High-T' ;. Cuprate Superconductors: m
Materials, Structures and Properties L

Anjela Koblischka-Veneva and Michael R. Koblischka

Abstract The cuprate superconductors are the first and the most important high-
T . superconducting materials, as still today applications of superconductivity at the
temperature of liquid nitrogen (77 K) are only possible with cuprate superconductors
(and here, especially the three compositions YBa,Cu3;O;_; (abbreviated as Y-123 or
YBCO), Bile‘zC&CUzOg+3 (B1-2212) and BigSI‘zC&QCUQOlQJrg (B1-2223)) In this
chapter, we present the crystal structures of the main 5 HTSc cuprate families (Ln-
Cu-0O (Ln-214), Y-Ba-Cu-O (YBCO), Bi-Sr-Ca-Cu-O (BSCCO), Tl-Ba-Ca-Cu-O
(TIBCCO), and Hg-Ba-Ca-Cu-O (HgBCCO)) and their specific crystallographic
features and discuss the resulting superconducting properties and the electric and
magnetic characteristics being important for the applications, including the normal
state properties, the grain boundary problem, the irreversibility lines, and issues of
creating flux pinning sites to increase the critical current density, j.. We further
point out the progress in the material development in the direction for applications
concerning the microstructure and texture and present the typical sample shapes.

Keywords High-T. superconductors + Cuprates * Crystal structures + Phase
diagram + Doping + Oxygen content - Irreversibility lines - Microstructure -
Applications

1 Introduction

The cuprate high-temperature superconductors (HTSc) were the first materials with
a superconducting transition temperature, T, above 30 K, being clearly above that of
the previous record holder, Nb3Ge films with 7. = 23.2 K [1-3]. In their pioneering
paper, Bednorz and Miiller (Nobel prize 1989) presented the compound LaBaCuO
(the stoichiometric composition turned out to be La; gsBagy 15CuO,4, now abbreviated
as La-214) as a possible HTSc material [4]. The striking difference to all previous
superconductors being metals and metal alloys was the fact that this material was a

A. Koblischka-Veneva (<) - M. R. Koblischka
Experimental Physics, Saarland University, P.O. Box 151150, 66041 Saarbriicken, Germany
e-mail: a.koblischka@gmail.com

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 181
Y. Slimani and E. Hannachi (eds.), Superconducting Materials,
https://doi.org/10.1007/978-981-19-1211-5_7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-1211-5_7&domain=pdf
mailto:a.koblischka@gmail.com
https://doi.org/10.1007/978-981-19-1211-5_7

182 A. Koblischka-Veneva and M. R. Koblischka

ceramic, which was thought to be impossible as ceramics are normally insulators.
Soon after the results could be reproduced by other groups, arace for even higher 7'.’s
setin, the early stages of which are nicely narrated in the book by Hazen [5] and in very
short times after, the compound (La,Sr),CuO, was found with 7. =38 K [6]. By high-
pressure experiments on La-Ba-Cu-O, the idea came up to replace La by the smaller
ion of Y, and so the YBCO compound witha 7. 0f91...93 K was found by Wuet al. [7]
and Chu et al. [8]. This was the first time to raise 7. above the temperature of liquid
nitrogen (77 K), so superconductivity was no longer a phenomenon which could
take place only behind the steel walls of cryostats, but could now be demonstrated
easily to the public or even in class rooms. Following this progress, about a year
later the first members of the BSCCO-family were announced by Maeda et al. [9]
and Zandbergen et al. [10], raising 7. from 85 K in Bi,Sr,CaCu;0s,s (Bi-2212) to
105 K in Bi;Sr,Ca;Cu3 0145 (Bi-2223). The next steps of the quest to find materials
with even higher 7. were the finding of the Tl-based superconducting family [11-
13] and the Hg-based family [14, 15], which brought up 7. to 138 K in slightly
Tl-doped HgSr,Ca,;CuzOg9 (Hg-1223). This material still holds today the T record
for a material in ambient conditions [1]. Under pressure, the T, of Hg-1223 could
be raised further to 165 K [16, 17], which is now surpassed by reaching nearly room
temperature in H3S [18] and then in LaH,( [19]. Even though now more than 100
HTSc superconductors are known with 7'.’s above the HT'Sc limit of 30 K, none of
these materials could further improve the maximum 7' [20]. The main HT'Sc families
and their maximum 7', are plotted in Figs. 1 and 2 below.

The La-124 system was developed further with family members doped with elec-
trons, instead of hole-doping like for all other cuprate HTSc, making up the general
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Fig. 1 Superconducting transition temperature, T'¢, of various cuprate HTSc. Different HTSc
families are indicated by different colors. Data were collected from Refs. [1-3]
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formula Lny_M;CuO,_; (with Ln = rare earths Pr>*, Nd>*, Sm?*, or Eu** and M =
Ce* or Th* where x &~ 0.1-0.18 and § &~ 0.02), yielding the highest T of about 25 K
for NCCO (i.e. Nd;_xCexCuOy4_;5) [21, 22]. These materials are especially important
to test theories of the Cooper pair formation in HTSc materials.

From the applications’ point of view, only the three systems, (RE)-BCO with RE
denoting light rare earth elements, i.e., Nd, Eu, Sm and Gd, and the Bi-2212 and Bi-
2223 systems, are really useful materials to be produced in a variety of shapes, ranging
from epitaxial thin films, thick films, coated conductors, powder-in-tube wires and
tapes, and bulk materials [23-25]. Very recently, even superconducting foams [26, 27]
and nanofiber mats [28, 29] could be produced. Most attractive for many applications
are such with cooling by liquid nitrogen (T = 77 K), even though nowadays the
development of cryocooling systems [30] has largely advanced allowing to reach
even low temperatures in a cryogen-free manner.

Figure 2 gives the superconducting transition temperatures, T, as function of the
year of discovery, starting from 1911 with Hg discovered by Kammerlingh Onnes
[31]. A borderline at 30 K separates the conventional, low-T . superconductors (LTSc)
from the HTSc compounds [1].

The common feature of all the cuprate HTSc crystal structures is the layered
structure consisting of several different plane layers. The most important one are the
Cu-O-planes, which are considered to be the main superconducting highways. All
other layers in the crystal structure serve as charge carrier reservoirs. The layered
structure leads in turn to a high anisotropy of the superconducting properties [1—
3], which causes interesting magnetic properties as discussed in Chap. 3. Another
common issue for all cuprate superconductors is the fact that they are ceramic oxidic
materials, and as consequence, the oxygen loading and oxygen distribution within
the Cu—O-planes is an important issue for the resulting superconducting perfor-
mance. A generic phase diagram of the HT'Sc materials is presented in Fig. 3 below.
Depending on the hole concentration p, the material can be driven from an antifer-
romagnet (AF, with the corresponding Néel temperature 7y) via a spin glass state to
a superconductor, SC.
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At temperatures above Ty or T, the compound may behave as “normal” metal,
mostly as semiconductor [32, 33]. This coexistence of an antiferromagnetic state
with superconductivity may be the key for the underlying pairing mechanism in the
cuprate HTSc [34].

In this chapter, we discuss the crystal structures of the cuprate HTSc families and
the resulting consequences, the microstructures and the important superconducting
properties. Furthermore, we discuss the use of the cuprate HT'Sc in applications of
superconductivity.

2 Crystal Structures of the Cuprate HTSc Families

The HTSc cuprate superconductors have either tetragonal or orthorhombic crystal
structures, and their unit cells are formed by stacking various layers together along
the c-direction, which causes the c-axis parameter to be much longer than the a- and
b-axes. One or more Cu—O-planes that are present are particularly important, as they
constitute the superconducting layers, where the mobile charge carriers (electrons or
holes) reside and that undergo superconducting condensation when cooled below 7.
Other intervening metal oxide and pure metal layers are present as well, namely Tl—
O, Bi-O, Hg-0O, Ba-0, and Sr-O layers. Furthermore, Cu—O chains, and Y and Ca
layers appear in the HTSc unit cells, which provide the necessary structural frame-
work for the pertinent number of Cu—O-planes to exist. Several of the oxide layers
(e.g., TI-0O, Bi-O, Hg—O layers and the Cu—O chains) exhibit a mixed-valence char-
acter, which makes them serve as charge reservoir layers supplying mobile carriers
to the superconducting Cu—O-planes. At the same time, these layers render a low
dimensionality to their electronic structure by serving as blocking or spacer layers
between the superconducting layers. A negative consequence of the presence of such
additional layers is that they weaken the electronic coupling along the c-direction to
make the material quasi-two-dimensional, and thus promote a significant anisotropy
in both the superconducting and normal states. The ratio of the normal-state resistiv-
ities along and perpendicular to the c-direction, pe/pap, ranges from the order of 102
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to the order of 10° and the critical current across the layers in the superconducting
state can be orders of magnitude lower than in the (a,b)-plane [20, 35]. This poses a
serious constraint and a challenge for material science to prepare HT'Sc conductors
achieving the high critical current densities, j., required for practical applications
[36].

2.1 YBCO

We will start with the YBCO compound, which is the most important HTSc material
for present-day’s applications [23-25]. Interestingly enough, YBCO was the first
HTSc material with T at 91 K, which is well above 77 K, the temperature of liquid
nitrogen, allowing the operation of applications at this temperature. Starting from
high pressure studies on LBCO, Chu et al. [8] noted a large and positive pressure
coefficient of T'¢, with the onset of superconductivity occurring at 52.5 K [37]. So, the
idea was born to simulate this pressure in a chemical way (i.e., internal pressure) by
replacing La** with the smaller Y** ion. The resulting material was a mixture of two
phases, the superconducting (black) YBCO and the green (insulating) Y,BaCuOs
(Y-211) phase [5]. This phase mixture is still an important issue to create a reasonable
amount of flux pinning sites in the 123-compounds today [38].

The unit cell of YBaCuOg,, possesses double Cu—O-planes and a single plane
with Cu—O-chains as shown in Fig. 4 for y = 0.5 (double unit cell), y = 0.7 and y
= 1.0. YBCO has an orthorhombic unit cell (i.e., a # b) for y = 0.5 to 1.0, and a
tetragonal one (a = b) below 0.5. The material is optimally doped at y = 1.0 (that
is, O7), and is underdoped for all other y [39—41]. This is further illustrated in Fig. 5

Fig. 4 Crystal structures of YBCO compounds depending on the oxygen content, y, ranging from
y = 0.5 (half doped) via y = 0.7 (underdoped) to y = 1.0 (optimally doped)
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below. Practically, to reach full oxygen loading, long times are required (diffusion),
so this poses a problem when fabricating large sample sizes like YBCO bulks [42].
Note also that it is not possible to create an overdoped YBCO superconductor by
oxygen loading.

The consequence of all this is a strong dependence of YBCO on the oxygen loading
achieved. In [40], Poulsen et al. have shown by experimental neutron scattering
data and simulations that the oxygen atoms have a strong tendency to form chains
in the Cu—O-planes. In the state y = 0.5, every second row of oxygen atoms is
unoccupied, thus the doubling of the unit cell to describe this situation properly. A
slight oxygen deficiency is already sufficient to reduce T, which poses a big problem
when investigating the surface of an YBCO crystal under UHV conditions, e.g., by
STM [43, 44]. For y < 1, regions with lower T, (= broken chains) are embedded in
the YBCO; matrix when being close to optimal doping. If these regions are of similar
size to &, then the order parameter only varies slightly, but if the regions are larger
than 2 &, so-called 87 .-pinning sites [45, 46] may be formed, and the corresponding
magnetization loops may show the so-called fishtail effect [45, 47]. The resulting
fishtail effect is only weak, and further oxygen loading may completely remove this
peculiar shape of the MHLs again in ultrapure single crystals [48]. The region, where
this can happen, is marked by the green dashed circle in Fig. 5 below. In this sense,
an YBCO crystal with y < 1 can be seen as a granular material on the nanoscale,
which confirms the early observations of Daumling et al. [49].

In subsequent experiments, it was soon realized that the formation of the high-T,
phase was not confined to Y>* alone, but, a superconducting RE-123 family could
be created [50] with nearly all lanthanides RE, except Ce and Tb, resulting in non-
superconducting multi-phases. This is commonly attributed to their relatively bigger
ion size (see also Fig. 6). The case of Pr was long debated in the literature, but the
final conclusion is that also Pr does not yield a superconducting material [51, 52].

Figure 6 presents the lattice parameter of the RE-BCO unit cells for the rare
earth elements in the order of their ionic radius, compiled from literature data. Erbe
et al. [53] also showed recently the lattice parameter of the two most important
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substrates for thin film production, StrTiOs; (STO) and LaAlOy (LAO), which are
just engulfing the RE-BCO compounds, thus leading to some stress/strain in the
thin film samples. The quest to further enhance the critical currents in the RE-BCO
compounds, especially for large bulk samples, lead to interesting combinations of
more than one RE element, leading to binary [54, 55], ternary [56, 57], and even
to HEA-inspired (see Chap. 6) RE-BCO compounds with five RE elements [58],
where the increased disorder on the Y-site provides new possibilities to design an
appropriate material for applications with high current densities.

For the set of light rare earth elements (LRE = Nd, Sm, Eu and Gd), the ion size of
the LRE**-ion becomes comparable to that of Ba>*-ion. As result, the LRE>*-ion can
substitute Ba®*, thus forming a LRE-rich compound with reduced superconducting
properties (7. ~ 65 K) [59]. A controlled mixture of these two phases by dedicated
processing steps enables increased flux pinning, at low temperatures by variation
of the order parameter £ (37 .-pinning) and at elevated temperatures by magnetic-
field induced pinning of the LRE-rich sites rendered normal. The final result are
magnetization curves with a large secondary peak, i.e., strongly increased critical
currents at elevated magnetic fields [46, 60]. In contrast to the fishtail effect caused
by oxygen vacancies, this LRE-induced fishtail effect is very strong and also not
reversible. All these observations nicely illustrate the importance of nanoengineering
of flux pinning sites in the RE-BCO compounds to tailor the flux pinning properties
and the resulting critical current densities [61].

The surface of NdBCO is reported to be much more stable as that of YBCO,
so measurements within an UHV environment are possible [63]. Low-temperature
scanning tunnelling spectroscopy (STS) was performed on high-quality, doped Nd-
123 single-crystal samples [62] as shown in Fig. 7 with T values of 76 K (highly
underdoped), 93.5 K (underdoped) and 95.5 K (optimally doped), respectively. The
measurements were taken on an (a, b)-plane for the underdoped samples and on a (b,
c)-plane for the optimally doped sample. From the d//dV-curves obtained showing
features like the conductance peaks (marked as P), dips (D) and humps (H), the
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Fig. 7 Representative d//dV-curves obtained at 7 = 4.2 K on NdBCO single crystals with 7 values
of 76 K (highly underdoped, UD76, a), 93.5 K (underdoped, UD93, b) and 95.5 K (optimally doped,
OP95, ¢). Spectra shown for UD76 were obtained along a 5 nm scan line and for UD93 they were
obtained along a 20 nm scan line. The spectra shown for OP95 were obtained at the same location.
The curves observed at different locations are staggered for clarity. Reproduced with permission
from Ref. [62]

energy gap (2A) measured from peak-to-peak separation monotonically increases
as the 7. values decrease monotonically due to underdoping. In detail, values of
56 + 4 meV for OP95, 70.6 &+ 1.5 meV for UD93 and 117 &£ 25 meV for UD76
were obtained. These values are in the range reported for both Bi-2212 and YBCO
compounds [64].

The YBCO-family has two more members by created by adding additional layers
to the original composition. The compound REBa,CuyOg (i.e., RE-124, where RE
denotes any lanthanide other than Ce, Tb, or Pr) with 7. ~ 80 K was subsequently
discovered, which is an analogue of RE-123, but with an extra plane containing Cu—
O chains [65], whereas a combination of the 123 and 124 systems turned out to be
an ordered inter-growth in the form of the Y,Ba,;Cu;0,5 (Y-247) system, which has
aT. of 95 K [66]. The crystal structures of Y-124 and Y-247 are presented in Fig. 8.
Y-124 was found to appear as stacking fault in Y-123 crystals. The more complicated
preparation route to achieve pure materials has excluded them from applications.

2.2 BSCCO Family

Starting from the LaSrCuO compound, Michel et al. [67] had found the T of several
Bi—Sr—Cu-O compounds to range between 7 and 22 K, which later was raised even
to 34 K. These findings suggested the replacement of the La-ion by Bi in LSCO,
although the resulting crystal structure was found to be different from the original
K, NiF; structure. The crystal structures of the BSCCO family are illustrated in Fig. 9,
starting with the single CuO-layer (n = 1) compound Bi,Sr,CuOg (Bi-2201), having
a T, of ~25 K. Subsequently Maeda et al. [9] found a substantially enhanced 7'; of
the order of 80-110 g for Bi—Sr—Ca—Cu-O (BSCCO), and the generic formula of



High-T' . Cuprate Superconductors: Materials, Structures ... 189

Fig. 8 Crystal structures of " |
the YBCO-family members, ﬁ

Y-124 and Y-247. Y-124 has

an extra chain layer as

compared to Y-123, and

Y-247 is an intergrowth of el
both Y-123 and Y-124 phases |-

%
-

the BSCCO family turned out as BiySr,Ca;,—1Cu,Opq44. For the Bi; SrpCaCu;yOg44q
(Bi-2212) compound with two (n = 2) Cu-O-layers, T ranged from 85 to 95 K,
while for BiySryCayCu30¢.q (Bi-2223) containing three (n = 3) Cu—O-planes, T,
was up to 110 K [10]. A partial substitution of Bi by Pb, (Bi,Pb),Sr,Ca;Cu30¢,q,
was found to contribute to the phase stability in the processing steps [68]. Among
the BSCCO family, the Bi-2212 compound has the highest anisotropy, which is
the highest one of all HTSc compounds [20]. This leads, of course, to interesting
consequences concerning the magnetic properties as discussed in Chap. 3.

Many of the superconducting and normal state properties of the BSCCO
compounds were discussed in [70]. Important is here that in the BSCCO system
underdoped, optimally doped and overdoped superconductors may be created, which
enables to test the prediction of the phase diagram. Figure 10 illustrates how the
resistivity curves will vary upon doping for the two situations, in-plane and out-of-
plane. Thus, one can recognize, e.g., the optimally-doped situation directly from the
resistivity measurement.

Figure 11 presents resistivity measurements carried out on optimally doped Bi-
2212 as well as on underdoped material [71, 72]. The resistivity curve of the under-
doped material is assumed to approach the pseudogap temperature, 7*, visualized
by the first deviation from the otherwise linear behavior.



190 A. Koblischka-Veneva and M. R. Koblischka

Bi-2201 Bi-2212 Bi-2223

Fig. 9 Crystal structures of members of the BSCCO HTSc family, Bi-2201, Bi-2212 and Bi-2223
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Fig. 10 Schematic overview of the dependence of the measured resistivity on doping effects. The

top row shows the in-plane resistivity, and the lower row the out-of-plane resistivity. The two insets
illustrate the direction of the current, /. Reproduced with permission from Ref. [69]
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Furthermore, the BSCCO material is less sensitive to oxygen loss, so proper
surfaces may be prepared by cleaving under UHV conditions, so high-resolution STM
measurements became possible especially on the Bi-2212 system, revealing inter-
esting physics. Figure 12 shows two so-called gap-maps as determined by STM/STS
[73], where the superconducting gap is determined from //V-curves measured locally
by STS (see also Fig. 7) and then plotted as a function of position. These maps reveal
the local variation of the superconducting gap size, and it is clearly visible that
regions with similar gap sizes form clusters in both cases (a—underdoped) and (b—
as grown, which is slightly overdoped). As seen before in the case of NdBCO, the

Fig. 12 STM images (“gap maps”) of a Bi-2212 single crystal. a Shows an underdoped crystal,
and b the as-grown state (which is, i.e., slightly overdoped). The color code for the superconducting
gap is chosen to be the same for both images. The observation temperature was 7 = 4.2 K; the
image size is 56 x 56 nm?. The points in the white rectangle were further analyzed in [63]. Note
that the gaps in (a) and (b) are quite different from each other, but in both cases, nanometer-sized
areas of different gaps are visible in the images. Reproduced with permission from Ref. [73]



192 A. Koblischka-Veneva and M. R. Koblischka

superconducting gaps of the underdoped samples are much larger as compared to the
optimally doped or overdoped cases, the two maps differ in the size of the measured
gaps, but show the same clustering.

The gap maps clearly demonstrate that oxygenation is creating a kind of internal
granularity (i.e., a spatial variation of the superconducting gaps due to different
oxygen content) on the nanometer scale even in high-quality single crystals. This
important result should always be kept in mind when interpreting results of electric
or magnetic measurements of superconducting properties of HTSc samples.

2.3 TIBCCO Family

By completely replacing Bi by Tl and Sr by Ba, that is, forming the Tl-Ba-
Ca—Cu-O family (in short TBCCO), one may have single- or double-TI-layered
compounds [11] with the generic chemical compositions TI1Ba,Ca,_;Cu,Opp43 and
Tl,Ba;Ca;,— 1 Cu,Osnqy, respectively. Crystal structures of the compounds TI-1212,
T1-1223 and T1-2212 are presented in Fig. 13.

Tl-1212 TI-1223 Tl-2212

Fig. 13 Crystal structures of the Tl-based HTSC family, showing the compounds T1-1212, T1-1223
and T1-2212
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As already seen in case of the BSCCO compounds, the nominal composition
and the processing schedule influence the resulting 7. and the structural details of
the synthesized phases of the TBCCO system. Most notable is here that among the
single-Tl-layer compounds, T1-1223 and TI1-1234 exhibit the highest T values of
133 K [12] and 127 K [74], respectively. Among the double-TI-layer compounds,
the two compositions T1-2223 and TI1-2234 possess T values of 128 K [13] and
119 K [75], respectively. The structural, chemical and mechanical properties of the
TIBCCO family were summarized by Bellingeri and Fliikiger [76], including also
the less common members of the family like T1-1222, T1-1234 and T1-2234. The last
two compounds exhibit even four Cu—O-layers per unit cell. The pressure depen-
dence of T, of the two compounds T1-2223 (3 Cu—O-layers) and T1-2234 exhibited
a clear kink at ~12 GPa [12], suggesting that the inner and outer Cu—O-layers, which
are inequivalent (the inner layer has fourfold oxygen coordination, the outer ones
fivefold), also behave differently under pressure. In ambient conditions, due to the
only proximity weak coupling between the Cu—O-layers, T is determined by the
Cu-O-layer with the highest intrinsic 7.

Due to the high 7. and the lower anisotropy as compared to Bi-2212, it was
attempted to fabricate powder-in-tube tapes, especially with the compound T1-1223,
which presented reasonably high irreversibility fields. However, the grain boundary
weak link problem, which is essential for all HTSc compounds [77-79], led only
to reduced critical current densities of these tapes [80], making them obsolete for
applications. Furthermore, the compounds TI-1212 and T1-2212 were used for the
fabrication of microwave devices, showing a low surface resistance in frequencies up
to 10 GHz [81]. Another important obstacle is the toxicity and volatility of T1, which
is according to [76] controllable by taking specific measures and encapsulating the
superconducting material like as is done in the Ag-sheathed tapes. However, extra
costs caused by these procedures are hindering the applications of the TIBCCO
compounds.

2.4 HgSCCO Family

The HgSCCO HTSc family is rich of members following the basic compositions
HgBa,Ca,_Cu, 0,43 and HgyBayCa,_Cu,Os444 [14-16] describing single- and
double-layered Hg systems. Figure 14 presents the crystal structures of the Hg-1201,
Hg-1212 and Hg-1223 compounds. As pointed out already before, the single-Hg-
layered compound Hg-1223 exhibiting three Cu—O planes (n = 3) hasa T of 134 K,
but has manifested the highest 7. = 138 K of all cuprate HTSc, when Hg is marginally
replaced by 0.2% TI1. Now other material showed a higher 7. at ambient conditions,
even to date.

Schwartz and Sastry [82] summarized the properties of the HgBCCO family
members, and also the efforts made with the fabrication of thin films, thick films and
tapes of the Hg-based compounds. Although the irreversibility lines of the undoped
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Hg-1201 Hg-1212 Hg-1223

Fig. 14 Crystal structures of the Hg-based HTSC family, showing the compounds Hg-1201, Hg-
1212 and Hg-1223, the T.-record holder for the cuprate HTSc

and doped HgBa,Ca,_|Cu, 0,42 compounds show the highest values for the irre-
versibility field at high temperatures of any known superconductor, it is only compa-
rable to that of YBCO at 77 K. Furthermore, it was found that the position of B (T) is
strongly dependent upon added dopants, which is an important issue from both funda-
mental and technological points-of-view, offering possibilities to tailor the magnetic
properties.

Plotting the irreversibility field, By, versus the reduced temperature, 7/T, it was
shown that By, is above that of the Bi—Sr—Ca—Cu-O double layer compounds, but
below the one of the YBCO compound [83]. This observation is thus consistent
with the model that the irreversibility field as a function of normalized temperature
is inversely proportional to the separation of the Cu—O-layer in the unit cell. As a
consequence of the record-high T, the absolute value of Bj(T) is as high as that of
YBCO at 77 K, and consequently, above it for higher temperatures [84].

There have been several efforts in the literature to produce especially thin film
materials of the HgBCCO family members, but overall, the fact that HEBCCO mate-
rials are not considered for practical applications demonstrates that 7' is not the deci-
sive criterion for the use in applications, but the achievable critical current density,
Je-

Figure 15 shows the superconducting transition temperature, T, as a function of
n, the number of Cu—O-layers per unit cell for the BSCCO, TIBCCO and HgBCCO
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families. The highest T.’s are obtained at n = 3, whereas an increase to 4 Cu-O-
layers reduces T again, which is also a consequence of the inequality of the inner
and outer Cu—O-layers as observed in the pressure experiments [12]. Nevertheless,
it was attempted to create a so-called infinite layer compound, (Sr;xCay)i.yCuO,,
consisting of only Cu—O-layers in the literature, but the resulting 7' reached in first
experiments hardly 45 K, but was reported to achieve 110 K in later experiments [86].
The fact that the infinite layer compound does not achieve a very high 7', proves
the importance of the charge carrier reservoirs and spacer layers for the high-T'
superconductivity in the other cuprate HT'Sc materials.

2.5 RE-214 Family

The general formula of the RE-214 family is La, (MCuO4 (M = Ba, Sr, Ca, or Na;
with x = 0.15-0.17). This family was developed on the base of the first experiments
by Bednorz and Miiller [4], reaching a maximum 7' value of 38 K [6]. However,
this was only the start of this HTSc family, which developed further into the most
complete HTSc family with both hole-doped and electron-doped members. As the
basic pairing mechanism for high-T'. superconductivity is still unknown, the common
opinion is that the Cu—O-planes play the key role, and these planes can be obtained
by electron- or hole doping of the parent Mott insulator system. Thus, the finding
in 1989 of true electron superconductors among the cuprate HTSc has significant
implications for the understanding of HT'Sc superconductivity, allowing to test new
and existing theories experimentally [21, 87, 88]. The first electron-doped analogue
of the LSCO cuprate system was RE, _yMCuQy4_; (RE = rare earth elements Pr+,
Nd**, Sm**, or Eu**; and M = Ce*" or Th**; with the parameters x ~ 0.1-0.18 and
d & 0.02). The highest T of this group was 25 K for the NCCO compound (i.e.,
NdQ,XCCXCUO4,5).
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The electron-doped cuprate family does have the Cu—O-planes like the other
cuprate HTSc, but the oxygen coordination is different. Figure 16 presents the crystal
structure of NCCO (called T’-phase) in comparison with the other crystal structures
(T-phase showing Cu—O octahedra) and the T*-phase (showing Cu—O pyramids).
While the hole-doped HTSc are either of the T or the T*-phase type, the T’-phase
is composed of sheets of Cu—O squares and has no apical oxygen atoms. As result,
the T’-phase can only be doped by electrons [89]. Figure 17 gives the phase diagram
for the RE-214 family, which is the most complete one of all cuprate HTSc families.
There are two superconducting domes (SC) on each side of the diagram, separated by
the antiferromagnetic (AF) phase. The resulting 7. values of the NCCO compounds
are ranging only between 13 and 25 K, while the highest 7. of LaCCO of 30 K can
only be stabilized in thin film form. These low 7T';’s do not pose a problem for the
basic research, but there are no envisaged applications of this cuprate HTSc family
to date.

T T
Nd,_Ce,CuO, La,,Sr,Cu0O, Nd,.,..Ce,Sr,Cu0,

Fig. 16 Crystal structures of the 214 HTSc family with the three compounds Nd,_xCexCuOy4 (T?),
Lay < SrxCuOy4 (T) and Ndy_xCexSroCuQy4 (T*)
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Fig. 17 Phase diagram of A
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3 Important Superconducting Properties and Typical
Microstructures

The most important property for applications of superconductors is the achievable
critical magnetic fields as those define in which fields the superconductor stays
superconducting. However, as discussed in Chap. 3, the irreversibility fields are
the ones limiting the superconducting performance of the HTSc materials. Thus,
Fig. 18 presents the irreversibility fields, B;(T), together with the B,(T)-lines for
various HTSc materials. The Bj(T')-line or often called irreversibility line (IL) gives
the upper limit for possible applications as the flux pinning, and thus the critical
currents, goes to zero at this line, but the material stays superconducting up to the
upper critical field, B.,(T). The data presented are collected from various literature
data [90, 91]. Here, one should note that the IL is always located much lower than
the corresponding B,(T), which is due to thermally activated flux creep, and the
principal temperature dependence of both lines is supposed to be similar [45]. An
exception to this rule occurs if there are anisotropy effects present, i.e., the rigid
vortex lines are dissociating into vortex pancakes which only exist within the Cu—
O-planes [92]. In this case, the temperature dependencies of the vortex state and the
pancake state can be clearly different from each other, whereby the low temperature
part corresponds to the ones of the less anisotropic samples.

This is, e.g., realized in the case of Bi-2212, where a clear change of shape of
the IL below 20 K is visible in the diagram [91]. The effect is less pronounced in
Bi-2223, which is accordingly also less anisotropic than Bi-2212. The B, (T)-lines
of both materials are not shown, but B.,(T) of Bi-2212 is almost similar to that of
YBCO but reaching even higher fields at low 7', so there is a hugh differences between
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Fig. 18 Diagram comparing the irreversibility fields, Bi(T) and the upper critical fields, Bco(T),
of various HT'Sc materials. The conventional LTSc alloys NbTi, Nb3Sn and MgB; are also included
for comparison, and also NdFeAs 7Fy 3 and FeSe_x Tex, which are two different types of iron-based
superconductors. The full lines indicate the B.>(7T')-lines of a superconductor, and the dashed lines
represent the irreversibility lines. Note the difference between B¢ (T') and Bi(T) of Y-123, which
reflects the effect of thermal fluctuations. The BSCCO materials show the effect of dimensionality.
Reproduced with permission from Ref. [90]

the two lines. The ILs strongly depend on the experimental conditions, that is, the
sweep rate of the external magnetic field or the current criterion employed in the
measurements due to the thermally activated flux creep. Therefore, an analysis of the
underlying pinning mechanism(s) by only measuring the IL is not straightforward.
Table 1 presents the superconducting parameters of several HTSc materials [92],
including the upper critical fields, B.,, measured parallel (B™) and perpendicular
(B2°) to the (a,b)-plane.

Table 1 Superconducting parameters of several HTSc compounds. Data were collected from Ref.
[69]

Cuprate | Tc (K) |&ap (nm) |&c (nm) | hgp (nm) | Ae (nm) |Beo®™ (T) | Beo® (T) | kap
LSCO 38 33 0.25 200 2000 80 15 61

NCCO |25 7-8 0.15 120 2600 7 - 15

YBCO |92 1.3 0.2 145 600 150 40 115
Bi-2212 |95 15 0.1 180 700 120 30 120
Bi-2223 [ 110 1.3 0.1 200 1000 250 30 150
TI-1223 | 133 1.4 0.1 150 - 160 - 110
Hg-1223 | 134 1.3 0.2 177 3000 190 - 136
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The data of Fig. 18 and of Table 1 now reveal that applications operating at 77 K
demand the use of the RE-123 compounds, whereas tapes or wires of the BSCCO
family require to be cooled down to at least 20 K [93], if not to 4.2 K, where the so
much higher B, is justifying their use even as inset coils into conventional Nb;Sn
magnets.

To discuss the problems appearing for the use of RE-123 in applications, it is
essential to have a closer look on the characteristic microstructure of the supercon-
ducting samples. When preparing HTSc superconductors in a solid-state reaction,
the resulting material will be polycrystalline consisting of superconducting grains
with typical sizes ranging between 1 and 20 wm. When sending electric currents
through such samples, one immediately realizes that only small currents can be sent
without showing a too high resistance. The problems are due to the grain boundaries
(GBs), which act as weak links for the current flow. Thus, to avoid the GBs, texture
of the material is required, which is very demanding for the sample preparation, and
lot of work in the field of HTSc was devoted to develop preparation techniques to
achieve a good texture [76-78].

A first stage of microstructures is presented in Fig. 19, where single crystals and
melt-textured RE-123 samples are shown [94-96]. The typical structure is caused by
the twin boundaries, which appear in the sample preparation when cooling down the
sample from close to the melting temperature. In this stage, RE-123 has the tetragonal
crystal structure and is converted to orthorhombic by oxygen uptake, which is done

Fig. 19 Various microstructures of YBCO samples. a Typical RE-123 single crystal, optical image
[91]. b Polarization image of an (a,b)-surface revealing the twin structure [91]. ¢ Twins and
embedded Gd-211 particles in the superconducting matrix of NEG-123. d Analysis of the twin
structure by means of EBSD. (Image (d) was reproduced from Ref. [95]). e Nanostripes of SmBCO
showing a regular pattern and f irregular pattern [91]
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o

(a) (c)

Fig. 20 Illustrations to the GB problem of HTSc. a Gives a schematic view of a polycrystalline
sample with grains of different orientations in blue. The border area of the grain (violet) can be
oxygen-depleted. b Shows possible grain boundaries, (1) tilted, (2) rotated in plane and (3) distorted.
The small graph indicates that currents are lowest for case (3). ¢ Shows the cancelling effect as a
reason for the weak link effect of the GBs regarding the superconducting phase (d-wave-symmetry).
Reproduced with permission from Ref. [88]
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mostly in a separate oxygen-loading step. The twins are 90°-twins by interchanging
the a- and b-axis of the material, and form twin domains [90]. The twin boundaries
are guiding the vortex motion in a superconducting sample, as moving along the
twins is easier as crossing them. The border area of such twin domains is also a weak
section, allowing penetrating flux to rush along there [97]. Thus, the twin pattern
does have an influence on the magnetic properties of the RE-123 compounds. The
nanostripes of some RE-BCO compounds are observable using AFM or STM at
ambient conditions [96] and are created during the growth of the superconducting
matrix, especially in the melt-growth techniques, which are applied to grow bulk
samples. Also these nanostripes can influence the vortex motion as demonstrated in
dedicated transport measurements [98].

The basic character of the GBs in all HTSc materials was topic of many research
reports in the literature, and the output is summarized in [76—78]. Figure 20 gives a
short overview of the GB problem. In (a), a typical polycrystalline sample is sketched
schematically. The grains may have different orientations, and their border areas may
be oxygen-depleted. Furthermore, some impurities or secondary phases may be found
along the GBs. (b) shows three cases (1-3) of GBs, and the small inset indicates that
the situation (3) is the worst for a transport current. Finally, (c) illustrates a possible
explanation for the weak link character regarding the superconducting phase in each
grain (d-wave character). The interaction between the two different phases reduces
the currents through the GB as indicated; maximum correlation yields the highest
current through the boundary, the minimal configuration the lowest.

Figure 21 presents a magneto-optical (MO) analysis of the flux penetration along
GBs with different angles, which were obtained in YBCO thin films, deposited on
respective bicrystal substrates [99]. The MO images demonstrate clearly that flux
can easily rush along a GB if the misorientation is higher than 5°. Thus, it is obvious
that achieving a good texture is essential to reach high critical current densities in
HTSc samples.



High-T' . Cuprate Superconductors: Materials, Structures ... 201

Y

3*GB
Jy/3.=0.95 JJI.~05 Jy/J.~0.12 J/J. <0.065
Fig. 21 Magneto-optic observations of flux penetration a thin film along a GB with different angles.

The current ratio, Jp/J ¢, strongly reduces on increasing the angle. Reproduced with permission from
Ref. [99]

4 HTSc Cuprates and Applications

Several new preparation techniques and approaches were developed since the
discovery of the HTSc, with the main demand to achieve a good sample texture.
Figure 22 presents several samples for applications of the RE-123 family. Image

Fig. 22 Typical samples of the RE-123 HTSc family for applications. a Melt-textured Gd-123 bulk
(see the seed crystal in the sample center) [91]. b 15 cm-diameter YBCO thin film (Ceraco) [103],
¢ Sketch of YBCO coated conductor [104], d Large twinned single crystal of NdBCO for basic
research [105], e Superconducting YBCO foam (details described in open accessed Ref. [106]),
and f YBCO nanofiber mat [28]. Images c, d, and f were reproduced from Refs. [104, 105], and
[28], respectively
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(a) shows a melt-textured, bulk RE-123 sample with a typical diameter of 2 cm for
laboratory use. This type of sample processing was discussed in Refs. [100, 101].
Nowadays, batch-processed samples with diameters up to 10 cm can be fabricated
[102]. (b) presents a YBCO thin film sample with a diameter of 15 cm, fabricated by
Ceraco [103]. (c) shows an YBCO coated conductor in uncovered state. The YBCO
thick film is prepared by CVD on a metal substrate, requiring some intermediate
buffer layers to get a suitable base for the growth of YBCO [104]. (d) presents a
large, twinned single crystal of NdBCO [105] which is interesting for basic research,
and (e) gives a superconducting, open-cell porous YBCO foam [106] and finally, (f)
a solution-spun YBCO nanofiber mat [28, 107].

The last two sample types are porous materials, the advantages of which were
discussedin Refs. [107, 108, 109]; the materials are light weight and exhibit improved
oxygenation and cooling properties, avoiding the problems appearing when trying
to increase to sample diameters further.

Figure 23 shows samples for applications from the BSCCO HTSc family. As
it was most straightforward to use the powder-in-tube technique from the Nb;Sn-
fabrication also for HTSc, the Bi-2223 compound turned out to be more useful in tape
form as YBCO due to the easier alignment of the elongated Bi-2223 grains during
rolling and wire drawing. Tapes of this type could reach 1 km in length (a), and were
thus the first choice for demonstrators for energy applications [110]. Bi-2212 wires

Fig. 23 Samples and microstructures of the BSCCO family for applications. a First-generation
silver-sheathed Bi-2223 tape [110], b melt-cast Bi-2212 samples for current leads (Nexans, [112]).
¢ presents the cross-sections of multifilamentary Bi-2223 tapes, image from [113], d an extracted
filament, and e an AFM topography image of the Bi-2223 grains. Images (d) and (e) were reproduced
from Ref. [114]
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B Bi2223
Bi2212

[ (87.Ca);.CuayOyy

Fig. 24 a EBSD-analysis of a section of a Bi-2223 tape, showing the phase map (color code below
the map) together with the EBSD-detected GBs (marked white). Reproduced with permission from
Ref. [116]. b Kikuchi pattern of the Bi-2223 phase and ¢ indexation

were also fabricated in the same way for high-field applications at low temperatures
[111], and melt-cast Bi-2212 samples (b) could be used for current leads [112]. Image
(c) gives two cross-sections of Bi-2223 multifilamentary tape [113], (d) presents an
optical image of an extracted filament and an AFM topography image [114].

Here, it must be mentioned that the microstructure of the HTSc samples requires
nanoengineering, as the flux pinning sites should be of a size comparable to 2§,
and thus, the size of the optimum flux pinning sites is about 10 nm [61, 115]. The
consequence of this is that also the required analysis techniques are pushed to their
limits. A typical example for a dedicated sample analysis is presented in Fig. 24 as
performed in [116].

The electron backscatter diffraction (EBSD) technique developed into a routine
tool to investigate the nanostructures of ceramic materials during the development of
the HT'Sc conductors and could thus deliver important contributions to it [116—118].
The main problem for the fabrication of HT'Sc wires or tapes is now to maintain
control on the nanoscale while preparing meter-long materials. All the efforts made
are summarized in [119-123]. Thus, the preparation of HT'Sc samples for applications
is still a demanding challenge for further research and development.

5 Conclusion

The present chapter has shown the crystal structures of all the important HTSc family
members and discussed the respective properties due to the nature of being ceramic
oxidic materials. Thus, effects of doping, oxygen-loading and —depletion play an
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important role for the superconducting performance of the cuprate HT'Sc samples.
The cuprate HTSc are still the only superconducting materials enabling applications
of superconductivity at 77 K with liquid nitrogen as coolant. Samples for appli-
cations come mainly from the RE-123 family and of the BSCCO family, whereas
the TIBCCO and HgBCCO families are not considered for applications despite their
much higher 7'.-values. The main reason for this is the grain boundary problem, from
which all cuprate HTSc suffer. This also lines out that achieving good sample textures
in the sample fabrication is an essential task to obtain high critical current densities
demanded for the applications. To do so, not only the preparation techniques had to
be developed or to be improved, but also the required analysis and characterization
techniques required further development in order to enable nanoengineering of the
flux pinning sites within the HT'Sc materials.

All the images of crystal structures were prepared using the software VESTA
[124].
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