
class of superconducting materials, the Moiré-type superconductors. And, the high-
pressure experiments on LaH;y reaching room-temperature superconductivity put
the research on metallic superconductors to the forefront of interest. Thus, there is a
lot of exciting new physics in this field, coming up certainly with new and important
results in the near future.
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