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Preface

The key point in condense matter science is the discovery of new class of com-
pounds with interesting features in physics and chemistry, such as structure, elec-
tronic properties, magnetization and superconductivity. The first superconductor of
mercury was discovered dropping to zero resistance at liquid helium temperature of
4.2 K by Heike Kammerlingh Onnes, a Dutch physicist from Leiden University in
1908. After half a century, Bernd Matthias et al. found superconductivity at 23.3 K
in Nb;Ge with the cubic A15 structure in 1967. Almost no one, least of all Bernd
Matthias who discovered more than a thousand superconductors, imagined super-
conductivity in such materials at that time.

About 80 years passed, superconductivity remained a property of metals at very
low temperatures. A breakthrough in the history of materials science came in the
1980s, the T. ~ 30 K in La;—,Sr,CuO, ceramics was discovered by Bednorz and
Muller. Sleight and co-workers found Ba;_(KBiO; (1989) at 34 K. This
remarkable discovery has renewed the interest in superconductive research. One
major point to superconductivity in these materials is the mixed valence of Bi and
Cu. These compounds are structurally derived from the perovskite type, and only
shortly later materials with so far unimaginable critical temperatures were discov-
ered. The most prominent is YBa,Cu3;07_s (YBCO) with a critical temperature of
92 K, well above the boiling point of liquid nitrogen. The up-to-date highest
transition temperature close to 135 K was observed in HgBa,Ca,Cu30g, 5 ceramics
in 1990s.

In spite of the immense scientific efforts on the cuprate-based materials with
more than one hundred thousand publications till now, the detailed physical
mechanism still remains uncertain. Hence, the late discovery of superconductivity
in non-cuprate compounds is paid a great attention: The rare earth transition metal
borocarbides (1994), the unusual features in conventional superconductors; high
transition temperature 7, ~ 40 K in MgB, (2001), an ordinary s-p metal; sodium
cobaltate Na,CoO, (2003), a strongly correlated electron system. Apart from the
high transition temperature of 40 K, two-band superconductivity was the other
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unexpected phenomenon in MgB, which is the only superconductor with sub-
stantiated theoretical and experimental evidence for two-band superconductivity.

An “iron age” came in 2008. The discovery of a new family of high critical
temperature iron and arsenic superconductors (FeAs) marked a new major revo-
lution in the world of superconductivity. The new compounds, which do not
contain copper (Cu) but have iron (Fe), arsenic (As), oxygen (O), and fluorine
(F) will help scientists to solve some of the mysteries in the area of solid-state
physics. These compounds reveal many properties similar to high-7. cuprates, and
at the same time superconducting state has multiband character. The experimen-
tal investigations revealed a great variety of “exotic” physical properties in the
above-presented compounds such as multiband and anistropic effects in the
superconducting state. Detailed comparison of the available data for new class of
superconductors, especially with the high-T,. cuprates, might be helpful to improve
our present incompetent understanding of challenging novel members of the rich
and rapidly growing family of superconductors.

This book deals with the new class of materials of unconventional supercon-
ductors—cuprate compounds, sodium cobaltates and iron pnictides. It gives a major
review of preparation, synthesis and growth of high-quality single crystals, as well
as their characterization to achieve the new perspective of high-T, superconductors
and deeper theoretical understanding of superconducting mechanisms. There is an
increasing number of fundamental properties of these compounds which are rele-
vant to future applications, opening new possibilities. The layout of this book
consists of five chapters. Chapter 1 is devoted to the description of La,_ M, CuQ,4
(M = Ba, Sr, Ca) cuprate superconductors. In this chapter, the growth technique
including its up-to-date improvements with respect to the detailed growth method is
discussed. Large and high-quality La,—,M,CuQ, single crystals were produced by
traveling solvent floating zone (TSFZ) technique. The compounds show a simple
layered structure of CuO, planes featured with hole-doping dependent anomalies.
The doping effects of M = Ba and Sr on the superconductivity in the compounds,
especially at certain specific magic hole concentrations, are given.

Chapter 2 gives a generalization of the growth of high-quality and centimeter-
sized YBCO and REBCO (RE = rare earth) single crystals using either flux or top
seeded solution growth (TSSG) method. The superconducting behavior of YBCO
shows a “dome” shape when under-, optimal-, and over-doped respective to defi-
cient, optimum, and over-doped oxygen contents in the compound. The oxygen
content of the crystal can be tuned by post-growth treatment of oxygenation/
deoxygenation. The as-grown single crystals exhibit twin domains and can be
detwinned by ferroelastic polling and enabled to probe the charge reservoir in the
CuO, planes. YBa,CuyOg is another important single crystal for the study of its
chemical and physical properties, since it is twin-free and shows higher thermal
stability with oxygen stoichiometry. The KOH flux growth of YBa,Cu4Og single
crystal provided a simple way to access the reasonable size of samples. In this
chapter, we present detailed procedures for the best quality crystal growth. Various
attempts to improve the crystal quality are described. Large single crystal growth of
some other rare earth cuprates is also presented in this chapter.
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In Chap. 3, we have summarized the growth of Bi, St Ca,—;Cu,Osp 445
(denoted as 2201 for n = 1, 2212 for n = 2 and 2223 for n = 3) single crystals, which
has been hampered by the complexities of the materials and the lack of their phase
diagrams. The most common crystal growth technique adopted for these oxides is
the “flux” method, where the starting materials are dissolved in a melt, which is
usually formed by excess of CuO, Bi,O3, or KCI/NaCl mixture. The crystals are
produced by slow cooling of the melt. This method, however, suffers from several
drawbacks: (1) crystals are contaminated with a crucible material, (2) crystals are
difficult to detach from a crucible, (3) crystals contain flux inclusions. In most cases
these drawbacks can be overcome by the traveling solvent floating zone method.
Moreover, this method is suitable for growing crystals of incongruently melting
compounds and has been thus successfully used to grow large crystals of the high-T,
La,Sr,CuOy, and Bi,, S, Ca,—1Cu, 05,4445 (n = 1, 2, and 3) superconductors. In
this chapter, we describe the growth of large, undoped and doped, high-quality
Bi-2201, Bi-2212, and Bi-2223 crystals as well as their characterization.

Chapter 4 presents a systematic study on growing single crystals of Na,CoO,
(x = 0.32-1.00) and hydrated Na,CoO, yH,O (x = 0.22-0.47, y = 1.3). The
experiments demonstrate that nearly pure a- (x = 0.90-1.00) and é&- (x = 0.75)
phases of Na,CoO, large crystals could be obtained using the optical floating zone
method. The detailed processes of Na-extraction and hydration in the crystals to
expand the c-lattice parameters are presented. A review on the single crystal growth
of Na,CoO, family and the hydrated cobaltates becoming superconductors is
described in this chapter. The property of the parent crystal and the superconductor
derived from them is also reported.

The last chapter of the book, Chap. 5, is devoted to the “iron age”, i.e., super-
conducting pnictides and chalcogenides. This chapter focuses on the various single
crystal growth techniques applied to the new class of high-temperature supercon-
ductors, iron-based layered pnictides, such as the parent compounds AFe,As,
(A = Ba, Sr, Ca) (122), hole-doped A;_ K Fe,As,, electron/hole-doped
AFe,_\M;As, (M = Co, Ni, Mn, Cr), isovalently doped AFe,As, P;,
A,Fe, ,Sex(A = K, Rb, Cs) (122), the chalcogenides Fe,-sTe;—.Sey (11), AFePn
(A =Li and Na; Pn = P and As) (111), Ln(O/F)FePn (1111) and type (Li;—.Fe,)
OHFe;-,Se (FeSelllll). Detailed single crystal growth methods (fluxes,
Bridgman, floating zone), the associated procedures, and their impact on crystal
size, quality, and physical properties are demonstrated. A number of detailed
growth parameters on FeSelllll layered superconductors using hydrothermal
growth for ion-exchange method are also included.

This book has been written aiming to provide materials scientists with an
in-depth overview of the past, present, and future of high-temperature supercon-
ductors. Specialist readers will be given updated information on the research
forefront of the study of various high-7, families and some hints on the possibility
of enhancing 7T, and on finding new high-7. compounds. The high-7, supercon-
ductivity is real and there is no reason that 7, does not increase beyond 135 K. So, it
is a realistic challenge in materials sciences to search for new superconducting
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materials with higher T, and/or to enhance 7. of the known superconducting
materials. A message that the author would like to pass to researchers, especially
young researchers and graduate students, is not to give up the challenges to the
problems of high-temperature superconductivity.

Stuttgart, Germany Dapeng Chen
Stuttgart, Germany Chengtian Lin
Dresden, Germany Andrey Maljuk

Beijing, China Fang Zhou



Contents

1 The K;NiF4-Type Cuprate Superconductors La, ,M,CuQy,

M=Ba, Sr, Ca) . . ......... . .. e
Fang Zhou
1.1 Introduction . ........... ... ...t
1.2 Phase Diagram and Distribution Coefficient of Dopants

in LayCuOyg. . o oo
1.3 Travelling-Solvent Floating-Zone (TSFZ) Technique . ... ... ..
1.4 TSFZ Growth and Characterization of La,_ M,CuQOy,. ... ... ..
1.5 Doping Effect on Superconductivity: 1/8 Anomaly

in La,_,Ba,CuO,4 and Magic Doping Concentrations

in Lay_ Sr,CuOy . .. ..o
1.6  Concluding Remarks . .. ....... ... ... ... ... ... .. ....
References . . ... ... .

2 YBCO and Some Other Rare Earth Cuprates. . .. .............
Dapeng Chen and Chengtian Lin
2.1 Introduction . ......... ... .. ...
22 Phase Diagram .............. ... ... ..
2.3 Centimeter-Sized Single Crystal Growth of Y-123
and RE-123 . ... ..
24  PFerroelastic Detwinning . .. .......... ... ... ... ... ...
2.5 Defects and Etch Pitsin Y-123 ... .. ... ... ... .. .....
2.6  Flux Growth of Pure and Doped Y-124 .. ... .............
References . . . .. ... .

3 Bi-Based High-T. Superconductors. . . ......................
Andrey Maljuk and Chengtian Lin

3.1 Introduction . . .......... ... ...

3.2 Undoped Bi-2201 Compound . . . .......... ... .........

3.2.1 Material Chemistry . ............ouuunennen..

322 Phase Diagram .. .......... .. .. .. ... ...

N B~

ix


http://dx.doi.org/10.1007/978-3-319-31548-5_1
http://dx.doi.org/10.1007/978-3-319-31548-5_1
http://dx.doi.org/10.1007/978-3-319-31548-5_1
http://dx.doi.org/10.1007/978-3-319-31548-5_1
http://dx.doi.org/10.1007/978-3-319-31548-5_1
http://dx.doi.org/10.1007/978-3-319-31548-5_1
http://dx.doi.org/10.1007/978-3-319-31548-5_1
http://dx.doi.org/10.1007/978-3-319-31548-5_1
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec1
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec1
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec2
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec2
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec2
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec2
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec3
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec3
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec4
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec4
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec4
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec4
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec5
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec5
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec5
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec5
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec5
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec5
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec5
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec5
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec5
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec6
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Sec6
http://dx.doi.org/10.1007/978-3-319-31548-5_1#Bib1
http://dx.doi.org/10.1007/978-3-319-31548-5_2
http://dx.doi.org/10.1007/978-3-319-31548-5_2
http://dx.doi.org/10.1007/978-3-319-31548-5_2#Sec1
http://dx.doi.org/10.1007/978-3-319-31548-5_2#Sec1
http://dx.doi.org/10.1007/978-3-319-31548-5_2#Sec2
http://dx.doi.org/10.1007/978-3-319-31548-5_2#Sec2
http://dx.doi.org/10.1007/978-3-319-31548-5_2#Sec3
http://dx.doi.org/10.1007/978-3-319-31548-5_2#Sec3
http://dx.doi.org/10.1007/978-3-319-31548-5_2#Sec3
http://dx.doi.org/10.1007/978-3-319-31548-5_2#Sec4
http://dx.doi.org/10.1007/978-3-319-31548-5_2#Sec4
http://dx.doi.org/10.1007/978-3-319-31548-5_2#Sec5
http://dx.doi.org/10.1007/978-3-319-31548-5_2#Sec5
http://dx.doi.org/10.1007/978-3-319-31548-5_2#Sec6
http://dx.doi.org/10.1007/978-3-319-31548-5_2#Sec6
http://dx.doi.org/10.1007/978-3-319-31548-5_2#Bib1
http://dx.doi.org/10.1007/978-3-319-31548-5_3
http://dx.doi.org/10.1007/978-3-319-31548-5_3
http://dx.doi.org/10.1007/978-3-319-31548-5_3
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec1
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec1
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec2
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec2
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec3
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec3
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec4
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec4

Contents

323 FluxGrowth. . ... ... . ... .. o 53
3.2.4 Floating Zone (FZ) Growth of Large Crystals. .. ...... 54
33 La-Doped Bi-2201. . ... ... ... . 59
331 Flux Growth. . ...... ... ... .. .. .. . ... 60
332 FZGrowth....... ... ... . ... ... . .. 61
3.3.3 Superconductivity . . ... ..., 67
34 Pb-Doped Bi-2201. .. ... ... ... .. . .. .. 68
341 FZGrowth. . ... ... 69
3.4.2 Post Growth Annealing and Superconductivity .. ... ... 71
35 Bi2212Compound . . ... ... 72
35.1 Flux Growth. .. ... ... ... ... . .. 72
3,52 Bridgman Growth . . .......... ... .. .. .. ... ... 78
3.5.3 FZ Growth of Large-Size Crystals. . . .............. 82
36 Bi-2223 Compound . . ... ... 94
3.6.1 Main Growth Difficulties . .. .................... 94
362 Flux Growth. .. ... .. ... . ... . ... . ... . .... 96
363 FZGrowth. . ... . ... . ... . ... . ... 98
References . . . .. .. . 110

Crystal Growth and Characterization of Na,CoO,

and Na,CoO,.yH,O . . . ... ... .. ... ... . 115

Dapeng Chen and Chengtian Lin

4.1 Introduction . ........... ... ... ... 115

42 Two-Layer NayCoOy . . . ..o oo i 117
4.2.1 Single Crystal Growth . . . ....... .. ... ... ... .... 118
4.2.2 Melting Behavior of Two-Layer Na,CoO, .. ......... 120
4.2.3 Sodium Extraction and Hydration . .. .............. 125
4.2.4 Hydration Dynamics . ............ ... ... ... .... 126
4.2.5 Deintercalation Process . .............. ... .. .... 129

43  Three-Layer Na,CoO, . . ... ..o 131
43.1 Crystal Structure . . . . ... ... 131
4.3.2 Single Crystal Growth . . .. ... ... ... ... ... .... 131

4.4  Sodium Cobalt Oxyhydrates Superconductor. . ............. 134
4.4.1 Crystal Structure . . . .. ... . e 135
4.4.2 Superconductivity and Phase Diagram . . ............ 137

45  ConClusion . . ... ... 140

References . .. ... ... . 140

Crystal Growth and Characterization of Iron-Based

Superconductor. . . . ... .. ... L 143

Dapeng Chen, Chengtian Lin, Andrey Maljuk and Fang Zhou

5.1 Introduction . ........... ... ... 143

5.2 122 Type AFe;As, (A=Ba, Sr) .. ... ... .. ... ... .... 145


http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec5
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec5
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec6
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec6
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec9
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec9
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec10
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec10
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec11
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec11
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec12
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec12
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec13
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec13
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec14
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec14
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec15
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec15
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec16
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec16
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec17
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec17
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec18
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec18
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec19
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec19
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec22
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec22
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec23
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec23
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec24
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec24
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec25
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Sec25
http://dx.doi.org/10.1007/978-3-319-31548-5_3#Bib1
http://dx.doi.org/10.1007/978-3-319-31548-5_4
http://dx.doi.org/10.1007/978-3-319-31548-5_4
http://dx.doi.org/10.1007/978-3-319-31548-5_4
http://dx.doi.org/10.1007/978-3-319-31548-5_4
http://dx.doi.org/10.1007/978-3-319-31548-5_4
http://dx.doi.org/10.1007/978-3-319-31548-5_4
http://dx.doi.org/10.1007/978-3-319-31548-5_4
http://dx.doi.org/10.1007/978-3-319-31548-5_4
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec1
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec1
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec2
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec2
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec2
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec3
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec3
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec6
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec6
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec6
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec8
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec8
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec9
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec9
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec10
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec10
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec11
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec11
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec11
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec12
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec12
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec13
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec13
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec14
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec14
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec15
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec15
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec16
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec16
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec17
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Sec17
http://dx.doi.org/10.1007/978-3-319-31548-5_4#Bib1
http://dx.doi.org/10.1007/978-3-319-31548-5_5
http://dx.doi.org/10.1007/978-3-319-31548-5_5
http://dx.doi.org/10.1007/978-3-319-31548-5_5
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec1
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec1
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec2
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec2
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec2
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec2

Contents

53

54

5.5

5.6

5.7
5.8

59

5.1

5.2.1 Single Crystal Growth by the Flux Method. . . .. ... ...
5.2.2 Features of K Doped Crystals Grown from

Sn Flux and Self-flux. . . ...... ... ... ... ... .....
Electron/Hole-Doped BaFe,_(MAs, (M=Mn, Cr,
Co,and Ni). . .. ...
5.3.1 Crystal Structure and Segregation Coefficient . .. ... ...
5.3.2 Annealing Effect on the Superconductivity . . .........
Isovalently Doped BaFe,(As;—xPx), Single Crystals
Grown by the Bridgman Method . . . .. ..... ... ... ... ....
122 Type Iron Chalcogenides A Fe,-,Se,
(A=K, Rband Cs). . ....... ... . i
5.5.1 Single Crystal Growth . .. ......................
5.5.2 Microstructure and Phase Separation . ... ...........
11 Type Iron Chalcogenides . . . .. ........ .. ... .. ....
5.6.1 Binary FeSe Crystal Growth by Flux and TSFZ

5.6.2 Fe,_sTe;—,Se, Crystals Grown by the Bridgman

and Self-flux Method. . .. ...... ... .. .. .. ... ...
111 Type of AFePn (A=Li and Na; Pn=P and As). ..........
1111 Type of Ln(O/F)FePn (Ln=Rare Earth Elements;
Pn=Pand AS) . ........ . . . .
11111-Type (Li,-,Fe,)OHFe,_,Se and Its Implication
for Iron-Based Family . .......... .. ... .. ... .........
5.9.1 Electronic Phase Diagram. . . ... .................
5.9.2 Crystal Synthesis via Ion/Cluster Exchange

and Strong Two Dimensionality . .................
5.9.3 Recent Results by ARPES and STS. .. .............

0 Conclusion . .. ...t

References . . . . ... ... e

xi


http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec3
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec3
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec4
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec4
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec4
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec9
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec9
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec9
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec9
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec9
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec9
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec10
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec10
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec11
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec11
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec12
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec12
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec12
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec12
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec12
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec12
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec12
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec13
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec13
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec13
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec13
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec13
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec13
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec14
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec14
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec17
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec17
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec18
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec18
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec19
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec19
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec19
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec20
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec20
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec20
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec20
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec20
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec20
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec21
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec21
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec22
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec22
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec22
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec23
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec23
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec23
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec23
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec23
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec23
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec24
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec24
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec25
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec25
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec25
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec26
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec26
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec27
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Sec27
http://dx.doi.org/10.1007/978-3-319-31548-5_5#Bib1

Chapter 1

The K;,;NiF,4-Type Cuprate
Superconductors La,_M,CuQO,
(M=Ba, Sr, Ca)

Fang Zhou

Abstract The K,NiF,-type compounds La,_,M,CuO4 (M=Ba, Sr, Ca) are the cuprate
superconductors which play an important role to the study of the intrinsic electronic
properties and the influence of doping on superconductivity. Large and high-quality
La,_,M,CuQy single crystals can be grown by TSFZ technique. The compounds are
of a layered structure containing single CuO, planes and show remarkable and infor-
mative hole-doping dependent anomalies. In this chapter, the growth technique,
including its up-to-date developments, and the detailed growth procedures are intro-
duced. The doping effects on the superconductivity in La,  Ba,CuO, and La,
—31;,CuOy, especially at certain specific magic hole concentrations, are presented.

1.1 Introduction

The discovery of superconductivity at ~30 K in La—Ba—Cu-O system by Bednorz
and Miiller in 1986 [1] marks the beginning of the era of high-temperature cuprate
superconductors. This superconducting system is derived from the parent com-
pound La,CuO,, which, however, is an antiferromagnetic Mott insulator. La,CuQO,4
has a K,;NiF,-type structure consisting of a stacking of single CuO, planes alter-
nating with two LaO layers along ¢ axis (Fig. 1.1a). The CuO, planes extending in
a- and b-direction are the key structural unit common to all the cuprate super-
conductors discovered to date, which becomes superconducting as charge carriers
of certain concentrations are doped into. The layer-structured cuprates are
quasi-two-dimensional and the interplanar couplings of CuO, planes in the trans-
verse c-direction are weak. Charge carriers of holes can be induced in the CuO,
planes of La,CuO, by partially substituting the trivalent rare-earth cations La**
with, for instance, divalent alkaline-earth ones M (Lay— M, CuQy4, M=Ba, Sr, Ca),
or by intercalating oxygen anions to the interstitial sites in lanthanum tetrahedrons
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()  LTO

CuO,

y LaO

[100]; [110],

Fig. 1.1 a Unit cell of La,CuO, in the HTT phase (l4/mmm). b Tilt direction of the CuOg
octahedra in the LTO phase (Bmab). ¢ The CuOg octahedra in the LTT phase (P4,/ncm) tilt
alternatively about [100], and [010], in adjacent layers. From [2]

via electrochemical oxidation [3, 4] and/or under high oxygen pressures (La,CuQOy4
+5) [, 6]. In this chapter, the cations doped La,_,M,CuQ, are concerned, where the
insulating (La®>*, M?")O layers serve as the charge “reservoir”.

The parent state of CuO, planes in undoped La,CuQ, is schematically repre-
sented in Fig. 1.2 [7]. The Cu/O atoms form an approximately square lattice, with a

Fig. 1.2 The undoped state
of CuO, plane formed by
Cu-O-Cu square lattice.
From [7]
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Cu-O-Cu spacing ~3.8 A for the nearest-neighboring Cu’s bonded to “p, orbi-
tals” (the shaded area) of the O atoms in between them. The highest occupied band
contains one electron per unit cell, which cannot move owing to strong
electron-electron repulsion at a doubly occupied site supposed to be created by its
jumping. The Mott insulator differs fundamentally from a conventional band
insulator, where electron motion is blocked by the Pauli exclusion principle when
the highest occupied band contains two electrons. The superexchange interaction
mediated by the oxygen “p, orbitals” favors anti-parallel spin alignment on the
nearest-neighboring Cu sites as indicated by the red arrows, leading to the
long-range antiferromagnetic order. Upon the electron occupancy per unit cell is
reduced from 1 to 1—x by doped holes of a concentration x, the antiferromagnetic
ordering temperature decreases rapidly (schematic red region in Fig. 1.3), and
charge conduction is restored as the hole doping creates sites to which electrons can
jump without suffering the Coulomb repulsion. When doped with sufficient amount
of holes, the superconducting long-range order occurs in a dome-like blue region in
Fig. 1.3. The doping level at which the superconducting transition temperature (7;)
is maximal is referred to as “optimal”, while those lower and higher than the
optimal one as “under-doping” and “over-doping”, respectively.

The high-temperature tetragonal (HTT) structure of La,CuQO, with the I4/mmm
symmetry is characteristic of untilted CuOg octahedra thus ideally flat CuO, planes
(Fig. 1.1a). With decreasing temperature, La,CuO, undergoes a second-order
transition at 525 K [8] from the HTT phase to a low-temperature orthorhombic
(LTO) phase of the space group Bmab. The CuOg octahedra of LTO structure are
tilted by a small angle about the tetragonal [110]; axis (Fig. 1.1b), so that the CuO,
planes become to be buckled to certain extent rather than flat. The LTO unit cell is
doubled, with its orthorhombic [100],, axis along the tilt axis diagonal to the Cu—O-
Cu square lattice shown in Fig. 1.2. In Ba doped La,_,Ba,CuO, (LBCO) system, in
addition, occurs at lower temperatures a first-order transition from LTO to another

Fig. 1.3 Schematic of
electronic phase diagram for
hole-doped cuprate
superconductors. From [7]

“non-Fermi liquid”
regime

Temperature

pseudogap Il
regime Fermi liquid?

AFM

Hole concentration
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low-temperature phase of either a low-temperature tetragonal (LTT; S.G. P4,/ncm)
or a low-temperature less-orthorhombic (LTLO; S.G. Pccn) structure [2]. In LTT
phase, the CuOg octahedra tilt about the axis parallel to the square lattice, but
alternatively along [100], and [010], directions in adjacent octahedron layers
(Fig. 1.1c) [9-11]. In LTLO the tilt axis runs along an intermediate in-plane
direction [12]. In LBCO, doping dependent static stripe order correlated with the
LTO-LTT structure transition strongly suppresses the superconductivity; while in
Sr doped La,—,Sr,CuO,4 (LSCO) where the LTT phase is absent, instead robust
intrinsic superconducting states emerge in the vicinity of some specific magic hole
concentrations.

High-quality single crystals are requisite to the study on intrinsic physical
properties of high-T, cuprate superconductors. Anisotropic electronic properties of
the cuprates, quasi-two-dimensional in crystal and electronic structures, can be
measured reliably only on single crystal samples, and the samples of large size are
demanded by important measurements such as, especially, neutron scattering.
Compared to crystal growth from a flux solution by slow cooling or top-seeding,
the travelling-solvent floating-zone (TSFZ) technique has proven to be the only one
capable of fabricating ten-centimeter long high-quality K,NiF,-type and other
cuprate single crystals of pure phases with uniform and controllable doping levels.
It is also very successful in growing large binary FeSe superconductor [13] and
many other functional materials [14].

In Sects. 1.2, 1.3 and 1.4, we will focus on concept, technique and experiment
aspects with regard to TSFZ procedures. The doping effect on the superconductivity
of LBCO and LSCO, especially at certain particular magic hole-doping fractions,
will be presented in Sect. 1.5. We will conclude in Sect. 1.6 with general remarks.

1.2 Phase Diagram and Distribution Coefficient
of Dopants in La,CuQy,

The stoichiometric compound La,CuQOy,, formed in pseudo-binary La,O;—CuO
system, melts incongruently at a peritectic temperature ~ 1327 °C (Fig. 1.4) [15].
Below this temperature, the composition of liquid in equilibrium with La,CuQy4 of
50 mol% CuO ranges approximately from 75 to 90 mol% CuO in the temperature
range from ~ 1327 to ~ 1075 °C, following the liquidus line. These are the
composition and temperature conditions feasible to grow incongruent La,CuO,4
from the liquid. In a corresponding solid-liquid equilibrium available for a
solid-solution system, the solubility of a dopant in the solid-solution phase (xs)
differs from its solubility in the liquid phase (x;). The ratio of the two given
concentrations, dependent on each other, is defined as the distribution coefficient
k = xs/x;. For non-stoichiometric La,—M;CuO, as an M doped solid-solution, the
effective distribution coefficients k. for Ba, Sr and Ca dopants in a slow-cooling
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Fig. 1.4 Phase diagram of La,O3;—CuO system in oxygen. From [15]

floating-zone (SCFZ) process [16] were determined earlier [17, 18]. The results at
different doping levels are shown in Fig. 1.5. That can be taken as a starting point
for one to estimate the optimal dopant contents in the solvents from which La,
—xM,CuOy, can be crystallized in a travelling-solvent floating-zone process.
Figure 1.6a is a schematic phase diagram for a hypothetical binary A—B system
with solid-solution regions including . The f phase exists below a peritectic tem-
perature T, within a certain range of composition, no longer forming a “line phase”,
like La,CuQy, at a specific peritectic composition P. The solid-solution f at S of a
composition xg is in equilibrium with the liquid at L (the solvent) of a composition x;,
different from xg. The distribution coefficient is less than unity as xg < xi, the same
as those for La, _M,;CuO,. In a thermodynamic equilibrium process, any shift of
solvent L on the liquidus line (as indicated by the red arrows) resulting from a

Fig. 1.5 Effective 1.0
distribution coefficients of the
dopants Sr, Ca and Ba into

La,CuO,. From [18] 8
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(a) (b)
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Fig. 1.6 a. Phase diagram for a hypothetical binary A-B system with solid-solution regions
including f. b (Adapted based on Fig. 10 of [19]). Schematic illustrations of a TSFZ configuration
for the solid-solution S at S of the composition xg in equilibrium with the solvent L of the
composition x;, as the case shown in (a), and of the solvent penetration reduced by a sharper
vertical temperature profile B. Here T,, and T, are the melting (or dissolving) and eutectic
temperatures, respectively, as indicated in (a)

variation in composition and/or temperature will lead to a corresponding shift of
solid S on the solidus line (indicated by the blue arrows), i.e., the composition of
solid-solution S will change concomitantly. That is what should be prevented if one
wants to grow a doped incongruent compound with a fixed composition xg
throughout the sample. Experimentally, it depends on how to control a constant
composition and temperature of the solvent from which the crystal is being grown.

1.3 Travelling-Solvent Floating-Zone (TSFZ) Technique

The TSFZ technique was first reported in the crystal growth of incongruent com-
pounds of yttrium iron garnet (YIG, Y;FesO,,) with the pure [20] or substituted [21]
compositions, after a successful attempt to grow incongruent YFe,O,4 [22]. Thanks
to its unique vertical configuration (Figs. 1.6b and 1.7), this technique is specially
suited for growing doped incongruent materials from melts. The vertical design
makes it possible for a molten solvent zone of an average composition x;, to form in
between an as-grown crystal of a composition xg and a feed rod of almost the same
composition as the crystal (Fig. 1.6a, b). In a stable TSFZ process, at both the growth
and melting (or dissolving) interfaces, the solid phase S, with the composition xg and
at the temperature Tp,,, is in a quasi-thermodynamic equilibrium with the molten
solvent phase L, composition x; and temperature Ty, corresponding to the
solid-liquid equilibrium between S and L shown in Fig. 1.6a. This is the basic
thermodynamic condition required for a smooth and successful TSFZ growth pro-
cess. The molten solvent is held in position by its surface tension when travelling
upwards. A usual focused infrared-heating establishes at the growth and melting
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Fig. 1.7 A snapshot in a
smooth and successful TSFZ
growth process of a La,
—x31,CuOy single crystal

e ceramic feed rod
(LSCO)

e melting/dissolving
interface

e molten solvent zone

—=— ¢ lamp image
(on back mirror)
e growth interface

zone travelling

® as-grown crystal
(LSCO)

interfaces a high vertical temperature gradient, like the case of temperature profile B
in Fig. 1.6b, which is the driving force for crystal growth. The crucible- and flux-free
growth, void of contamination from container materials and other impurities, is
carried out in a space enclosed by a quartz tube. In the following we will take actual
cases as example to discuss the essentials involved in TSFZ procedures.

A typical smooth and successful growth process of a La,_,Sr,CuQ, single
crystal [23, 24] is shown in Fig. 1.7. It is characteristic of a very stable molten zone
with well-defined solid-liquid borders. The molten zone was heated at a constant
power by four halogen lamp-images focused with a horizontal quartet ellipsoidal
mirror (not shown). The almost isodiametric cylindrical feed rod was made of
well-prepared polycrystalline La,_,Sr,CuQO,4, with a small CuO excess to com-
pensate for its evaporation during the growth. A ceramic solvent pellet was pre-
pared separately, with an initial composition rich in CuO (78-84 mol% CuO) based
on the phase diagram (Fig. 1.4) and an appropriate content of Sr estimated by
taking into account its effective distribution coefficients k.4 (Fig. 1.5). The solvent
pellet was heated to melt between the feed rod and a seed crystal in the very
beginning. The feed rod and grown crystal were rotated in opposite directions to
improve liquid homogeneity and to achieve uniform horizontal temperature profiles
encircling the molten zone.

As the molten zone slowly travels upwards at a constant rate with a mechanical
motion of the heating parts, at the lower growth interface, La,_,SryCuO, crystal is
continuously precipitated from the molten solvent in equilibrium with it, while
simultaneously at the upper melting interface, an equal amount of polycrystalline
La,_Sr,CuQy, is dissolved from the feed rod into the molten solvent to compensate
for the mass consumption including the evaporation loss of CuQO. Therefore a slow
growth (travelling) rate and a well-stirring by the rotation are required to allow for a
sufficient mass transportation in the molten zone. A dense, isodiametric and straight
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feed rod is important for keeping a stable shape and volume of the molten zone, in
which case a constant temperature distribution in the molten zone is expected at a
fixed heating power, provided a small variation in the ambient temperature. With
proper manipulations, such a self-stabilizing growth process, like that shown in
Fig. 1.7, can be maintained, usually starting from a growth length about one cen-
timeter, more or less. As a consequence, both the composition and temperature
distributions of the molten solvent zone will be kept constant. From this point
onward until the end of growth, the duration about one week, uniformly doped
high-quality large single crystal of the exact chemical formula La,_,Sr,CuO,4 can
be continuously grown from the solvent.

However, an unstable molten zone does happen in some cases, sometimes
depending on materials. If the feed rod is less dense and uniform, the solvent may
severely penetrate into the feed rod through capillary intertices until reaching a
eutectic point at 7, (shaded area in Fig. 1.6b). In a worse case, that may lead to a
harmful jagged melting interface with varying shapes, causing fluctuations in the
volume (shape), composition and temperature of the molten zone. Experimentally,
that may be avoided or reduced to a great extent with a well-prepared highly dense
feed rod [23-25], or by improving the vertical temperature gradient (Fig. 1.6b) [19,
26], or by adding a certain amount of B,O3 into the solvent in its preparation
process [27]. Moreover, a steep temperature gradient will also prevent some pos-
sible unstable growth interface from happening. For instance, an unstable growth
interface would otherwise develop in presence of a constitutional supercooling
related to a rejection of excess CuO and Sr into liquid during crystallization,
because of the distribution coefficients <1. Besides, while an approximately flat
growth interface is ideal for crystal growth, the real growth, and melting as well,
interfaces become convex into molten zone and more as closer to the centers.
Occasionally the two interfaces even touch one another. A fast rotation is usually
needed to reduce the interface convexity.

1.4 TSFZ Growth and Characterization of La, ,M,CuQO,4

The earliest attempts to grow the K,NiF,-type cuprate crystals by slow cooling or
top-seeding flux methods date back to the year of 1987, soon after the Bednorz and
Miiller’s paper. Among them, superconducting LSCO crystals up to 8 mm in lateral
dimension was grown from CuO flux solution [28]. The TSFZ technique was first
applied in growing larger LSCO single crystals in 1989, and an as-grown crys-
tal ~6 mm in diameter and 40 mm in length was obtained [29, 30]. Since then,
much work has been done in the TSFZ growth and characterization of La,_,M,CuQ,4
crystals, especially the La,_,Sr,CuQ, system exhibiting a wide doping range for Sr
atoms. This section will not aim to be systematically documented, but will rather pay
attention to subsequent improvements and developments in this field.

Precursor powders for La,_,M,CuQ, feed rods were commonly prepared by
solid-state reactions using as raw materials relevant high-purity oxides and
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alkaline-earth carbonates or nitrates [25]. A small amount of CuO (1-4 mol%) in
excess was added in order to compensate for its evaporation loss. The precursor
powders were hydrostatically pressed under a high pressure of hundreds MPa to
form a compact cylindrical rod, before it was well-sintered and post-processed into
a ceramic feed rod good for TSFZ growth.

As emphasized earlier, fabrication of a dense and uniform, in both composition
and heating history, feed rod is an important step in TSFZ procedures. The pre-
cursor powders very fine in particle size and homogeneous in composition would
have a high sintering activity. Highly fine and micro-homogeneous precursor
powders were produced via sol-gel approaches [24, 25], and, combined with a
hydrostatic pressing under a high pressure over 600 MPa, very dense and uniform
LSCO feed rods were obtain after well-sintered at elevated temperatures of 1240—
1280 °C, depending on compositions, for a short duration of 2 h [24]. That con-
tributed much to a smooth and stable TSFZ growth. Special attention should be paid
to make a uniformly sintered feed rod usually over dozen-centimeter long. It proves
that a kind of vertical furnace is effective for the purpose, where, during sintering,
the feed rod can be kept rotating and moving up and down to attain an identical
heating history throughout the whole rod.

The solvent pellets were prepared by the solid-state reaction in a simpler way.
The composition was rich in CuO (77-85 mol% CuOQ), based on the phase diagram
of La,O3—CuO (Fig. 1.4). The concentration of dopant M in solvent was appro-
priately chosen considering the distribution coefficients (Fig. 1.5), so that the
proper solid-liquid equilibrium could be established through self-adjusting of the
TSFZ process soon after the start of crystal growth. In order to reduce bubbles
possibly emerging in molten solvent at the very start, it was suggested to heat the
pellets at a high enough temperature just below the melting temperature [24].

The use of seed crystals along tetragonal [100], or [110], directions is effective to
achieve a well oriented TSFZ growth, though the growth can also be started on a
polycrystalline rod as a “pseudo-seeding” [25]. The crystal growth was usually
carried out under 0.2-0.4 MPa oxygen pressure. A common growth rate was
1 mm/h, while slower rates of 0.4—-0.8 mm/h were also used in some experiments.
Some experimental details involved in TSFZ procedures were also discussed in the
literature [14, 31-36].

A series of under- and over-doped LSCO single crystals of high quality were
grown by TSFZ [18, 23, 36], showing a crystal mosaicity of 0.10° in terms of the
full-width-at-half-maximum (FWHM) of x-ray rocking curves for (006) [36] or
(008) [23] Bragg reflections. A typical large-sized as-grown La,_,Sr,CuQO,
(x =0.11) crystal, ~6.6 mm in diameter and 100 mm in length, is shown in
Fig. 1.8, which has been carefully checked to be subgrain-free after a distance of
growth (usually 2-3 cm) starting on a seed crystal [23, 24]. Thanks to the use of
highly dense and uniform feed rods and a slow growth rate of 0.6 mm/h, large
La,_,Sr,CuQy, single crystals of higher quality were produced [24]. Double-crystal
x-ray rocking curves of (008) reflection show the much smaller crystal mosaic of
only 113-150 arcsec. (0.03-0.04°) in terms of FWHM (Fig. 1.9a); and the x-ray
Laiie spots from different crystal orientations are all well defined and can be well
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Fig. 1.8 Photograph of an as-grown La,_,Sr,CuOy, (x = 0.11) crystal ~6.6 mm in diameter and
100 mm in length. From [24]

indexed, as evident in the Laiie patterns for (001) (Fig. 1.9b), (100), (Fig. 1.9¢) and
(110), (Fig. 1.9d) crystal planes in tetragonal notation.

In the over-doping regime of La,_,Sr,CuQO,, however, subgrains were present
for x = 0.25 and 0.30 crystals grown at a rate of 1.0 mm/h, as well as inclusions of
La,_,Sr},,Cuy0¢,5 for x = 0.30 besides the subgrains [18]. Formation of the

(a)

) "

12 8 x=0.16

FWHM:150 arcsec

I (cps*10”)

1500 1000 500 0 500 1000 1500
OmegalArcsec)

[001]

Fig. 1.9 a Double-crystal x-ray rocking curves of (008) Bragg reflection for La,_,Sr,CuO,
(x =0.11, 0.12, 0.16) single crystals grown by TSFZ. b—d are the x-ray back-reflection Laiie
patterns with different crystal orientations along (001) (for x = 0.11), (100), (for x = 0.16) and
(110), (for x = 0.11) planes in tetragonal notation, respectively. a and b are from [24]; ¢ and d are
reported for the first time here
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subgrains could be avoided at a slower rate of 0.8 mm/h. The precipitation of
La,_,Sry,,Cu,0¢,5 Was attributed to a constitutional supercooling related to a high
Sr content in the solvent.

An under-doped La,_Sr,CuO,4 (x = 0.08) crystal was specially grown using a
double lamp-image furnace, as this doping level is close to 0.09 at which HTT-LTO
transition occurs at room temperature [25]. The sample of 7. ~ 20 K displayed, as
expected, a weak orthorhombicity compared to parent La,CuO,. The rocking curve
of neutron diffraction gave a FWHM ~ 0.2° for (006) reflection.

A series of highly under-doped La,_,Sr,CuQ, single crystals, spanning the
insulating-superconducting phase boundary, were grown by TSFZ method [37].
The onset superconducting transition temperatures were observed to be 6.3, 11.6,
and 17.0 K for the samples with x = 0.056, 0.06, and 0.07, respectively. No
superconductivity was detected for x = 0.053 down to 2 K. The lower critical
concentration x,. for superconductivity was thus estimated to lie between x = 0.053
and 0.056.

La,_,Ba,CuQ, crystals of x < 0.15 were grown by TSFZ using crystallized feed
rods under low oxygen partial pressures (10 >~107> atm), in order to reduce an
otherwise deep penetration of solvent into feed rod and a formation of Ba-enriched
compounds resulting in molten zone instability [33]. The growth rate was slow
(0.5 mm/h) to avoid impurity phases in the crystals and a La,CuO, crystal was used
as the seed. The typical size of grown boules was 4 mm in diameter and 100 mm in
length, but a mosaic structure was present in the crystals by Laiie experiment. The
crystals doped at x ~ 0.10 and 0.14 showed onset superconducting transitions at
23 and 25 K, respectively. However, higher O, pressures (0.2-0.4 MPa) were also
used to grow La,_,Ba,CuQ, crystals by TSFZ [38, 39]. Under 0.4 MPa pressure of
flowing O,, La,_,Ba,CuO, (x = 0.11) single crystal of good quality was grown at a
rate of 1.0 mm/h [39]. The feed rod was in 1 mol% excess of CuO; the solvent
composition was of a molar ratio (La;g75Bag 125):Cu = 3:7, corresponding to
82 mol% CuO in La,03—CuO phase relation. La,O5 inclusions were observed in
initially grown part of the as-grown ingot, which broke into pieces a few days in
air. A single crystal 5 mm diametral and 20 mm long was obtained from the rest
part, showing a depressed 7., ~ 10 K as expected because of this doping level
(0.11) close to that of “1/8 anomaly”. Two kinks at ~256 and ~ 53 K evident in
the temperature dependences of electrical resistivity were attributed to HTT-LTO
and LTO-LTT structural transitions, respectively. Strongly suppressed 7.’s of 4 K
or ~2.4 K were reported for exact x = 1/8 LBCO single crystals grown by TSFZ
[40, 41].

The solubility limit of Ca in La,CuO,4 was determined to be about 0.14 in a
SCFZ process [17]. However, the doping level of Ca in La,—,Ca,CuQ, crystals
grown by TSFZ seemed to be saturated at x ~ 0.10, despite its further increased
concentrations in feeds and solvents [18, 42]. The as-grown ingot was of a 5 mm
diameter and a 30 mm length. The grown crystals of x = 0.05 did not superconduct
down to 5 K. The superconductivity in the crystals of x = 0.075 and 0.09 was
observed to occur at T, ~ 15 K, independent on the Ca concentration, and to show
a broadened and unsaturated diamagnetic transition.
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Mirror

Fig. 1.10 Schematic drawing Tilting
of the tilting-mirror image Angle (0 =S
furnace. From [43] B—{} ?Fced Ellipsoidal
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By the horizontally designed common lamp-image heating, the diameter of
grown crystal is limited owing to the interface convexity. It was reported that, using
a quartet ellipsoidal mirror tilted up by an angle 8 (Fig. 1.10), LSCO crystals of a
larger diameter could be grown [43]. At a tilting-angle 6 = 20°, this kind of TSFZ
experiment yielded LSCO crystals with a maximum diameter of 10 mm. The
experimental results suggested that the evaporation of CuO was reduced with
increasing tilting-angle. At the same time, however, the vertical temperature gra-
dient at the melting interface was also reduced.

Recently, an important development in TSFZ technique is the use of laser diodes as
the heating source: five or seven laser diodes assembled surrounding the molten zone
produce parallel and homogeneous well-concentrated laser beams of a wavelength
975 nm and a rectangular cross section [44]. By this laser-heating, the average vertical
temperature gradient can be substantially increased, ~5 times higher than the
lamp-image heating, and a more uniform horizontal temperature distribution encircling
the molten zone be attained as well. The laser-heating enables stable and reproducible
crystal growth of some incongruently melting materials difficult to be grown by con-
ventional techniques, for example the materials of LBCO and BiFeO; [45].

1.5 Doping Effect on Superconductivity: 1/8 Anomaly
in La,_,Ba,CuQ4 and Magic Doping Concentrations
in La,_,Sr,CuO,4

Intensive studies have been made on the preparation of both the poly- and
single-crystal samples of La,_,M,CuQy,, and their physical properties characterized
by various probes including, for instance, transport and magnetic measurements,
neutron scattering and ARPES. Among the hole-doped cuprates, La,_,Sr,CuOy4
(LSCO) tolerates the dopant (Sr) in a wide range of concentration, leading to a more
complete electronic phase diagram. At a very low doping (x < 0.02), LSCO is an
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antiferromagnetic Mott insulator. After crossing a spin-glass state (0.02 < x < 0.05,
the schematic green region in Fig. 1.3) [46, 47], it becomes a superconductor
(0.05 < x < 0.26) and then behaves as a normal metal (0.26 < x < 0.6) [48] before
finally turns out to be a semiconductor (x > 0.6) [49]. In the superconducting
regime, the critical temperature of LSCO reaches its maximum (38 K) at the hole
density x = 0.16.

The investigation on the doping and temperature dependences of physical
properties is important for acquiring a better understanding of high-7,. supercon-
ductivity and strong electron correlation in cuprates. For example, although the
superconducting critical temperature 7, of LSCO shows in general a dome-shaped
doping dependence, a “plateau” at 30 K, like that shown in Fig. 1.11, always
appears around the doping level x = 1/9 (~0.111) in the underdoping regime [S0—
53]. This is in contrast to the observation on La,_Ba,CuO, (LBCO) where the
superconductivity almost disappears at x = 1/8 (0.125), leading to a double T,
maximum (~30 K) at x ~ 0.095 and ~0.155 (Fig. 1.12). The “1/8 anomaly” in
LBCO arousing much interest in the field of high-T, cuprates has been clarified to
correlate with one-dimensional static charge and spin stripe order, which coincide
with and develop below, respectively, the structure transition from LTO to LTT
phase [2]. The stripe order pinned by the electron-lattice coupling [54] is most
pronounced at x = 1/8, where both diffraction peak intensities for charge and spin
stripe order show a maximum while fall off for x # 1/8 (Fig. 1.13).

In La,_,Sr,CuQO,4, however, the LTT phase is absent. Instead, two distinct
intrinsic superconducting phases noticeably develop in the vicinity of specific
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Fig. 1.11 Doping dependence of T, (solid circles), the bulk superconductivity region and
orthorhombic splitting (400)-(040) at 10 K (squares) in La,—,Sr,CuOy4. From [50]
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Fig. 1.12 Temperature vs hole-doping phase diagram of La,_,Ba,CuQ, single crystals. Onset
temperatures: T, of bulk superconductivity (SC), Tco of charge stripe order (CO), Tso of spin
stripe order (SO), and Tt of the low-temperature structural phases LTT and LTLO. At base
temperature CO, SO, and SC coexist at least in the crystals with 0.095 < x < 0.135. Solid and
dashed lines are guides to the eye. From [2]

| l
' ]
60 — - o
- = 300 8‘.
a g
. 40
) —200 &
o ¢
[#} = =1
L =
= 20 100 &
: T Ll Ll L] L] T . ! D
0.08 0.10 0.12 0.14 0.16

Ba-content (x)

Fig. 1.13 Diffraction peak intensities Ico and Igo for charge and spin stripe order, respectively,
and the charge stripe order temperature 7o as functions of doping in La,_,Ba,CuQO,. From [2]

magic hole concentrations of x = 1/4% (0.0625) and 1/3% (~0.111), respectively, in
the under-doping regime. This has been evidenced by the studies of magnetism,
far-infrared charge dynamics and electron transport on a series of high quality
La,_,Sr,CuOy single crystal samples (x = 0.063, 0.070, 0.090, 0.100, 0.111, 0.125)
[23, 52, 53, 55-57].

The so-called magic doping concentrations are two-dimensional hole densities
Py = m/n® where m and n are positive integers with, for the two most prominent
series, n = 3 or 4 and m < n [58]. The intrinsic superconducting phases at the magic
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dopings are characteristic of a single narrow diamagnetic transition with an onset T,
of either 15 K (x = 1/4) or 30 K (x = 1/3%) which remains robust under fields up to
5T, and of a local minimum (x = 1/42) or an unusual drop (x = 1/32) in the
Meissner fraction (Fig. 1.14) [52, 57]. This is in sharp contrast to the apparent
non-intrinsic superconducting phases at some other doping levels showing a much
broader diamagnetic transition and a field-sensitive onset 7, which settles from a
higher value into either 30 K or 15 K, depending on dopings, as the field increases
above 1 T (see Fig. 3 of [57]). Such field dependences of T, are characteristically
different from that of conventional type II superconductors or granular supercon-
ductors where there is only one non-robust superconducting state showing a
monotonic decrease in T, under field.

Nevertheless, those apparently puzzling phenomena are explicable from the
dynamic nano-scale domains of charge phases with a universal length scale (300—
1100 A) [59]. By systematically examining the field-dependent Meissner signal
sizes in various crystal samples, in terms of the comparability of inter-vortex
spacing to the universal length scale of underlying dynamic electronic textures, it
has been argued that there is a distinct superconducting condensate state for each
intrinsic superconducting phase, suggesting that the intrinsic superconducting
phases at magic doping concentrations are the pristine electronic phases for high-7,
superconductivity [57]. The formation of the intrinsic superconducting states is
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Fig. 1.14 Onset superconducting transition temperature 7, transition width (indicated by the
length of the vertical bars) and Meissner fraction as functions of hole concentration for
La,_,Sr,CuQy single crystals (x = 0.063, 0.070, 0.090, 0.100, 0.111, 0.125). The data were
obtained from dc magnetic measurements. Lines are guides to the eye. From [52]
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compatible with a composite charge model [55]. This charge model stresses that
only a very small fraction of the total holes, coupled to underlying two-dimensional
charge lattices formed by the rest of the holes, is responsible for the supercon-
ductivity and the normal state free charge transport, including intrinsically coherent
c-axis charge transport [56].

Moreover, at the magic hole density x = 1/9 (n = 3), a new phase boundary
T,.2(H) has recently been discovered below the first order vortex melting line in the
vortex solid phase, by field-cooled magnetization measurements on
La; goSrg 1;CuOy single crystal and critical scaling analysis (Fig. 1.15) [58]. The
coupling between superconductivity and antiferromagnetism has been found to be
attractive below T,,,(H) with a negative coupling constant v < 0, evidencing that
the antiferromagnetism microscopically coexists and collaborates with the high-7.
superconductivity in cuprates.

At another magic doping x = 1/16 (n = 4), despite the extremely under-doping
level in the vicinity of an insulator-superconductor transition, a remarkably sharp
quasiparticle peak in the nodal region was observed in La; 93751 063CuO, single
crystal by high-resolution ARPES (Fig. 1.16a) [60]. The sharp peak abruptly turns
into a broad edge upon energy dispersing above ~70 meV (indicated by a red
arrow). Meanwhile, an enhanced upturn in the MDC (momentum distribution
curve) width, proportionally related to the scattering rate of electrons, was evident
at the same energy scale (Fig. 1.16b) [61], suggestive of a stronger scattering
mechanism above ~70 meV.

-
(=]
-

-
(=]
-

Ty

Tirr

Ty Ref.11

TFOT Ref. 11
Ty Ref.12

Tm1

Tm2

_c‘:d
P‘
% % O

H (Tesla)

)
L
® * %

0 10 20 30
Temperature (K)

Fig. 1.15 Magnetic phase diagram of La,_,Sr,CuQ, crystals around x = 1/9. Various character-
istic temperatures identified by magnetic measurements (7; & Tj,,), reported in the literatures
Ty, T";yr & Tror) and extracted by the critical fittings (7,,,; & T,,») are plotted together for
comparison. 7,,;(H) & T,,,(H) are the boundaries separating vortex liquid (VL) phase from vortex
phase I (VP(I)) and VP(I) from vortex phase II (VP(II)), respectively. From [58]
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Fig. 1.16 Some ARPES data on La; 937S10,063CuOy4 (x ~ 1/16) single crystal at 20 K. a Energy
distribution curves (EDCs) along the nodal direction in a second Brillouin zone. The red arrow
indicates the energy of ~70 meV below which the quasiparticle survives and above which it turns
into a broad edge. From [60]. b The MDC width (electron-scattering rate) shows an enhanced
upturn at the same energy scale ~70 meV, as indicated by an arrow. From [61]

Recently, it has been shown that, in the under-doping regime, a maximum
stabilization energy is gained at the magic number concentrations of n =4
(x=1/16) and 3 (x =1/9) for two-dimensional lattices formed by holes of
oxygen-character and b,, symmetry [62]. Interestingly, a maximum energy gain
arises as well at the hole density x = 0.100, which bears the same feature of a single
narrow diamagnetic transition with an onset 7, = 30 K (i.e. on the T, plateau) as
confirmed in LSCO crystal samples (Fig. 1.14). The relevant results are detailed by
developing the idea of a stabilized exciton phase formed during a Mott—Hubbard
transition. An earlier theoretical calculation did yield a crystalline arrangement of
the doped holes at x = 1/16 for a reasonable choice of parameters [63]. The energy
gain for charge ordered d-wave resonating valence bond (RVB) states in doped
cuprates was estimated within a generalized 7-J model [64]. While the kinetic
energy favors a uniform charge distribution, the long-range Coulomb repulsion
tends to spatially modulate the charge density in favor of charge ordered RVB
states. On the other hand, hole-doping dependence of in-plane resistivity was
carefully examined on a series of high-quality La,_,Sr,CuQ, single crystals [65].
A tendency towards charge ordering at particular doping fractions of 1/16, 3/32, 1/8
and 3/16 was reported (Fig. 1.17), consistent with the SO(5) theory prediction of
two-dimensional checkerboard ordering of the Cooper pairs at magic rational
doping fractions (2 m + 1)2" (m and n are integers) [66-68].
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1.6 Concluding Remarks

Among the cuprate superconductors, the K,NiF,-type La,— ,M,CuQ, is important
for the study on cuprate physics in many respects. It exhibits a wide charge doping
range showing remarkable and informative doping dependent anomalies, while
having fewer components and a simple layered structure containing single CuO,
planes. Moreover, the TSFZ crystal growth of the substituted La,_ M,CuQ,4 has
turned out to be very successful and fruitful. Large and high-quality single crystal
samples with desired and uniform substitutions have been produced to meet the
demand in various specific experimental measurements on intrinsic, anisotropic
electronic properties. That has greatly promoted the investigation and understand-
ing of the underlying physics of cuprates. In the aspect of the growth technique, the
application of semiconductor laser as the heating source is a new and important
development in TSFZ technique, which is promising to make it more powerful to
prepare incongruent single crystals difficult for conventional growth methods.

It should be noted that, on one hand, the substitution of dopant M?* for host La** in
La,CuO, induces hole carriers in the CuO, planes eventually leading to the super-
conductivity; on the other hand, it also modifies more or less the crystal lattice of
La,CuOy, because the dopant, as an introduced “impurity”, has a different atomic size
and chemical valence compared to that of La>*. Both have significant influences on the
electronic properties. In La,CuOQ, structure, the La* sites with nine coordinated
oxygen anions easily accommodate Sr** cations having an ionic radius (1.45 A,
by Shannon and Prewitt [69, 70, 71]) properly bigger than La** (1.356 A) [72].
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The tilt axis of the CuOg octahedra is kept diagonal (LTO) to the Cu—O—Cu square
lattice and the buckling of CuO, planes is reduced with strontium substitution in the
under-doping regime, where the robust intrinsic superconducting phases noticeably
develop in the vicinity of the magic hole fractions (La,—,Sr,CuQ,). But it is neither the
case for the replacement of La®* by Ca®* (1.32 A) which is too smaller in size,
resulting in its low solubility in La,CuQy, nor for Ba?* (1.61 A) which is too bigger,
leading to the alternating tilt axes parallel (LTT) to the Cu—O bonds, which pins the
charge and spin stripe order thus strongly suppresses the superconductivity (the 1/8
anomaly in La,_,Ba,CuQ,). These have made the cuprate physics more complicated.

Soon after the discovery of high-T, superconductivity derived from La,CuO,
through hole doping, Anderson [73] pointed out that a common, unique feature of
the doped cuprates is the proximity to a peculiar insulating magnetic phase with low
dimensionality and the underlying physics is hence predominantly electronic and
magnetic. This is particularly true in view of anomalous phenomena in cuprates
fundamentally different from conventional metal physics, especially the one- or
two-dimensional charge and spin physics correlated to the crystal chemistry pre-
dominating in La,—,Ba,CuQO,4 and La,_,Sr,CuQy, respectively. With the advances
in crystal growth and probing techniques, fruitful results with important implica-
tions for the high-7, superconductivity have been obtained and concepts proposed
for attempts to understand them in the past three decades. However, to fully
characterize the anomalous phenomena present in the high-7, superconductors has
been a challenging task. A systematic understanding of the microscopic high-T,
mechanism is still lacking up to date.
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Chapter 2
YBCO and Some Other Rare Earth
Cuprates

Dapeng Chen and Chengtian Lin

Abstract The growth of high quality and centimeter-sized YBa,Cu30;_s and RE-
Ba—Cu-O (RE = rare earth) single crystals can be achieved using either flux or
traveling solvent floating zone (TSSG) method. The oxygen content of crystals can
be tuned through the oxygenation/deoxygenation of the same sample by post
growth annealing. The as-grown twinned single crystals are detwinned and enabled
to probe the charge reservoir in CuO, planes, which induced no carrier contribu-
tions from the other layers, such as CuO chains. YBa,Cu4Oyg is another important
compound for the study of its chemical and physical properties since it is twin-free
and shows higher thermal stability with oxygen stoichiometry. The KOH flux
growth of YBa,CuyOg single crystal provided a simple way to access the reason-
able size of the samples. In this chapter, we present detailed procedures for the best
quality crystal growth. Various attempts to improve the crystal quality are descri-
bed. Large single crystal growth of some other rare earth cuprates is also presented.

2.1 Introduction

Superconductivity is one of the most exotic phenomena in condensed matter
physics. The copper-oxide-based superconductors with high superconducting
transition temperature, T, (that is, larger than anticipated limit of about 25-30 K)
were discovered in 1986 [1]. This year marks the beginning of worldwide efforts to
investigate the high T, superconductors. In the ensuing years, the transition tem-
perature climbed to the record high of 138 K at ambient pressure [2]. Although the
following years did not bring any progress towards a further increase in T, and the
underlying mechanism remains unknown, the intensive investigation of high T,
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materials has played an important role in the advance of science and technology,
and led to the development of theoretical models, as well as innovations in
experimental techniques, including synthesis of high quality samples.

The discovery of Y-Ba—Cu-O (YBCO) superconductor [3] has stimulated a
great deal of scientific and technological research into this family of materials. Over
the past twenty eight years, three superconducting phases, YBa,Cu30,_5 (Y-123),
Y,Ba,Cu;0,5_5 (Y-247) and YBa,Cu,Og (Y-124), were found in this family of
materials. Among them, Y-123 has been chosen as the model system to investigate
the superconducting mechanism of the copper-based superconductors because their
advantages, such as the availability of high quality single crystals [4], the conve-
nience of accessing different hole doping regimes through the
oxygenation/deoxygenation of the same sample, and by using detwinned single
crystals one can probe the response of the CuO, planes without having to consider
the contributions from other charge reservoir layers. Other rare earth (RE) cuprates
such as ReBa,Cu307_5 (RE-123) have also attracted physicists because some RE
elements with large magnetic moments show superconductivity which is in conflict
with conventional Bardeen-Cooper-Schrieffer theory [5].

Y-124 is a very important compound for study of its physical properties since it
is twin-free and shows higher thermal stability than the well-known Y-123.
However fewer studies on this compound, comparing to Y-123, were carried out
since it was first synthesized twenty seven years ago [6—8]. The investigation of this
phase was hampered by the convenience of accessing the reasonable size of single
crystals, since the millimetres-sized Y-124 single crystals need to be grown in a
specially designed apparatus under a high O, pressure [9]. A new method using
KOH as flux for obtaining high quality Y-124 single crystals with a size up to
1.2 X 0.5 X 0.3 mm> were reported recently [10, 11].

Although high quality and large size single crystals of Y-123, RE-123 and
Y-124 can now been grown, there are still some unknowns and controversies
awaiting further research on cleaner crystals. In this chapter, we present detailed
single crystal growth procedures and their impact on crystal size and quality, as well
as on their defects and growth mechanism. Various attempts to improve the
superconducting quality will be described. Some other rare earth cuprates large
single crystal growth and characterization will also be presented.

2.2 Phase Diagram

The phase diagrams of YBCO superconductor are very important for the synthesis,
crystal growth and post-treatment. Many phase diagrams have been proposed for
this family of material [9, 12—14]; however, there are several discrepancies among
them caused by using different methods or various flux compositions. Therefore,
the phase diagrams for crystal growth of 123 and 124, and the stability regions of
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Fig. 2.1 The temperature versus composition phase diagram of the YBa,Cu30;_,—Ba3CusOg
system in air. The liquidus lines required for the solution growth of Y-123 single crystal are drawn
by bold lines [12]

123, 124 and 247 phases are appreciably different. It have been revealed that YBCO
and other compounds substituted with rare-earth ions are incongruent-melt sub-
stances, solution growth methods are usually employed to grow the single crystal.
Here we will introduce the most technologically useful phase diagrams for solution
growth of large and high quality crystals, as well as the stability conditions of the
superconducting phases. Figure 2.1 shows the binary phase diagram on Y-123 to
Ba;Cus0g mixture proposed by Oka et al. [12]; it shows that the liquidus line
required for the growth of Y-123 single crystal form solution was extremely narrow
in concentration range. Though the attempts to grow Y-123 crystals based on this
phase diagram did not quickly yield large single crystals, but the phase diagram
researches have put a solid foundation for the understanding of the chemical cir-
cumstances around the YBCO, and finally resulted in large and high quality Y-123
crystals owing to the dedications of crystal growth scientists [4, 5, 15].

The stability regions of Y-123, Y-247 and Y-124 phases were studied as a
function of temperature and partial pressure of oxygen by many groups [9, 14]. It
revealed that the stability regions of these phases are appreciably different.
Figure 2.2 shows the typical temperature-composition (T-C) diagram determined
from XRD measurements at 1 atm [14], it shows that the phase boundary tem-
peratures of 123/247 and 247/124 were about 870 and 817 °C, respectively, and
123/124 was 760 °C.

The P-T (pressure—temperature) diagram revealed that the 123 phase is stable
only at high temperature and low P(O,), while 124 is stable at high P(O,) and low
temperature, The 247 phase is stable at intermediate temperatures and oxygen
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pressures between the 123 and 134 stability regions [14]. Figure 2.3 shows a P-T
phase diagram, indicating three phases, Y-123, Y-124 and Y-247, formed in each
specified region with different temperature and/or pressure. The three phase
boundaries were determined by the study of a reversible reaction:
Y-123 + CuO <> Y-124 or Y-247. The Y-124 phase can be stabilized at 890 °C
under P(O,) = 1 bar, but it decomposes to Y-247 + CuO under P(O,) = 1 bar or
Y-123 + CuO under P(O,) <1 at above 890 °C. Therefore, bulk synthesis of
Y-124 under ambient pressure should be carried out below the decomposition
temperature of 890 °C. Three methods, high pressure self-flux, solid-state reaction,
and KOH flux, have been reported for the synthesis of Y-124; the growth condi-
tions are shown in Fig. 2.3. These phase diagrams have provided usefully guilds for
YBCO single crystal growth and post-treatment.
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2.3 Centimeter-Sized Single Crystal Growth of Y-123
and RE-123

Large, high-quality pure and doped YBa,Cu;O;_5 (Y-123) single crystals are
important for the measurement of physical properties, particularly for the
neutron-scattering experiment and electronic device application of the supercon-
ducting properties. However, the growth of large Y-123 single crystals in cen-
timeters is always a challenge due to the fact that the Y-123 is an incongruent melt
with thermal and chemical instability, high kinetic viscosity (v = 1 X 1072 cm?/s)
and low coefficient of diffusion (D = 1 X 107> cm?/s). Moreover, the corrosion of
crucible materials is another serious problem in growing high-quality crystals. The
flux method and top seeded solution growth (TSSG) method were proven to be the
suitable techniques for obtaining the crystals sized 100 mm® [5, 16-19].

Figure 2.4 illustrated the flux method for Y-123 single crystal growth. Large
crystals were grown from a highly concentrated flux containing 15 % YBa,Cu30;_5
and 85 % Ba;Cu;0q. The starting mixtures (usually 200 g, 3 N) of Y,03, BaCO;
and CuO were loaded in a zirconia crucible. The growth apparatus and procedures
are illustrated in Fig. 2.4a. A Ni rod cold finger was mounted above the melt to
create a sharp temperature gradient (Fig. 2.4b), which is the main driving force for

(a) ‘ (b) (c)

Cold finger P

Crystals ]

2.
Crucible _? e
i .
Thermocouple o Lo
Temperature “C
|

(d) (e)

Porous material - 1T |!'|||”"||”!.'|||! i I||[I||||||| |T||

Ivpical single erystals of YBCO

Fig. 2.4 Schematic illustration for the Y-123 single crystal growth by flux method. a Growth
apparatus. b Sharp temperature gradient created in the growth interface by cold finger.
¢ Temperature oscillation method applied to reduce the number of nuclei. d Free-standing crystals
obtained by separating residual melt, which is sucked by porous brick. e Typical single crystals of
Y-123



28 2 YBCO and Some Other Rare Earth Cuprates

growing crystals in the solid melt interface. During growth the crucible was rotated
at 20 rpm to obtain a uniform temperature distribution and melt mixing. Because
incongruent and incomplete melts contain various dispersed droplets, inclusions
and impurities together with the Y-123 phase, a large number of nucleation centers
are always present during the cooling procedure of crystal growth.

By the use of a temperature oscillation method, the number of nucleation centers
can be reduced considerably. The temperature oscillations as shown in Fig. 2.4c, it
allows small crystallites to remelt and gives the large crystals more space and nutrient
supply for their own growth. This has resulted in large crystals being successfully
obtained from the melt surface. The most suitable temperature for crystal growth was
found to be in the range between 972 and 960 °C. When cooling terminated at this
temperature range, the residual flux was poured into a porous brick by tipping the
crucible over. This separation technique showed that the flux was absorbed by the
brick and left crystals free standing and without contamination on the crystal surface,
as shown in Fig. 2.4d. The crystals so obtained are as large as several square cen-
timeters and over 2 mm thick. Some typical crystals are shown in Fig. 2.4e.

Centimeter sized pure and Ca doped Y-123 crystals can be grown by the TSSG
method in air and oxygen environments [5, 19]. For the Ca doped Y-123 crystals
growth, the initial composition with a molar ratio of Y:Ba:Cu = 1.0:7.2-24.0:11.8—
54.0 plus additional Ca were used in the melt to maintain the growth in a constant
supersaturating. This allows crystals to grow at a constant rate of up to 2 mm/d for
100 h. The apparatus for the crystal growth is schematically shown in Fig. 2.5. The
starting mixtures (usually 350-370 g, 3 N) of Y,03, BaCOj3, CaCO3, and CuO were
ground in a ball mill for over 4 h. The ground mixtures were then filled in an alumina
crucible and heated in air at 880 °C in a chamber furnace for two days in order to
decompose carbonates. The calcined mixtures were then transferred into Y-stabilized
ZrO; crucible for the growth. MgO was used as a seed. During growth, the seed and
the crucible were rotated at 40 rpm in opposite directions. A soaking temperature of
about 1050 °C was used. The temperature of 1020 °C measured at the bottom of the
crucible was higher than 1007 °C on the melt surface, which was cooled by the water
flowing in the inside of the pull shaft. This large temperature difference sufficiently
produced a heat convection transport from the bottom of the crucible to the surface of
the melt and made the possible transportation of the mass Y+Ca easily.

The composition distribution in the crucible was studied by quench the melt to
room temperature. The results of the major phases are shown in Fig. 2.6. The main
composition of surface melt was the solvent of Ba—Cu—O mixed with Y-123 phase.
The Y-123 phase was scattered on the melt surface and gradually concentrated in
the middle crucible, corresponding to the peritectic point, P. During the growth, it
was observed that several square millimeters floating thin particles shifted on the
melt surface. These particles consisted of Y-123 phase, which were supersaturated
by Y and Ca atoms transported from the bottom of the crucible to the surface of the
melt by thermal convection. This allowed the growth of Y-123 crystal to take place
on the surface by seeding. The surface melt was easily supersaturated by Y and Ca
although the solubility of Y and Ca was low in the melt. Thus, Y-123 single crystal
could be grown from the melt surface with a relatively high growth rate compared
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Fig. 2.5 Schematic illustration of the apparatus used to grow Ca-doped Y-123 single crystals [19]
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Fig. 2.6 Schematic drawing of the configuration of the melt composition corresponding to ternary
phase diagram, where P is a peritectic point and E eutectic point [19]

with that of the flux method. The Y-211 majority phase or green phase was
observed to deposit at the bottom of the crucible. The melt composition agrees very
well with the ternary phase diagram of YBCO [15].
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During seeding, the floating particles could impact onto seed or growing crystal,
as a result, multi-nuclei occurred and poly-crystals with several large grains formed.
Sometimes small crystalline could parasitize on a large growing crystal and were
also caused by extra nuclei from the particles. The number of nuclei could be
significantly reduced by a nucleation-controlled method, i.e., applying the tem-
perature oscillation method [16]. Figure 2.7b shows a typical crystal obtained by
the method and separated from the MgO seed under oxygen atmosphere. For
obtaining large-sized crystal in an incongruent melt by the TSSG technique, it is
important to maintain the growth processing in a constantly supersaturated melt and
apply an extremely slow growth rate. Growth usually carried out at a constant rate
of 1-2 mm/d. The running period of a growth was completed within 100 h due to
the corrosion of crucible material. The growth could ease by a high viscosity of the
melt containing BaZrO,; produced by a reaction of crucible material and melt when
growing time was longer than 100 h.

It is known that the ionic radii of Ca** and Y** is R’ =0.99A and
Rf{* = 0.93A, respectively. Therefore, the divalent ion Ca** can substitute pref-
erentially for Y** due to the slight difference between the ionic radii. The substi-
tution of Ca for Y generates holes to influence superconducting transition
temperature T, while not changing the crystal structure. The research revealed that
the concentration of Ca increases continuously in proportion to the relative amount
of Ca in the melt, and the segregation coefficient of Ca for the compound was
estimated to be ~(.7. The segregation coefficient smaller than unity suggests a very
low solubility of Ca as a substituent for Y in Y-123. Therefore, the Ca is hard to
incorporate into the crystal. This may be partly due to the fact that the ionic radii of
Ca** are slightly larger than that of Y>*. However, complex thermodynamical
argument is that it must be the dominant factor as this low Ca doping >0.55 in the
melt.

(a) -

.. O
10 mm \<.
10 mm b

Fig. 2.7 Y-123 single crystals obtained by the TSSG method: a As-grown pure Y-123 single
crystal produced under 1 atm oxygen pressure [5]; b by nucleation-controlled method. The
as-grown crystal faces were identified by Laue X-ray [19]
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The result of magnetic susceptibility measurement showed a broad supercon-
ducting transition due to the oxygen insufficiency in the as-grown crystals. By
post-annealing as-grown crystals in flowing oxygen at 535 °C for 48 h, oxygen was
taken over by the compounds, resulting in a sharp transition width of 4 K. As show
in Fig. 2.8, the superconducting transition temperature 7, reduces with increasing
Cacontent, 75 Katy = 0.30, 78 Katy = 0.20, 79 Katy = 0.18 and 90 K aty = 0.

Rare earths (RE) can be substituted for yttrium without any destructive effects on
the superconducting characteristics of Y-123 with the exception of RE = Ce and
Pm [20-24]. In general, T, and peritectic temperatures (7},) increase with increasing
ionic radius of RE. However, at a certain point, a further increase in the ionic radius
decreases or varies T,. This is because RE ions easily substitute into the Ba site [25—
27].

TSSG method and modified TSSG method also has been applied to RE-123
materials (RE = Pr, Sm, Nd) from the Ba—Cu—O solvent. It has been found that
bulk single crystals of several cubic millimeters in size can be repeatedly produced
after optimizing the growth conditions, such as the growth temperature, composi-
tion of the flux melt, crucible materials, etc. [28—30]. The typical growth procedure
can be demonstrated through the Sm-123 crystals growth. Sm,O; crucibles were
used so that the contamination from the crucible could be reduced to a minimum.
High-quality Ba,Cu,O (the ratio of x to y ranged from 3:4 to 3:7) powders were
used as raw materials for the solvent. Sm was not included in the precursor mixture.
Instead, the Sm solute was supplied through the interaction between the molten
solvent and the Sm,0; crucible. YBCO thin films were prepared by the thermal
co-evaporation technique on the MgO single crystal. As hetero-seeds, these
YBCO-deposited MgO crystals were used for the SmBCO crystal growth.
These YBCO thin films are highly c-axis oriented. The rotation speed and the
pulling rate were in the range 70—120 rpm and 0.10-0.20 mm h™", respectively.

Figure 2.9 shows a photograph of a large-sized Sm-123 single crystal grown in
Ba;Cus0, solvent at approximately 1056 °C in air. The crystal has a pyramid
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Fig. 2.9 The Sm-123 single
crystal grown in air in the
solution with the Ba/Cu
ratio = 0.6. The size is

23 X 22 mm? in the a—

b plane and 19 mm in the c-
axis direction [31]

shape, with the bottom a—b plane of 23 X 22 mm?. The total growth time is 147 h.
The average growth rate is approximately 0.13 mm h™' in the c-axis direction,
which is higher than that in the YBCO system (nearly 0.05 mm h™' in the c-axis
direction in ambient atmosphere by the modified TSSG method [32].

Figure 2.10 shows the temperature dependence of normalized magnetization for
an oxygenated SmBCO crystal grown under the same conditions as mentioned
above. The field of 10 Oe was applied parallel to the c-axis (H//c) from 60 to 100 K.
The high T, of 93 K with a sharp transition width A7 of less than 1 K (the dif-
ference between 10 and 90 % transition to the zero-field cooled (ZFC) value at
60 K) is clearly displayed, indicating the high quality of the crystal.
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2.4 Ferroelastic Detwinning

The ferroelastic transition of the tetragonal to the orthorhombic (denoted as T-O
henceforth) phase in the high-T,. superconductor Y-123 on cooling is normally
accompanied by the spontaneous occurrence of twin domains which appear to
compensate the internal strains. These twin domains are visible as giving rise to
sharp and contrasted images in polarizing microscopes as well as electron micro-
scopes. Their presence in the superconducting, orthorhombic Y-123 phase still
poses a problem in obtaining a clear resolution of the a—b anisotropy of physical
properties. There have extensive investigations to characterize the microstructures
and understand their possible influence on the superconducting properties [33, 34].
In situ observation of the motion of ferroelastic domain switching during the T-O
phase transformation in Y-123 has been achieved by using high temperature optical
microscope [35].

Single crystals were grown from high concentration flux containing 15 %
YBa,Cu307_5 and 85 % Ba3zCu;0,q in a zirconia crucible. The growth details are
described in Sect. 2.3. The structure of crystals is tetragonal as they are grown at
above 960 °C. When they were cooled slowly through the T-O transition tem-
perature in the presence of oxygen, these crystals would undergo a structural
transformation to the orthorhombic phase.

A detwinning apparatus which can directly in situ observe the twin motion
procedure is schematically illustrated in Fig. 2.11. A square-shaped crystal was
placed between two quartz plates with the stress being applied along the [1 0 0]
direction. The temperature of the crystal was raised at a constant stress of about
2.5 X 10" N/m? and the domain pattern controlled visually by using a high tem-
perature optical microscope. Polarized optical images of an as-grown Y-123 single
crystal before and after successive heat treatments are shown in Fig. 2.12a—d,
respectively. At 250 °C the crystal started to homogenize by means of lateral wall
movements. The image of the twin domains show a decreasing colour contrast
following successive heat treatments to higher temperatures at 350 and 450 °C,
respectively, suggesting that the twin density is decreasing and the crystal remains
orthorhombic with a large, single domain after detwinning. A few small cracks seen
on the bottom indicate that non-uniform stress occurred due to an irregular shape of
the specimen. Therefore a sample with perfect rectangle or square shape is always
necessary for the thermomechanical detwinning. When releasing the stress totally at
the detwinning temperature, no elastic back switching was observed.

The detwinned crystal was characterized by the temperature dependence of
susceptibility and shows a sharp transition T, at 91 K with AT ~ 1 K. If the
transition temperatures are representative of the crystal phase, then one might
expect more than one phase to be observed due to the simultaneous presence of
both orthorhombic and tetragonal phases that sample underwent its T-O transition
temperature during cooling after growth, as result in double or broad transition.
Therefore, it indicates that the detwinned crystal contains only one orthorhombic
phase in an optimally doped state.
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Fig. 2.11 Schematic diagram of the in situ observation technique for the detwinning of Y-123
single crystals

Instead of applying a uniaxial pressure, removal of twins was carried out by
quenching specimens above the T-O transition temperature. The technique pro-
vided a means of maintaining an oxygen partial pressure, which was advantageous
in retaining the oxygen content of the crystal despite the high temperature treat-
ment. The as grown sample was fully oxygenated and then heated up to 400, 650,
800 and 930 °C for 5 min, respectively, and followed by rapid quenching in Ar.
The polarized optical images of the quenched specimen show similar decreasing
colour contrast with heating temperatures, referred to Fig. 2.12a—d. The twin
density is decreasing but the crystal remains orthorhombic or there is an increasing
volume of the crystal becoming tetragonal phase present in the twin boundary
regions. At the final two states of 800 and 930 °C a uniform colour is over the
whole crystal and this indicates a nearly full conversion to the tetragonal phase. The
tetragonal phase in this case is always accompanied by the presence of a tweed
structure [34], which was needed to relieve the internal strain. The superconducting
transition T, drops to 40 K even in the tetragonal phase, by quenching at 800 °C.
The T, completely suppressed by quenching at 930 °C, which is a tetragonal phase.
The availability of twin-free YBCO should be promotional to a further quantifiable
study of a = b anisotropy of physical properties [36].
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Fig. 2.12 Polarizing optical micrographs showing gradual changes in the twin domain structure
of YBCO single crystal by the applied stress of 2.5 X 107 N/m? parallel [1 0 0] and heating at
a as-grown state, b 250 °C for 30 min, ¢ 350 °C for 30 min and d 450 °C for overnight,
respectively [35]

2.5 Defects and Etch Pits in Y-123

In order to study the surface and bulk defects of Y-123 single crystal, chemical
etching has been applied on the as grown crystals for direct observation the defects
[37, 38]. The crystals were grown in a melt containing a flux of excess BaO—CuO
[16]. Free- standing crystals show large shiny surfaces of (100)/(010) and (001). The
samples used in the following study are over 2 X 1 X 0.5 mm® and aluminum
contamination was in the range 0.1-0.2 %. The T, of the as-grown crystals was
below 80 K, but after annealing in flowing oxygen, T, rose to 90 K. The shiny
surfaces obtained from as-grown crystals are suitable etching experiment. Three
suitable etching solutions have been found, i.e., A (Acetic acid), B (1HNO; (or 1HCI)
: 4 acetic acid : 4 methanol) and C (1IHNO; (or 1HCI) : 4 acetic acid (or 4H,0)).
The formation of etch pits at dislocation sites on a (001) surface depends upon
the etching rates. Figure 2.13 shows a schematic representation of the atomic
arrangement in Y-123. Early studies [39] have shown that Y-123 terminates with a
CuO plane in the (001) direction and this may be related with the observation that
the (001) surface is chemically highly active. The lattice strain associated with a
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Fig. 2.13 Schematic drawing of the etching process of Y-123 single crystal. V: etch rate normal
to surface; V. etch rate along dislocation; V,: etch rate along surface; V;: etch inclined between V.
and V,, arrows emanating outwards from atoms indicate the missing bonds of chemically active
surface and shaded area indicates the surrounding strain field [37]

screw dislocation greatly enhances the rate of etching, so the etching rate V. on the
strained area is much higher than the etching rate V normal to the unstrained area
(as seen in Fig. 2.14b).

Figure 2.14a shows square pyramids of an etch pattern having four-sided walls
with steps bounded by {100}/{010} and a sharp base. The depth of the pitis 5 um,
approximately measured by optical microscope. The pit of Fig. 2.14b contains
several structural features: the triangular regions are assumed to be {111} planes
and adjacent {011} with connecting region to be {100}/{010}. The centre is a deep
square hole whose depth could not be measured by secondary electron microscope.
Therefore the shape of base is undetectable, but the hole does not run through to the
opposite surface of the crystal. The pits often appear in isolated clumps, shoulder to
shoulder and heavily dislocated as tangles and clusters. These square pits are

Fig. 2.14 Secondary electron micrograph taken at zero tilt, showing the tetragonal structure of the
etch pits on the (001) surface produced by solution A after 4 h: a square steps bounded by
<100>/<010> and b octagonal pattern of squares truncated by the <110> edges [37]
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truncated by [110] edges in the (001) face. The geometric figure is octagonal,
consisting of two intersecting squares at 45° rotation. The ratio of the lengths
<100>/<110> is ~0.88.

After etching, the topography of the originally smooth and shiny surface of an
as-grown crystal became rough and consisted entirely of hillocks and etch pits.
Figure 2.15a, b show the general features of the (001) surface of the crystal, with
square and octagonal patterns originating from neighboring dislocations. Poly-spiral
growth hillocks with etch pits at their centre suggest dislocation lines running up and
passing through the centre of the growth spiral. As the hillocks grow, their bases
spread outward, creating a continuous new layer of the crystal. There are also
vicinal-hill type spirals showing square or octagonal-like morphology. The octag-
onal shape of growth hillock is indicative of the anisotropy in the step advancement
velocity along <100>/<010> and <110> directions. The hillocks give evidence for a
screw dislocation and suggest that the crystal grows according to the spiral growth
mechanism under low supersaturation. These observations are consistent with
classical crystal growth theory. Screw dislocations may provide flux pinning centers
and determine the limits of the critical current density in single crystals [40].

The density of the spiral hillocks present in the (001) surface is estimated to
be ~ 5 X 10° cm ™2 The growth steps on the (001) surface are more or less par-
allel to each other, and defined by crystallographic planes. The square steps are
bound by the <100>/<010> directions. The truncated squares have octagonal-like
steps defined by the <110> direction; <100> and <010> are the strongest and the
next-strongest PBC (periodic bond chain) directions. The relatively longer steps,
which run along the <110> direction, correspond to the fast growing direction.
Large flat terraces can be seen lying adjacent to the steps. This shows that the
surface is reasonably clean. Due to the irregularities on the surface, the growth rate
of one step can be slowed down and another step can catch up, resulting in a
macro-step. Figure 2.15a, b also show the phenomenon of step bunching, and the
retardation of the surface of the Y-123 single crystals indicates that two growth
mechanisms, i.e. spiral growth and layer-by-layer growth, may both take place,
which might be related to the growth conditions and the existence of screw dis-
locations in the crystals.

An asymmetry of the face on (001) is indicated by the typical etch patterns on
the top and bottom surfaces of the same crystal. The top surface (Fig. 2.15a)
consisted of screw dislocations and hillocks and the bottom one (Fig. 2.15b)
exhibited only hillocks. The most likely candidates for the two surfaces are the Cu—
O chain plane and the Ba—O plane along the <001> direction. All the etched
samples revealed that the terminating surface on the (001) face of the crystal has
polar characteristics and therefore is not symmetrical at the tip and bottom faces.

Characteristically different etch pit morphologies were observed on the
(001) face (Fig. 2.15c, d). They are assigned to screw dislocation etch pits, because
of the corresponding observation of spiral growth hillocks. Figure 2.15¢ shows a
square pyramid of etch pattern having four-sided walls with different sized steps
and square base bounded by <100>/<010>. The steps are believed to by the inner
layer of crystal exposed by etching due to the spiral step growth mechanism. The
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Fig. 2.15 Screw dislocation etch pits produced by etching solution C for 3 min, by optical
microscopy: a spiral growth hillocks accompanied by dislocations on the top surface (100);
b hillocks on the bottom surface (001); ¢ screw dislocation from a selected area of a; d the same
area of ¢ further etched by solution A for 5 min [37]

width of the step is approximately 3 um on average, as measured by optical
microscope. The ratio of the lengths <100>/<010> is ~0.88. It is interesting to
observe, as shown in Fig. 2.15d, that the base of the square of all etch patterns
spreads outward and is truncated by <110> edges, after a further etching by solution
A for 5 min. Comparing with Fig. 2.15c, the square base of Fig. 2.15d is rotated by
45° and bounded by <110>. The reason for this evolution is unknown but may be
related to a change of the etching rate along different directions.

Figure 2.16a, b show pits with elliptical shapes and varying sizes, with long and
short axes long <100>/<010> and <001> on the (100)/(010) face. As a result the
density of the pits is of the order of 10* cm ™2 which is lower than that in (001). The
etch pits in the as-grown (011) face are similar to those in (100)/(010), demon-
strating that etching rates along <100>, <010> and <001> are anisotropic. Unlike
screw dislocation etch pits, there are on steps along the wall, since (100)/(010) is of
Hopper-like morphology [41] related to a two-dimensional nucleation growth
mechanism, different from screw dislocation growth. Figure 2.16b show that two
symmetrically smooth faces are divided by a groove lying along <100>/<010> and
one sharp end was weakly etched. This is a distorted etch pit, probably caused by
the dislocation core inclined to the surface.
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Fig. 2.16 Typical etch pits in (100)/(010) produced by preferential etching using solution A for
4 h: a elliptical etch pit with long and short axes, by optical microscopy and b secondary electron
micrograph of a distorted etch pit

The size and shape of the pits depend strongly upon the etching behavior. After
each etch the dimension of the pits was measured and thus the etch rate determined.
Solution A has a very low etch rate and produces a highly selective etching to
reveal dislocations with clean and clear patterns. This slow etch rate allows for the
formation of small protrusions and reveals the defects with minimum material
removal. Solution B and C show a rapid attack and simply dissolve away any
surface atoms, revealing both screw dislocations and spiral hillocks. The etch rates
suggest that the wvelocity is anisotropic, with V,jj0- ~ 3.2 um/h,
Vacioos ~ 2.8 um/h, Vo go1> ~ 1.3 pum/h and Vi ;1> ~ 1.0 um/h. These rates
did not include the experiment with solutions B and C, whose rates are two orders
of magnitude higher. The dimensions of the etch pits can be changed due to the etch
rates V., V, and V;, although the preferential etching at dislocation sites is a very
complex phenomenon which dominates the whole etching procedure.

By chemical etching, dislocation etch pits have become visible on the surface of
(001), (100)/(010) and (O11). In general, pit morphology reflects the major sym-
metry of the crystal, and pit edges are found to be parallel to the <100>/<010> or
<110> crystallographic axes. An understanding of dislocation formation and
preferential etching requires detailed knowledge of surface chemical reactivity and
surface reconstruction in Y-123.

2.6 Flux Growth of Pure and Doped Y-124

Y-124 single crystals with dimensions up to 4 mm were first prepared by a self-flux
method under a high oxygen pressure up to 3000 bar at over 1100 °C [9]. This
requires special apparatus and safety considerations. Recently, high quality Y-124
single crystals have been grown by using KOH as flux under ambient pressure, after
optimized the growth conditions such as applying a stepwise-cooling method,
crystals with sizes up to 1.2 X 0.5 X 0.3 mm® were achieved [10, 11].
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The growth of Y-124 crystals is complex in the systems Y-123—-CuO-KOH or
Y-124-KOH, it involve several chemical reactions and processes like synthesis,
dissolution and crystallization, as well as evaporation and creeping of molten KOH.
Nevertheless, using KOH as solvent, it was found that Y-124 can be synthesized in
air/oxygen via the reaction

YBa;Cu3;07_5 + CuO + 6/202 — YBa,CuyOg

at a temperature as low as 550 °C. A high fraction (>95 %) of the Y-124 phase
was obtained in less than 4 h. The fact is that the high oxidation state, Cu®* can be
stabilized in molten KOH [42, 43] and this favors the formation of Y-124. These
results suggest that molten KOH is very effective in accelerating and enhancing the
chemical reactions during the formation of Y-124.

The source material used was either a mixture of Y-123 and CuO powders in a
molar ratio of 1:1 or Y-124 powders synthesized by a solid-state reaction. Y-124
powder samples were synthesized using high purity Y(NO3);-6H,0, Ba(NO3),, Cu
(NO3),-2.5H,0 in a molar ratio of 1:2:4. The mixtures were ground and loaded in
an Al,Oj; crucible, sintered at 800 °C for 100 h with several intermediate grindings.
Y-123 polycrystalline powders were prepared by calcining the mixtures of
1YO, 5:2BaC05:3CuO at 880 °C for 2 days for the decomposition of CO,. The
calcined mixtures were then sintered at 920 °C in flowing oxygen for 2 days with
several intermediate grindings.

The crystal growth was carried out in a vertical two heating zone tube furnace
which provided a sharp temperature gradient. A schematic drawing of the setup is
shown in Fig. 2.17. A total charge of 15-30 g of source materials and KOH with
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Fig. 2.17 The schematic of the two heating zone apparatus designed with a sharp temperature
gradient AT, ranging from 3-8 °C/cm between 550 and 750 °C for the crystallization temperature
[11]
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10-95 wt% was loaded in a crucible. The crucible was located at the middle
position of the furnace. T; and T, denote the temperatures at the bottom and middle
sites of the crucible, respectively. During growth the heating temperatures increased
to about 720 °C for T; and 760 °C for T, respectively, and were then maintained
for 4 h. Subsequently, the temperatures were slowly decreased to T; = 500 and
T, = 540 °C at a cooling rate of 0.5-5°C h™'. A sharp temperature gradient
AT ~ 8 down to 3 °C cm ™' was created during the cooling procedure.

Molten KOH is very corrosive, and many metal oxides are soluble in the wet
KOH melt. The ideal crucible material should have no reaction with the source
materials. Wetting and creeping phenomena of the solution should be also taken
into account in the choice of crucible materials. Five sorts of crucible material (Pt,
SnO,, MgO, Al,O3 and ZrO,) were investigated, as well as the creeping phe-
nomenon. The crucibles containing source materials or/and KOH were heated at
temperatures between 550 and 790 °C, and subsequently quenched for the inves-
tigation of the creeping behavior of the samples and the reactivity of the crucible
materials. The results revealed that ZrO, is the optimal crucible material for the
growth of Y-124 single crystals in KOH flux, since no corrosion or creeping
observed. Al,Oj3 is another candidate; however, the creeping should be suppressed
by a sharp temperature gradient in the growing system.

The melting behavior of the mixtures of Y-124 and KOH was investigated by
TG-DTA measurements and observed in a ventilated system [10]. It revealed that
Y-124 starting melt in KOH at 494 °C and the Y-124 crystals formed between 550
and 800 °C. Further study [11] indicated that large crystals formed, accompanied
by flux evaporation starting from 650 °C. The best solubility and crystal growth
conditions are found in the temperature range 640-700 °C, which is the optimal
crystallization temperature. At 850 °C, Y-124 entirely decomposed in KOH.

It also found that by the application of a sharp temperature gradient, the number
of crystals is remarkably reduced. In addition, a method of stepwise cooling rate
was applied to increase the size of crystals, i.e., a low cooling rate of 1 °C h™' was
applied in the optimal temperature range between 640 and 700 °C. The schematic
thermal profile is drawn in Fig. 2.18. As-grown crystals were preferentially found
to grow at the bottom of crucible. After cooling, the crucible containing crystals and
residual flux was removed from the furnace and quickly dipped into the methanol
solvents, followed by rinsing for 0.5-2 h. The crystals were separated and then
dried at 80 °C. A typical free crystal is shown in the inset of Fig. 2.19. The crystals
exhibit rectangular or square platelet habits with the c-axis normal to the largest
plane. Separated crystals were characterized by XRD and Raman spectroscopy, no
impurity phases are observed.

Figure 2.19 shows the temperature dependence of the magnetization for a single
crystal of Y-124, characterized by ac susceptibility in field-cooling and
zero-field-cooling measurements in 10 Oe. A sharp transition temperature T, occurs
at 82.9 K.

The study of the influence of substitution on superconductivity in Y-124 is of
great interest, since the compound is stoichiometric with fixed oxygen content in
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Fig. 2.18 Schematic of the thermal profile used to reduce multi-nuclei and improve the size of
crystals [11]

0.00000 ~

]
FC ﬂ
71 e-e ©9 -9 0 0-0-0 0 j
-0.00002 -} -
=
E —
=~
-0.00004 |
-0.00006 T . —
0 20 40 60 80 100

Temperature (K)

Fig. 2.19 Field-cooled and zero-field-cooled magnetization as a function of temperature for a
Y-124 single crystal. Inset is a typical Y-124 single crystal [11]

the double Cu—O chain. This is unlike Y-123 with a single Cu—O chain, where a
small variation of oxygen (8) can strongly influence on its superconductivity.
The crystals doped with Ca, Zn and Ni have been also successfully grown by
this method, where various doping concentrations of Ca, Zn and Ni were applied
during the growth. It revealed that the value of T, increases with increasing Ca
content, and reaches a maximum of 91 K at x = 0.12. T slightly decreases with a
further increase of the substitution level to x = 0.16. The results are plotted in
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Fig. 2.20 The plot of Tc values versus with dopant concentration for Y;_,Ca,Ba,CuyOg with
x =0, 0.02, 0.04, 0.09, 0.12, 0.14 and 0.16, for YBay(Cu,_,Zn,),O0g with x = 0, 0.015, 0.013,
0.023, 0.024, 0.025, 0.028 and 0.034, and for YBa,(Cu,;_,Ni,)40g with x = 0, 0.013, 0.035, 0.041,
0.043 and 0.050, respectively

Fig. 2.20, showing a dome shape of under-, optimal- and over-doped regimes. The
doping content of Zn with 0 < x < 0.034 and Ni with 0 < x < 0.05 was deter-
mined in the final crystal form. Figure 2.20 is the plot of the T, values with
suppressed rates at 12 K/at % for the Zn and 13 K/at % for the Ni-doped Y-124,
respectively. Both dopings show nearly the same suppression rates, but the T, is
lowered from 83 K for the pure compound to ~ 40 and ~ 20 K for the Zn-and
Ni-doped Y-124 single crystals, respectively. Compared to the very broad transition
T, reported for both pure and doped ceramic samples [44—46], KOH flux growth
crystals show a sharper transition with a width A T, < 2 K. All these properties
indicate the high quality of the single crystals.

To summarize, using KOH as flux, the growth of Y-124 single crystals can be
easily carried out under ambient pressure at low temperature.
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Chapter 3
Bi-Based High-T. Superconductors

Andrey Maljuk and Chengtian Lin

Abstract The growth of crystals of the high-T. oxide superconductors has been
hampered by the complexities of the materials and the lack of their phase diagrams.
The most common crystal growth technique adopted for these oxides is the “flux”
method, where the starting materials are dissolved in a melt, which is usually
formed by excess of CuO, Bi,O5; or KCI/NaCl mixture. The crystals are produced
by slow cooling of the melt. This method, however, suffers from several drawbacks:
(1) crystals are contaminated with a crucible material, (2) crystals are difficult to
detach from a solidified melt, (3) crystals contain flux inclusions. In most cases
these drawbacks can be overcome by the traveling solvent floating zone (TSFZ)
method. Moreover, this method is suitable for growing crystals of incongruently
melting compounds and has been thus successfully used to grow large crystals of
the high-T, La,Sr,CuO,4 and Bi, . Sr, Ca, {Cu,05,,4.5 (denoted as 2201 for
n =1, 2212 for n = 2 and 2223 for n = 3) superconductors. In this work we report
the growth of large and high quality 2201, 2212 and 2223 crystals as well as their
characterization.

3.1 Introduction

Since the discovery of high-temperature (high-T,.) superconductivity (SC) in cup-
rates by Nobel Prize winners J.G. Bednorz and K.A. Miiller in 1986 a tremendous
work has been done in synthesis of these materials. Here a crystal growth of high-T.
superconductors plays an extremely important role for the fundamental research
because physicists strongly need large size and high quality single crystals to study
anisotropic physical properties of these materials. For the Bi-based superconduc-
tors, a homologous family with a general formula Bi,Sr,Ca,_;Cu,O, where n = 1,
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2 and 3 is known, and superconducting temperature, T, strongly varies with the
number of CuO, layers, n: T, ~ 10 K (n=1), T, # 80-90 K (n = 2) and T, ~
110 K (n = 3). Much attention has been paid to the oxides with n =2 and 3,
namely Bi;Sr,CaCu,O, and Bi,Sr,Ca,Cu30y, which get the superconducting
transition temperatures over the temperature of liquid nitrogen (77 K). At the same
time it is worth to mention that the real materials are always nonstoichiometric with
respect to both the metallic and oxygen elements. Also, the atomic positions in real
crystals structures are well shifted from the “ideal” ones that lead to incommen-
surate, quasi one-dimensional structural modulations in all Bi-based compounds.
All together it makes superconducting properties of single crystals being highly
sensitive to the history of samples preparation. From this point a detailed and
accurate characterization of as-grown samples becomes very important. In addition
our knowledge of the corresponding quaternary Bi,O3;—SrO—-CaO-CuO phase
diagram is quite insufficient that complicated even more a growth of high quality
superconducting single crystals in this system. For example, up to now the details
of melting behaviour of Bi,Sr,CuO, and Bi,Sr,Ca,Cusz0Oy phases are not well
understandable. Also, the quasi two-dimensional crystal structures of all Bi-base
oxides make a growth rate highly anisotropic and this tendency dramatically
increased from n = 1 to n = 3. Therefore, even nowadays it is very hard to prepare
bulk and single-phase crystals of Bi,Sr,Ca,Cu3O, material. In general, the results
of crystal growth of Bi-based superconductors have been published in many papers
and even books. Unfortunately, they are well scattered and do not give readers a
clear answer on what are the main difficulties in the crystal preparation and char-
acterization of these materials. For example, in many cases Bi-based crystals
possess a number of growth imperfections like non-superconducting impurities and
intergrowth defects that strongly affect the superconducting properties of these
samples. In this Chapter the authors try to collect all known data and acquaint a
reader with the main growth approaches in the crystal preparation of Bi-based
materials. A special attention was paid on accurate characterization of as-grown
single crystals by different chemical and physical methods.

3.2 Undoped Bi-2201 Compound

Bi-based superconductors create homologous family of compounds with a different
number of CuO planes per unit cell: Bi,Sr,CuOy (n = 1), Bi,Sr,CaCu,0y (n = 2)
and Bi,Sr,Ca,Cu30,, (n = 3). Within this family the Fermi energy, resistivity, ani-
sotropy and dimensionality are similar [1], although superconducting temperature,
T, varies in a wide range 4 K < T, < 110 K. Still the origin of large variation of T,
remains a major challenge in the modern solid state physics. Also, the interplay
between the normal state pseudogap and unconventional superconductivity remains
a highly debated issue. Since thermal fluctuations vanish at 7 — 0, they should be
less significant at T ~ T, in low-T, cuprates. Therefore, it is instructive to study
superconductivity and pseudogap in cuprates with very low T, because it allows the
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correct disentanglement of superconducting and pseudgap characteristics. From this
point the undoped Bi,Sr,CuO, (hereafter Bi-2201) compound becomes the best
model system and attracts a lot of interest in the past several years. For example, the
low temperature study of high quality Bi-2201 single crystals with 7, ~ 4 K reveals
the large disparity of superconducting and pseudogap scales in this material [1] and
allows simple and accurate estimation of H,, without complications typical for other
cuprates with higher T, [2]. The above mentioned studies give a strong evidence for
a paramagnetically limited superconductivity in Bi-2201.

Also, its relatively simple crystallographic structure compared with Bi-2212 and
Bi-2223 phases and absence of intergrowth defects offer the unique possibility to
study the intrinsic properties of the single CuO, plane. The last one is rather
important because the single CuO, plane gives a single band and a single Fermi
surface sheet, avoiding band structure complications originated from two-layered
(Bi-2212) or multi-layered (Bi-2223) compounds where there is a pronounced band
structure splitting [3]. Thus, it makes much easier to interpret ARPES and
STM/STS results for Bi-2201 compound.

3.2.1 Material Chemistry

The first member (n = 1) of the homologous family of superconducting compounds
Bi,Sr,Ca,-1Cu,Oy is usually named by the nominal stoichiometric composition
Bi,Sr,CuOy (Bi-2201 or Raveau phase). The actual composition of the
orthorhombic Raveau phase is off-stoichiometric with the partial substitution of Bi
for Sr. It forms Bi,,Sr,_CuOy solid solution with 0.15 < x < 0.4 in air [4]. At the
same time the fully stoichiometric Bi-2201 compound is an insulating phase with a
monoclinic cell: a =24.473 A, b=5.4223 A, c=21.959 A and f = 105.40° [5]. The
structure of this compound contains stepped (CuO,) layers, while the SC Raveau
phase consists of infinite (CuO,) planes. In the literature the superconducting
off-stoichiometric Raveau phase is often referred to as the Bi-2201 phase and this
has given rise to a certain amount of confusion. So, it is necessary to separate SC
(T. < 10 K) Bi-2201 phase which is always non-stoichiometric from the fully
stoichiometric insulating Bi-2201 compound. The last one is often named as the
“collapsed” phase because it has a c-axis which is 1 A shorter than that of super-
conducting Bi-2201 material. The phase stability of Bis,,Sr,_CuOy solid solution
was studied at 850 °C in air and at 740 °C in oxygen [4]. It was found that the Bi,
+x9T>_xCuOy, region of existence is limited to the range 0.15 < x < 0.4 in air (850 °
C). For 0.0 < x < 0.15 all the samples were multi-phases containing the Raveau
phase, the “collapsed” phase and undefined impurity phase in a small amount.
Superconductivity with T, about 6-8 K was observed for multi-phases samples
only with nominal compositions x = 0.05 and 0.10. In oxygen (740 °C) the stability
region of the Raveau phase was extended to 0.0 < x < 0.4 although no SC tran-
sition was detected. In the range 0.0 < x < 0.15 all the samples showed the
metallic-like type of conductivity, while in the range 0.2 < x < 0.4 they exhibited
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semiconducting behaviour. At the same time the synthesis of nominally stoichio-
metric composition at 800 °C in nitrogen resulted in nearly pure “collapsed” phase.
Moreover, the annealing of Raveau phase at 600 °C in nitrogen led to the phase
decomposition. Thus, the stability of Raveau phase enhanced with oxygen pressure
increasing while the stability of “collapsed” phase reduced. It shows the role of
oxygen pressure on thermal stability of superconducting Bi-2201 material which is
important for the practical crystal growth.

It is worth to mention that orthorhombic Bi-2201 phase has a well defined
structural modulation which is caused by the incommensurability between the
(BiO) layer and the perovskite block. This mismatch is reduced by cooperative
atom displacements from the average positions and by incorporation of extra
oxygen in the (BiO) layer. The modulated structure is then formed. Therefore, one
could say that the modulated structure originates from the presence of extra oxygen
in BiO planes. The modulation vector of the Bi-2201 phase has two components
along b and c¢ directions: ¢ = b + c,c, where b, and ¢y parameters varies with x in
Biy Sty CuOy. For x = 0.20 typical values of bs and ¢, are 0.21 and 0.61,
respectively [6]. Incommensurate modulation causes satellites in the diffraction
patterns. In the case of X-ray diffraction these satellites often overlap with the main
reflections [4] that complicated peaks indexing.

3.2.2 Phase Diagram

All known compounds existing in the Bi;O3;—SrO-CaO-CuO quaternary system at
850 °C in air are shown on Fig. 3.1. Numerous articles have been published on
phase equilibria of Bi-based superconducting compounds in the sub-solidus region,
but there are only a few papers describing the solid-liquid equilibria in this system.

Fig. 3.1 Compounds in the SrO
Bi,03;-SrO-CaO-CuO
system at 850 °C in air
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Fig. 3.2 The pseudo-binary
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The most early publication studied melting behaviour of Bi-2201 phase was done in
1991 [7].

In-situ observations of samples melting and solidification were carried out by
high-temperature optical microscope using the MgO plate. Utilizing of MgO con-
tainer avoids the melt creeping out effect which is the serious problem for Al,O;
and Pt crucibles. The authors [7] in-situ observed the incongruently melting of
Ca-doped Bi-2201 phase at 865 °C in air according to the reaction Bix(Sr,
Ca),CuOy, (solid) — Biy(Sr, Ca);Cu,0y (solid) + Liquid. Based on these results the
pseudo-binary phase diagram of Bi,(Sr, Ca)O4—(Sr, Ca)CuO, system was proposed
as shown on Fig. 3.2.

Unfortunately, this phase diagram gives no information of melting behaviour of
the pure (Ca-free) Bi-2201 material. Much more detailed investigation was done in
1998 by another Japanese group [8]. The authors applied the unique in-situ facility
which combined both high-temperature optical microscope and high-temperature
X-ray diffraction units for the Bi,Sr,CuO,—CaCuO, system investigation. They
directly observed melting and solidification processes of samples with the nominal
Bi,Sr,CuOy, composition synthesized at 840 °C in air. In parallel they monitored
the sample composition by in-situ high-temperature X-ray diffraction although its
resolution at temperatures above 600 °C was much worse compared with a standard
resolution at room temperature. The results are shown on Fig. 3.3.

According to their data the partial melting of Bi-2201 sample starts at 898 °C,
while the remaining solid was still Bi-2201. This mixed state was found to be stable
at this temperature at least for 24 h but has a tendency to transform very slowly into
SrCuO, and liquid after keeping for several days according to the reaction:

Bi-2201°2- Bi-2201 + L (— very slowly SrCu0O, + L)~ L

Nevertheless, only Bi-2201 phase was found in the quenched samples. Thus, it is
not well understandable whether the SrCuO, + L state is the truth equilibrium or
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Fig. 3.3 Pseudo-binary 1050
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not, because this transformation is too sluggish. A complete sample melting was
observed above 911 °C based on the results of in-situ optical microscope and X-ray
diffraction sample monitoring. From the thermodynamic point it is rather hard to
interpret the above mentioned results because Bi-2201 phase can co-exist with itself
and liquid under non-equilibrium conditions only (if initial composition was pure
Bi-2201 phase). So, the following peritectic reaction seems to be truly equilibrium:

Bi-2201 (solid)*2~"SrCu0, (solid) + Liquid

However, it is difficult to explain why only Bi-2201 phase was detected in
quenched samples because the reversed peritectic reaction is always not completed
for any fast cooling process. Also, the nominally stoichiometric Bi-2201 sample
synthesized in air has to contain at least three different phases: Raveau phase,
“collapsed” phase and a very small quantity of impurity phase as it has been already
discussed in Sect. 3.2.1. Thus, actually multi-phases samples were studied in [8]
that complicated drastically the interpretation of these experiments. It means that a
single phase Bi-2201 material (Raveau phase) has to be re-investigated in future
because the nature of melting behavior plays the key role in growth of large-size
and high-quality Bi-2201 single crystals.

Another Bi,O3—-SrO-CaO-CuO phase diagram depicted on Fig. 3.4 was pro-
posed in 2000 [9].

There are several obvious and serious contradictions between all published phase
diagrams. One possible reason of the observed discrepancy may be caused by a
difference in the inspection methods. Authors of [7, 9] determined phase compo-
sitions of quenched samples by X-ray diffraction at room temperature assuming that
room temperature composition corresponded more or less to phase composition at



3.2 Undoped Bi-2201 Compound 53
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high temperatures. At the same it was demonstrated in [8] that a precipitated phase
stable at high temperatures often rapidly transformed into another one during even
very fast cooling. In any case this discrepancy is a good motivation for the research
society for further detailed re-examination of BiO3—SrO—(Ca0O)-CuO system.

3.2.3 Flux Growth

There are only a few reports on Bi-2201 crystal growth using either self-flux
(CuO-based flux) [10] or KCl-flux [11] methods. Growth of thin plate-like crystals
of Bi-2201 has been succeeded, although no reproducible superconductivity was
observed. The typical self-flux growth experiment is the following [12]: the mixture
of the starting materials of Bi,03, SrCO5; and CuO with typical purity of 4 N was
ground and fired at 790-820 °C for 12 h several times. The powder products were
melted in Al,O3 crucible at 950-1000 °C for 35 h, then cooled slowly to 850-880
°C at a rate of ~ 1-2 °C/h, followed by a furnace cooling to room temperature. The
crystal platelets were removed mechanically after breaking the crucibles.

Usually flux-grown crystals always show several serious drawbacks [13]:
(1) contamination due to the chemical reaction between melt and crucible materials,
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such as Al,O3 and Au at high temperatures above 900 °C; (2) flux inclusions (mainly
CuO) in as-grown crystals; (3) small crystal size (<2 mm) with typical thickness
along c-axis less than 0.1 mm; (4) difficulties in mechanical removing crystals from
the remaining flux without damage for self-flux technique and (5) a small yield of the
growth. Also, for the KCI-flux the possibility of K™ and Cl™ ions incorporation has to
be taken into account. Another significant problem is that flux-grown samples
demonstrate often poor reproducibility of superconducting properties [13].

For example, Bi-2201 crystals were grown by CuO flux method in Zr(Y)O,
(YSZ), Al,O3 and gold crucibles in [14]. The superconducting properties of
as-grown crystals prepared in Al,Oj3 crucibles were not reproducible. A few of
crystals showed a resistive SC transition, but none showed significant evidence of
magnetic shielding in ac susceptibility measurements. In contrast, the supercon-
ducting properties of crystals grown in either YSZ crucibles or gold crucibles were
reproducible and both resistivity and ac susceptibility measurements indicated bulk
superconductivity. The authors performed very accurate chemical analysis of
crystal compositions using spark-source mass spectroscopy. The Al was found in
crystals grown in alumina crucibles but at very low levels of 10-50 ppm. At the
same time crystals prepared in YSZ containers had larger concentrations of both Zr
(20-70 ppm) and Y (50-120 ppm). All crystals grown in gold crucibles showed no
Au contamination (<5 ppm). At present it is not well understood why such small
quantity of Al has such a dramatic effect on T.. Again, as-grown crystals were quite
small and typically 5 X 5 X 0.02 mm?® in size.

An interesting result was obtained in [15]. The authors applied micro-pulling
down technique to grow free-standing Bi-2201 fibers. Nearly pure-phase (more than
90 %) Bi-2201 fibers could be obtained at pulling rate 0.08 mm/min in air. The
grown fibers had a regular shape with uniform diameter around 1 mm and different
lengths up to 8 cm which was limited only by the Pt crucible size and quantities of
starting materials. The fibers were composed of plate-like crystals with thickness up
to 10 pm oriented along the pulling direction which was parallel to c-axis. Small
and thin crystals could be cleaved from these fibers demonstrating the record value
of T, ~ 20 K for single crystalline and powder samples.

3.2.4 Floating Zone (FZ) Growth of Large Crystals

Most of disadvantages associated with the flux-method could be overcome by using
the crucible-free Floating Zone (FZ) technique which has been successfully
employed for the crystal growth of other high-T. superconductors like, for example,
(La, Sr),CuO,4 [16] and Bi,Sr,CaCu,0y [17]. The first Bi-2201 crystals prepared by
FZ method were either non-superconducting [18] or needle-like [19]. All attempts
to introduce the superconductivity by oxygen/argon annealing were failed. Also, the
size of superconducting but needle-like samples gives no chance to perform most of
physical measurements. The first superconducting and large size Bi-2201 samples
suitable even for neutron inelastic experiments have been grown in 2001 [13].
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3.2.4.1 Crystal Growth and Characterization

The high-quality and bulk Bi-2201 samples have been prepared as follows in [13].

Feed rods for the growth experiments were made by the conventional solid state
synthesis. Starting compositions of Bi,,,Sr,_,CuO, were varied in the range of
0<x<0.35and 0 <y <0.30 to study the effect of composition on crystal size
and superconductivity. Powder materials of 99.99 % purity Bi,03, StCO3 and CuO
were mixed with ethanol in agate mortar, dried and then pre-heated at 750 °C for
48 h in high-density Al,O; crucibles. The pre-heated mixture was pulverized
carefully into fine powder and put into a thin rubber tuber with a diameter of 7—
8 mm and a length of about 10 cm, then pressed hydrostatically into a straight feed
rod under pressure of ~70 MPa. Finally, the rods were sintered at 840 °C for 48 h
in flowing oxygen. Single crystals growth was carried out in a 4-mitror type image
furnace with infra-red (IR) radiation equipped with four 300 W halogen lamps. The
sketch of the image oven is shown on Fig. 3.5. The high temperature gradients
(~150-300 °C/cm) required for the stable molten zone (MZ) maintaining can be
ensured by proper focusing of all lamps at the common focus point.

The crystal growth was done in the enclosed quartz tube where the controlled
oxygen pressures can be applied. As-sintered rod was divided into two pieces, and
the shorter one (~2 cm in length) was used as a seed and the longer as the feed rod.
Both feed and seed rods were placed coaxially in the center of a silica tube. Prior to
the crystal growth the high density feed rod (~90 % of the crystal density) was
obtained by pre-melting of as-sintered rod at a rapid rate of 27 mm/h. The authors
[13] found that the quality of pre-melted feed rods play the key role in a successful
growth run. Because using of high dense rods stabilized the molten zone and
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Fig. 3.5 Sketch of the four-mirror type image furnace with IR heating produced by CSI (Japan)
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suppressed the liquid penetration onto the feed rod. The last effect usually termi-
nated a TSFZ growth experiment in case of using low dense rods with density less
than 75-80 %. Thus, a straight, high dense, long and equal-diameter feed rod is
highly required to stabilize the molten zone over long growth periods (more than
24 h). Slow growth rates of 0.5-1.0 mm/ were applied during the growth to achieve
faster grain selection. Both feed and seed rods were counter rotated (15-30 rpm) to
ensure effective mixing and uniform temperature distribution in the molten zone.
The oxygen pressure, ranging from 1 to 10 bars, was applied throughout
pre-melting and crystal growth procedures. Typical as-grown Bi-2201 ingot is
shown on Fig. 3.6a where a large facet parallel to the growth direction can be
clearly seen. The facet was identified to be (001) by Laue back scattering experi-
ment. The Bi-2201 crystals (Fig. 3.6b) cleaved from this ingot demonstrate large
a-b planes and thickness up to 3 mm in the c-axis direction.

It was revealed that the crystal habit and size are strongly affected by the starting
composition and much less than by oxygen pressure during pre-melting and growth
processes (see Table 3.1). Also, the increasing of oxygen pressure leads to the less
stable molten zone. No significant evaporation of Bi or Cu was observed inde-
pendent from applied O, pressure. Only needle-like samples were prepared from Bi
stoichiometric and nearly-stoichiometric starting compositions (ingot nos. 1-3). On
the contrary, from Bi-rich compositions the large plate-like crystals were obtained
(ingots nos. 4-10).

As grown ingot
v=0.2 mm/h, n=+30/-30 rpm, O,

Fig. 3.6 Bi-22012 as-grown ingot with a large facet (a), cleaved single crystals (b) and X-ray
Laue picture (c) taken from this facet [13]
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Table 3.1 Growth conditions, compositions and superconductivity of Bi-2201 crystals
Ingot Starting Crystal Growth Oxygen Crystal T,
number | composition composition rate, pressure, habit (K)
mm/h bar

1 Bi; oS15.0Cu; Oy Biy 1;S12.16Cu0Oy | 0.5-1.0 2.0 Needle-like | ns
2 Biy ;Sr; oCu; Oy Biy 19511 9sCuOy | 0.8 2.0 Needle-like | 6.2
3 Bis ;Sry oCuy Oy Bij »;Sr; 39CuOy | 0.5-0.6 6.0 Needle-like | 5.5
4 Biy 581 sCuy Oy | Biy 37511.05CuOy | 0.6 1.0 Plate-like ns
5 Biy 5811 9Cuy 50y | Biy 20S15,0:CuOy | 0.3 3.0 Plate-like 5.0
6 Bi, 581y 9Cuy Oy | Bij 93811 66CuOy, | 0.5 10.0 Plate-like 35
7 Bi; 351 7Cu; ¢Oy Bi; 3551, 8CuOy | 0.8-1.0 2.5 Plate-like ns
8 Bi, 381, 7Cu; Oy | Biy 3,81, 86CuOy, | 0.5 1.5 Plate-like ns
9 Bi; 35511 93Cu; Oy | Biy 3,815 17,Cu0y | 0.6 3.0 Plate-like 8.5
10 Bis 35511 93Cuy oOy | Bis 38515 15CuOy | 0.5 8.0 Plate-like 7.1

ns Non-superconducting down to 2.0 K

The molten zone became unstable for the growth rates less than 0.5 mm/h. When
the rate was less than 0.3 mm/h, the growth was frequently terminated by the MZ
collapse. Growth rates of 0.5-1.0 mm/h were found to be suitable to maintain a
relatively stable MZ and meanwhile to develop a planar growth interface

throughout the entire growth.

X-ray rocking curves were measured in order to identify the crystal mosaicity in
the (a, b) plane. Figure 3.7 demonstrates the results of these measurements done on
three pieces cleaved from one thick Bi, 3,51, 17CuOy crystal (~ 1.5 mm thickness).

Fig. 3.7 X-ray rocking
curves around the

(008) Bragg peak measured
on three pieces cleaved from
one crystal. Both sides of
these three samples were
measured [13]

Intensity (a. u.)

28,5
Sample Rotation Angle (degree)
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Table 3.2 Crystal compositions and lattice parameters from powder XRD data

Crystal Bi/Sr Oxygen a, A b, A e A) ¢, (A),

composition ratio pressure, bar sc

Bij 93811 66CuO, | 1.16 10.0 5.414 5.319 24.248 24.250
(€] ® () ®

Bis5,Sr; goCuOy | 1.17 6.0 5314 5.399 24.363 24.3663
® (O] Q) (@)

Bi, 35815 17Cu0Oy | 1.07 3.0 5.337 5.378 24.433 24.436
© @ ®) @

sc Single crystal XRD results

All peaks are quite narrow with FWHM = 0.12°-0.15°, indicating the perfect
crystal quality in the ¢-direction. Also neutron diffraction experiments demonstrated
high quality of thick Bi-2201 crystals (~3 mm thickness) with mosaicity less than
3°, and crystals with ~ 1 mm thickness possess a mosaicity of 1°.

In order to check the phase purity of as-grown samples, a number of crystals
from each ingot were ground into powders for XRD measurements. All reflections
can be indexed to the pseudo- tetragonal structure and lattice parameters are listed
in Table 3.2. No trace of impurity phases was found in these samples. At the same
time ingot nos. 1, 2 and 7 contain a small quantity of a secondary phase identified as
a SI‘14CU.24041.

The formation of impurity phases strongly depends on (i) history of the sample
preparation; (ii) degree of Sr-deficiency and (iii) applied oxygen partial pressure.

3.2.4.2 Superconductivity

The results of magnetic susceptibility measurements exhibit superconductivity in
six of 10 as-grown ingots. All superconducting crystals were prepared under
oxygen pressure (2—10 bars). Usually 3-5 pieces of crystals cleaved from different
portions of each ingot were measured. The results show that all samples cleaved
from the one ingot demonstrate nearly the same T.. Depending from starting
composition and oxygen pressure T, varies from 3.8 to 8.5 K. Figure 3.8 presents
the superconducting transitions for the different samples Bij g3t 6CuOsy,
Bi 5;Sr; 30CuOy and Bij 3,51, 17CuOy, respectively. All transitions are quite sharp
with AT, < 1.0-1.5 K. For the crystals grown from the same composition, T,
decreases with increasing oxygen pressure, suggesting that as-grown samples are in
the overdoped region.

Nevertheless, the oxygen pressure of 2 bar and over was necessary to suppress
the formation of “collapsed” phase which usually crystallized in form of needle-like
crystals. Also, this non-superconducting “collapsed” phase was always precipitated
from the stoichiometric starting composition even under elevated oxygen pressures.
Based on these results the superconducting Bi-2201 crystals can be only grown
from non-stoichiometric starting compositions under oxygen pressure of 2—10 bars.
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It is worth to mention that superconducting Bi-2201 crystals are very stable in air
without any sign of sample decomposition and degradation of superconducting
properties even stored over years on a desk. The superconducting temperature
slightly varies (1 K) with annealing either in oxygen or in argon.

3.3 La-Doped Bi-2201

The partial replacement of Sr** by large rare-earth elements (La®*, Nd**) results in
the dramatical increase of T, up to 33-36 K for La content x = 0.4 in Bi,Sr,_,
La,CuO, compound. The heterovalent substitution of La** for Sr** in the Bi,Sry_,
La,CuOy system reduces holes number and thus pushes the system to the
hole-underdoped regime. All reports on polycrystalline samples are in a good
agreement with each other and reveal a parabolic-like dependence between T, and
La-content [20, 21]. It is quite interesting that although TI,Ba,CuO, and
Bi,Sr,CuO, materials possess very similar crystal structures, they exhibit surpris-
ingly different superconducting transition temperatures (90 K for T1-2201 and only
4-8 K for Bi-2201). The origin of this dramatic discrepancy was ascribed to the fact
that Bi-2201 phase has a complicated incommensurate modulation structure while
T1-2201 phase does not show any modulation feature [22]. Nevertheless, powder
La-doped samples of Bi-2201 with T, ~ 36 K still reveal the well modulated
superstructure with nearly the same modulation vector as for undoped samples [4].
At the same time the superconducting transition temperature is over two times less
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compared with TI-2201. Thus, the effect of structural modulation in Bi-2201 on
superconductivity in this compound is still unclear. And this study requires the
availability of high quality single crystals as well as the systematic investigation of
La doping on superconducting properties. There are several reports on Flux and FZ
growth of Bi,Sr,_,La,CuO, material discussed below.

3.3.1 Flux Growth

A few groups have obtained La-doped Bi-2201 crystals using the CuO self-flux
method [12, 23] in Pt or Al,O3 crucibles. The typical growth route [12] is as
follows: starting materials were weighed in the proportion Bi:Sr:La:Cu =
1.95:2.05—x: x:1.5 with nominal x = 0.05-1.0. The mixture was ground and fired for
1 or 2 times at 810-820 °C for about 20 h. After these pre-reactions, the mixture
was well reground and finally put into a cylindrical Pt crucible. The crucible was
mounted in a vertical tube furnace, and the powder was melted at 1050-1150 °C for
2-3 h and then cooled quickly to 970-980 °C. After that, the temperature was
controlled to decrease very slowly at a rate of 0.8-2.0 °C/h to 850-870 °C. It was
found that the crystal growth was performed in this slow cooling process. This was
followed by a furnace cooling to room temperature by turning off the power. The
crystal platelets were removed mechanically from a solidified melt. The sizes of
crystals become generally smaller with the increase of La concentration in the initial
mixture. Nevertheless, black and shiny crystals with surface dimensions of
2 X 2 mm? were obtained. The typical thickness along c-axis was less than 10—
20 um. It was found that the actual La content in the crystal was always much
higher than the nominal composition when the nominal one was lower than x = 0.6.
Also, different crystals picked up from random places in the same crucible showed
various La contents. The c-axis decreases with increasing of the actual La con-
centration demonstrated the perfect linear tendency in the good consistency with the
reports on powder samples [20, 24]. The c-axis diminishing with La doping is well
understandable because the ionic radius of La** is 1.06 A while the ionic radius of
Sr* is 1.16 A. It is quite interesting that the Bi,Sr,  La,CuO, crystal with the
actual La composition x = 0.8 exhibited an incommensurate modulation in b-
direction while the modulation vector in undoped Bi-2201 crystals had both
components along b and ¢ directions (see Sect. 3.2.1). The resistivity measurements
found the metallic conductivity in (a, b) plane while it was semiconducting along c-
axis. At the same time the magnetization measurements never gave 100 % dia-
magnetic signal suggesting any kind of chemical inhomogeneity in as-grown
crystals. No data regarding the possible Pt or Al contamination was given.

An interesting growth approach was realized in [22] for the growth of
double-doped Bi,_.Pb,Sr,_,La,CuO, crystals by Bi,O3 self-flux method in high
density Al,O5 crucibles. The starting composition was of the nominal Bi;g
xPbg2Sry g5sLag 35Cu0, with x = 0.1, 0.2, 0.3, 0.4, 0.5. The excess of Bi,O3 powder
acts as a flux for the growth. Most of the experiments were carried out with 60 g
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batches in 50 ml crucibles which were then placed in a vertical furnace with a
strong temperature gradient 5-10 °C/cm. Optimum Bi,O3 concentration for the
growth was found to be x = 0.4. For sample x = 0.4, the mixture was first heated to
860 °C, where it was stayed for 5 h. Then it was rapidly heated to a maximum
soaking temperature 1020 °C, soaked for 5 h so that the mixture could be melted
perfectly. The melts were then cooled rapidly to 930 °C, and more slowly to 850 °C
at 1 °C/h. When this final temperature was reached, the furnace was turned off and
allowed to reach room temperature. With increasing of Bi,O; flux the soaking
temperature is decreased from 1100 °C (x = 0.1) to 990 °C (x = 0.5). The crystals
were separated from the solidified flux by cleavage. The largest crystals grown from
the melts with x = 0.4 have dimensions up to 8 X 4 X 0.05 mm®. After mechanical
cleavage melt-free crystals show smaller dimensions up to 4 X 2 X 0.03 mm®.
A number of decahedron-like crystals, pale in colour and transparent comprised of
Pb—Sr-Al-O were obtained from the walls of Al,O3 crucible indicating a strong
chemical reaction between the melt and the crucible. However, no traces of Al were
detected in any of Bi-2201 crystals by XPS analysis. Unfortunately, more precise
chemical analysis was not done. Authors believed that although Al can enter the
outer of the melts at temperatures above 1000 °C still perfect crystals without Al
contamination could be obtained from the center of melts. Nevertheless, no
superconductivity was detected in Bij goPbg 0gSry 28Lag7,Cu0O, crystal even after
annealing at 450-500 °C either in oxygen (up to 10 bars) or under vacuum.

The X-ray rocking curves indicate high crystal quality of as-grown samples with
FWHM about 0.5°. The electron diffraction patterns found incommensurate mod-
ulation in a-direction for Bij 9,Pbg 0gS1; 28120 70CuO, crystal.

The Bi,Sr> «R,CuO, (R = Nd, Sm) crystals were grown by Bi,CuO, flux in
[25]. The gold crucibles were used for two reasons: (i) in contrast to Al,O3 con-
tainer, it does not react with a melt; (ii) its malleability makes crystal recovery
easier from solidified melt. The cooling rate was 1 °C/h during the growth in
~910-970 °C  temperature range. Although large Sm-doped crystals
9 X 3 X 0.03 mm® in size have been obtained none of them showed supercon-
ductivity. Only small 1.0 X 0.4 X 0.03 mm® in size Nd and Sm doped samples
with x = 0.4 demonstrate superconductivity at T, = 21 K and 14 K, respectively.

3.3.2 FZ Growth

Thus, flux growth of La-doped Bi-2201 crystals shows several serious drawbacks:
(i) La content in crystals is difficult to control; (ii) the size of crystals is very small,
particularly along c-axis that restricted many physical measurements; (iii) poor
superconducting properties. The first sizable Bi,Sr, (La,CuOy single crystals were
grown in a wide range of La doping by FZ technique in [26], but no detailed growth
parameters have been given. The most systematic investigation of the FZ growth of
La-doped Bi-2201 crystals was done in [27, 28]. According to these publications
the growth route is as follows.
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The source materials of Bi,O3, SrCO3, La,O3 and CuO of 99.99 % purity were
used to prepare feeds and seeds for the floating zone growth. The powders with
mole ratios of 2Bi:(2—x)Sr:xLa:Cu, where x = 0.03, 0.06, 0.15, 0.20, 0.25, 0.38,
0.40, 0.60, 0.80 and 0.86, were well mixed by grinding in a ball mill and then
loaded into alumina crucibles, respectively. Each mixture was calcined at the
temperature of ~790 °C for 12-24 h and ground with intermediate grindings. The
calcined mixtures were then shaped into cylindrical bars of ~¢6 X 120 mm by
pressing at an isostatic pressure of 200 MPa and sintered at 860 °C for 48 h. For a
high-density rod used to growth, the sintered rod was pre-melted at the scanning
velocity of ~27 mm/h in oxygen flow. The crystal growth was carried out in the
optical floating zone furnace (CSI, Japan), and heating power of 4 X 1.5 kW
halogen lamps was used. The growth rates of 0.3—1.5 mm/h and oxygen pressures
of 1.0-3.0 bars were applied throughout entire growth period. The rotations of
30 rpm for seed and feed were used to the upper (clockwise) and lower (anti-
clockwise) shafts, respectively. To obtain homogeneous composition distribution
along crystal ingot, a pre-melted rod was hanged upside down on the upper shaft
holder, which method is helpful to minimize a supersaturation melt occurred and
obtain a homogeneous molten zone during growth.

It was found that the growth rate less than 0.5 mm/h leads to the frequent
collapse of the molten zone. A higher growth rate (=1.0 mm/h) could significantly
increase the stability of the molten zone; however, the size of obtained crystals is
reduced as the growth rate is increased. The quenched solid—Iiquid interfaces of
two ingots (grown at rates of 1.5 and 0.5 mm/h) were studied using optical
polarized microscope. The crystal grown at the rate of 1.5 mm/h shows more
inclusions than that grown at the rate of 0.5 mm/h. EDX analysis indicates that the
inclusions are mainly Sr;4Cu,40O4; phase. Such inclusions resulted in a cellular
solid—Iliquid interface leading to small grains. Therefore, a growth rate of 0.5—
0.6 mm/h was chosen because it could both maintain a relatively stable MZ and
produce larger crystals.

The low viscosity of undoped Bi-2201 melt makes the molten zone unstable
during the growth. Adding La into Bi-2201 compound seems to slightly increase
the viscosity of the MZ and, therefore, enhances the stability of the growth. As a
result, the obtained La-doped Bi-2201 crystals are larger and thicker, and also
exhibit a better morphology compared to the La-free Bi-2201 crystals. In order to
study the growth mechanism the authors [27] quenched the molten zone during the
growth of x = 0 and 0.43 crystals (x is actual La content), and observed the lon-
gitudinal section of the quenched solid—Iliquid interface under optical polarized
microscope.

Several big inclusions were observed on the crystalline side of the solid — liquid
interface for x = O crystal. However, x = 0.43 crystal exhibited clear planar solid —
liquid interface; only a few small inclusions were found on the crystalline side. This
result suggests that big inclusions interfere with the growth of larger grains. Adding
La into Bi-2201 compounds hinders inclusion formation that leads to the growth of
larger crystals. As a result large, black and shiny single crystals platelets sized up to
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Fig. 3.9 Bi; 1351 55Lag 43CuOy single crystals cleaved from as-grown ingot [27]

~20 X 5% I mm® were cleaved from ingots prepared under optimal growth
conditions (Fig. 3.9).

Also, the melting behaviour of Bi; g6Sry.92L.ag 0sCuOy crystal was investigated
by the TG-DTA technique [28] showing the complicated two-step meting process.
The melting starts at ~900 °C associated with the sharp weigh loss on TG curve.
Based on DTA and TG data it was stated that melting ends at ~940 °C although
the origin of very broad exothermal hump occurred between 940 and 1100 °C is
still unclear.

A special attention was paid on La distribution [28] in as-grown ingots. For this
purpose the crystal ingots were cut into several parts at an interval of 1 ¢cm along the
growth direction. The cut-parts were then cleaved to platelets for the EDX mea-
surement. Six or nine measurements were made on each cleaved platelet and three
in the radius direction. The results are shown in Fig. 3.10a—d. At the initial growth
part in Fig. 3.10a, the crystal containing tiny grains and/or impurities appears to be
a rough surface and seen by naked eye. The grain sizes gradually improved and
shiny surface were observed at 6 cm measured from the initial growth position, as
shown in Fig. 3.10c, d, respectively. A very large grain was obtained at 6 cm of the
ingot. It is indicative of both size and quality of the crystal improved with
increasing the ingot length.

The contents of Bi, Sr, La and Cu were determined by averaging EDX data and
normalizing them to Cu = 1.00. The results are confirmed by ICP and in agreement
with EDX. The compositions of Bi, Sr and La along growth direction are plotted in
Fig. 3.11a—c, respectively. The variation of the composition is observed to be
significantly higher at the initial parts and tends to be flat starting from 6 cm to the
end of the ingot, which composition values are 2.03, 1.52 and 0.44 for Bi, Sr and
La, respectively. It indicates that a homogeneous composition could be obtained
after growth length reached at approximately 6 cm. This habit is observed to be
similar for all crystals grown by FZ method.
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Fig. 3.10 SEM photos of Bi,Sr, ,La,CuOg¢,s5 (x = 0.44) crystal platelets obtained from the
beginning to the end parts along the crystal growth direction. The numbers denote the EDX
measurement spots. a Massive impurities and multi-nuclei visible at the beginning of 2 cm grown
part, b The quality improved starting at 4 cm, ¢ Shiny surface with homogeneous composition
obtained at 6 and d 8 cm grown part of the crystal ingot [28]

The structure of cleaved crystals was identified by XRD. The XRD diffraction
patterns were obtained using ground powders of as-grown single crystals. The
lattice parameters derived from the powders XRD data are given in Table 3.3.

The crystals belong to the tetragonal structure with space group I4/mmm at room
temperature. The results are in agreement with the previously reported data [23, 24].
The lattice parameter ¢ shrinks slightly with increasing of La doping.

The effect of La doping on the lattice parameter ¢ is also demonstrated by the
(00l) XRD patterns taken on the crystal plane, as shown in Fig. 3.12. The (00])
peaks shift to the higher 26 angles with increasing of the La content. The XRD
patterns in Fig. 3.12 exhibit only the (00!) peaks for all doped compounds indi-
cating pure phase and high quality of the samples. The X-ray rocking curve
measured on the x = 0.43 crystal (Fig. 3.13a) indicates that FWHM, which is
correlated with the crystal mosaicity spread, is only about 0.11°. Neutron diffraction
measurements were performed on selected crystals at the reactor Orphee
(Laboratorie Leon Brillouin) on the cold triple-axis spectrometer. Figure 3.13b
shows a typical neutron rocking curve measured on the x = 0.43 crystal with
dimensions of ~15 X 3 X 0.2 mm’. The FWHM of 0.48° demonstrates the
excellent crystal quality of this sample.
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Fig. 3.11 a-c Variation of the compositions along the growth direction of the as-grown ingot for
its initial doping x = 0.40 (see in Table 3.1). The symbols of solid circles, stars and triangles are
representative for highest, mid and lowest value measured at an interval of 1 mm along radius
direction, respectively. The dashed lines are guided for eye, showing the high amplitude of
compositional variation at beginning of the growth and tending to be flat (homogeneous com-
position) when the crystal rod approached at ~6 cm [28]
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Table 3.3 Lattice parameters and superconductivity of Bi,Sr,_yLa,CuOg,s single crystals

Initial x content in Crystal composition Pulling rate, c(A) T,
Bi,Sr;_La,CuOg.5 mm/h

0.03 Bij 06511 92L20 0sCuOg,5 | 0.5 24.586 10
0.06 Bij 05Sr1.90L2g 00CuOg,5 | 0.5 24.515 14
0.15 Bij 0351y 75Lap 1 CuOg,5 | 0.5 24.453 |24
0.20 Bi; 911y 70Lag26Cu0g,5 | 0.5 24.431 26
0.25 Bij 01511 67129 28Cu0g,5 | 0.5 24376 |30
0.38 Bij 0551y 51Lap41CuOg,5 | 0.5 24343 |33
0.40 Biy 03811 50Lag44Cu0g,5 | 0.5 24.336 |32
0.60 Bi; 0oSr 33120 65CuOg,5 | 0.5 24.124 |20
0.80 Bij 9oSry.14L20 86CuOg,5 | 0.5 24.021 |-
0.86 Bij g6Sr1.00L29 00CuOg,5 | 0.5 23.946 13

The errors of all compositions are within 3 at. % by EDX
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Fig. 3.12 XRD patterns showing only the (00/) peaks for Bi,Sr, (La,CuO, samples with
x = 0.05, 0.28, 0.44, 0.65 and 0.90, respectively [28]
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Fig. 3.13 a XRD rocking curve of (006) Bragg peak measured on the x = 0.43 crystal [27];
b neutron diffraction rocking curve of (00 10) Bragg peak measured on the x = 0.43 sample
(crystal mass is ~ 100 mg). Open circles are measured data; solid lines are Gaussian fits to the data

3.3.3 Superconductivity

The superconductivity of La-doped single crystals of Bi,Sr, ,La,CuO¢,5 was
probed by ac susceptibility measurements. The results are given in Table 3.3. Some
typical magnetic susceptibility curves are presented on Fig. 3.14.

It was found that T, increases from 10 to 26 K with La doping content of the
x = 0.05 and 0.26, respectively. The maximum T, = 33 K was found for x = 0.41,
indicating an optimal doping in agreement with a previous reports. The T, drops to
20 and 13 K for the higher La doping level of x = 0.65 and 0.90, suggesting that the
samples are in an over doped regime. Figure 3.15 shows a dome shape of the T,
values against to the doping level for the under, optimum and over doped crystals,
according to the data given in Table 3.3.
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Fig. 3.14 Temperature dependence of magnetic susceptibility of Bi,Sr, ,La,CuOg,;5 crystals. The
10 Oe FC and ZFC of magnetic fields were applied [28]
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Fig. 3.15 Doping dependence of T, for the Bi,Sr,_yLa,CuOg,s (x = 0-0.90) single crystals [28]

3.4 Pb-Doped Bi-2201

It has been already mentioned that both undoped and La-doped Bi-2201 com-
pounds demonstrate modulation structures in (a, b) plane. This effect is always
visible in ARPES spectra complicating their analysis. Even more, as the strongest
incommensurate modulation among all Bi-based superconductors is observed in
undoped Bi-2201 material its responsibility is often assumed for a quite low T,



3.4 Pb-Doped Bi-2201 69

compared, for example, with TI-2201 material which is modulation free.
Concerning the doping effect on the modulation, it is known that the modulation
period is almost insensitive to the La doping, while Pb substitution for Bi is a quite
effective tool to supress the modulation structure [29]. It was shown in [30] that
structural modulation disappears in a narrow range near Pb-solubility region of
x =04 aty=0.125 in Bi, .Pb,Sr, ,CuO,. Thus, the Pb-substitution is helpful in
suppressing the incommensurate superstructure in the Bi-2201 superconductor that
causes complications in band structure disentanglement. Also, superconductivity in
Pb-doped Bi-2201 material is known to be highly sensitive to annealing process
when one can obtain samples with different 7, by heat treatment under different
conditions [31]. It has been found that by Pb®" partial doping together with
annealing under different vacuum conditions lead-doped Bi-2201 crystals can cover
the whole region from nearly optimally doped to heavily doped samples.

Authors could not find any report on flux growth of Pb-doped Bi-2201 in
literature.

3.4.1 FZ Growth

The first large-size heavily Pb-substituted Bi-2201single crystals were grown by
crucible-free FZ technique in 1997 [32]. Starting materials were Bi,O3, PbO, SrCO5
and CuO for the feed rod preparation. Several different compositions were studied.
The rods have been isostatically pressed and then synthesized at 840 °C for 24 h in
air. The optimal composition of the feed rod was found to be
Bi 74Pbg 3351 33CuOy. The best crystals were grown at 1.0 mm/h in air using the
image furnace with infra-red radiation. The actual composition
Bi; gPbg 33515 01 CuOy, of the crystals was measured by EDX analysis. Based on the
results of electron diffraction experiments no structural modulation was found.
As-grown samples were not superconducting above 4 K from magnetization
measurements, and superconductivity at T, ~ 23 K was induced by vacuum
annealing. Large size and thick Bi, ¢Pbg4Sr;¢sCuO, single crystals have been
prepared at IFW-Dresden in a similar way. The 4-mirror type image furnace (CSI,
Japan) equipped with four 300 W halogen lamps was employed for the crystal
growth. The growth was performed in Ar/O, = 90/10 gas mixture, the pulling rate
was 0.8—-1.0 mm/h. Single crystals cleaved mechanically from the grown ingot are
shown on Fig. 3.16. The largest samples have dimension up to 15 X 4 X 3 mm’
with a clear cleavage plane of the (010) type.

At the same time Bi; ¢Pbg4Sr;0sCuOy samples with thickness of 2-3 mm
demonstrate neutron rocking curves with shoulders around some Bragg peaks
indicating the presence of small grains with slightly different misorientation. Thus,
the mosaicity of thick crystals was about 2-3° only. In contrast crystals with
thickness 0.3-0.5 mm show much better mosaicity about 0.5-0.7°. In all cases no
traces of incommensurate superstructure was seen in reciprocal space survey. Also,
preliminary ARPES measurements showed perfect ARPES spectra being free from
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Fig. 3.16 As-grown Pb-doped Bi-2201 crystals
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Fig. 3.17 Superconductivity in as-grown and Ar-annealed Bi(Pb)-2201 crystals. Arrows indicate
T, onset

any modulation complications. The T, of as-grown samples was around 4 K while
the Ar-annealed crystals demonstrated 7, ~ 17 K (Fig. 3.17).

Also, the weak PbO and Bi,O; evaporation was observed from the molten zone
during the growth run (2-3 days). The boiling points of PbO and Bi,O5 are 1480
and 1890 °C, respectively. The deposited layer on quartz tube was very thin and
didn’t affect the MZ stability.
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3.4.2 Post Growth Annealing and Superconductivity

As-grown Pb-doped Bi-2201 crystals usually demonstrate superconductivity below
3 K but post-growth annealing in vacuum drastically increases T, up to 23 K. As
shown in Table 3.4 annealing process has the strong effect on superconducting
properties of Bij Pbg 4Sr; osCuOy crystals. Since the substitution of Bi** with Pb**
is expected to introduce holes into the sample, Pb doping pushes the Bi-2201
system into heavily overdoped region.

By annealing in oxygen atmosphere, the superconducting transition disappears
(below the low temperature limit of 2 K of our measurement system). On the other
hand, by annealing the as-grown Pb-doped Bi-2201 crystals in vacuum (~ 107
mbar) at 550 °C for 7 days, T, as high as 23 K can be achieved (Table 4). This
indicates that by removing the extra oxygen in the as-grown Pb-doped Bi-2201
crystals one can change the sample doping from heavily overdoped to slightly
overdoped. By balancing the atmosphere and annealing temperature, different T.’s
between 0 and 23 K have been obtained. On the other hand vacuum annealing
above 550 °C causes the sample partial decomposition during the heat treatment
that is seen even by naked eyes. Also, the crystals annealed in vacuum at 550 °C
were found to be unstable in air indicating the sample decomposition. Only samples
treated either in Ar flow (5 N purity) or under vacuum conditions at 450 °C and
below could be stored in air without sample and superconductivity degradation.

The crucible free floating zone technique seems to be the best tool to grow high
quality and large size single crystals of pure, La-doped and Pb-doped Bi-2201
materials despite our knowledge of the melting behavior of Bi-2201 phase is still far
from complete understanding. The relative simplicity of the crystal structure of the
Bi-2201 phase compared with other Bi-based superconductors makes the single
crystals of these compounds important for the fundamental research in the field of
the high-Tc superconductivity although they possess relatively low superconducting
transition temperatures.

Table 3.4 Annealing conditions and Bi; ¢Pbg 4Sr; osCuOy superconductivity

Crystal composition Annealing Annealing Superconductivity, Sample
atmosphere time T. (K) status

Bi; ¢Pbg 4515 9sCuOy As-grown 0 days 3K Stable in air

Bi; ¢Pbg 4815 9sCuOy 450 °C in 7 days Non-superconducting | Stable in air
0,

Bi; ¢Pbg 4815 9sCuOy 450 °C in 10 days 13 K Stable in air
Ar

Bi; 6Pbg 4515 9sCuOy 450 °C, 7 days 17 K Stable in air
107> mbar

Bi; ¢Pbg 4517 0sCuOy 550 °C, 5 days 23 K Non-stable
107> mbar in air

Bi; ¢Pbg 4815 9sCuOy | 650 °C, 3 days No measurement Sample
107 mbar decomposed

T, was detected from magnetization measurements
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3.5 Bi-2212 Compound

Among the Bi-based superconductors a Bi,Sr,CaCu,0g,5 (hereafter Bi-2212)
phase is the most stable one. According to [9] the stability range of Bi-2212
compound lies between 650 and 890 °C in air and spans over 300 degrees that is
much higher compared with Bi-2201 and Bi-2223 phases. Many Bi-2212 single
crystals have been grown using several techniques, namely the slow-cooling flux
[33, 34], the Bridgeman [35, 36], the top-seeded solution growth [37] and
crucible-free floating zone methods [17, 38, 39]. The large in (@, b) plane plate-like
Bi-2212 crystals can be relatively easy fabricated, although it is very hard to prepare
Bi-2212 samples with thickness over 0.1 mm along c-axis without low-angle grain
boundaries. The reasons for this are threefold: (i) extremely high anisotropy of
growth rates perpendicular and parallel to (a, b) plane; (ii) complex (incongruent)
solidification behaviour of Bi-2212 compound; (iii) lack of reliable and detailed
phase diagrams.

In order to study the intrinsic properties of Bi-2212 superconducting material
and, in particular, the strong anisotropy behaviour of this compound, single crystals
are truly indispensable. Therefore, a lot of growth efforts have been done in order to
produce high quality and thick Bi-2212 crystals for the fundamental research in the
past 25 years. The physical properties of Bi-2212 phase were found to be very
sensitive to the oxygen content in this material. Thus, one can easily tune the
superconducting properties from underdoped to overdoped regimes varying the
oxygen concentration by simple argon/oxygen annealing.

3.5.1 Flux Growth

The results of Bi-2212 flux growth could be found in numerous publications have
been done in the past 25 years. Crystal growers tested the capability of different
fluxes to make high quality Bi-2212 single crystals. Although Bi-2212 crystal could
be obtained from KCl flux the majority of growth experiments were done using
self-flux technique, i.e. CuO and/or Bi,Oj3 rich melts. In some cases even stoi-
chiometric compositions were used for the growth due to the incongruently melting
behaviour of Bi-2212 compound.

For the Bi-2212 growth using KCl (m.p. = 772 °C) solvent [34] starting
materials were prepared by partial melting in air of high quality Bi,O3, SrCOs,
CaCOj; and CuO powders with subsequent quenching to room temperature. Two
different starting compositions have been prepared: BiSrCaCu,O, and
BisSr3Ca3CuyOy. The product was then ground and used in growth experiments.
Bi-Sr—Ca—Cu-O starting material and alkali chloride solvent were charged directly
into Pt crucible with a close-fitting lid to minimize the solvent evaporation. Typical
charge weights were 5 g for a starting material and 140 g for a solvent. In some
cases KCI-NaCl binary eutectic (m.p. = 658 °C) was used as a solvent that reduced
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a growth temperature and, in turn, suppressed a flux evaporation. The charged
crucible was placed in a box-oven and heated to 920-960 °C. It was hold at this
temperature for 15 h, then cooled to 600-700 °C at a rate of 4-5 °C/h and finally
furnace-cooled to room temperature. The significant 1-4 g loss of alkali chloride
during a growth run was observed. After the growth the solvent can be easily
washed out by soaking the Pt crucible in a hot water. In all growth runs, thin
Bi-2212 crystal plates about 50 um thick were formed on the solidified solvent
surface getting typical in-plane dimensions 5 X 5 mm?. Single crystalline samples
could be obtained for the hold temperatures above 920 °C only. For the
Bi4Sr3Ca3CuyOy starting composition no superconducting phase was found,
although superconducting crystals with 7, about 80 K from resistivity measure-
ments were prepared using the BiSrCaCu,Oy, starting composition. In the last case
many CuO needle-like crystals were co-crystallized and found on the back surface
of Bi-2212 plates. Single crystal X-ray diffraction gave the lattice constant
¢ = 30.80 A. The microprobe analysis (EPMA) of grown crystals showed a low
concentration of either K or Na ions incorporated in samples. No magnetization
measurements have been done.

The interesting growth approach was announced in [40]. Perfect Bi-2212 single
crystals with the superconducting transition temperature 7, = 72-85 K (depending
on the crystallization conditions) have been obtained by free-standing growth in a
gas cavity formed in a KCI flux. The specific features of the growth process are:
(i) the formation of a trapped gas cavity in a KCl-based melt; (ii) the growth of
free-standing Bi-2212 crystals in this encapsulated cavity. The combination of
growth and in-sifu high-temperature annealing in quasi-closed cavity made it
possible to obtain uniform (47, = 1.5 K) single crystals with high superconducting
phase fraction (over 90 %). The post growth annealing in the temperature range
400-850 °C in oxygen/air confirmed that as-grown crystals were optimally doped.
No potassium has been found in all analyzed samples by EPMA. The pre-sintered
Bi-2212 precursor was mixed with KCl in ratio 1:4 and put in Al,Oj3 crucible
(200 ml) that placed in a tube vertical furnace. The mixture was melted and soaked
at 880-920 °C for 24 h. A large 3—6 °C/cm temperature gradient has to be applied
through the melt in order to get a frozen layer of Bi-2212 phase on the melt surface.
Closed cavity with a lens shape and height up to 5 mm was formed during a rapid
cooling from the soaking temperature by 10-15 °C at the rate 20 °C/h. Crystal
growth takes place on the top of cavity by cooling at 0.1-0.3 °C/h. Number of
crystals may reaches several tens with typical dimensions up to 2 X 2 X 0.01 mm°.

Application of CuO and Bi,O; fluxes for the Bi-2212 crystal growth assumed
the existence of Bi-2212 phase primary crystallization field (PCF) in the corre-
sponding Bi,O3;—SrO-CaO-CuO system. At the same time the Bi-2212 primary
crystallization field in Bi—Sr—Ca—Cu-O system was studied in a few publications
only, and the reported data are not well consistent [41-44]. For example, the Bi:Sr:
Ca:Cu = 33:29:14:24 composition was reported for the reproducible Bi-2212 flux
growth in Al,O5 crucibles [41]. In [42] the Bi-2212 single-phase crystallization was
observed for somewhat different composition 33:25:14:28 again in Al,O5 crucibles.
The temperature range of the Bi-2212 single-phase crystallization does not exceed
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10 °C for this composition being an extremely narrow for the flux method.
Moreover, it was found that (Sr,Ca);Al,O¢ compound was formed due to the
reaction between the melt and the crucible material. This reaction leads to the
unknown shift of the actual melt composition. The crucible-free FZ technique rules
out the interaction between melt and crucible material. Usually it is assumed that
the MZ composition of the steady FZ growth more or less corresponds to the PCF
of Bi-2212 phase. The 31.2:23.8:12.5:32.5 solvent [44] was reported for the
Bi-2212 crystal growth by the travelling solvent floating zone technique which is
Bi-rich compared with flux results. According to [43], the Bi-2212 PCF lies within
a wide compositional range of (24-42):(7-33):(2-27):(19-43).

The most detailed investigation of the Bi-2212 phase PCF has been done in [45].
It was demonstrated that the corrosion rate for gold crucibles is lower by one order
compared with Pt and Al,O3 ones [45]. Therefore, all experiments were done in gold
crucibles to evade the unfavourable formation of (Sr,Ca);Al,Og and platinate phases
usually observed for Al,O5 and Pt containers. The formation of these phases could
easily shift the phase equilibria in a studying system. For example, 33:25:13:29
composition results in the crystallization of (Sr, Ca),CuO3 phase in Au crucibles
while the same composition leads to the Bi-2212 crystallization in Pt containes. This
fact well explains why the reported PCF data are being at odds. In general, the higher
is the crucible corrosion rate the greater is the composition shift to the Sr—Ca-rich
region [45]. As a result it was found that “Bi-2212 + melt” equilibrium exists in the
narrow 859-883 °C temperature range for the 34.4:24.1:11:30.5 starting composi-
tion. Based on these data high-quality Bi-2212 crystals have been prepared by slow
cooling at 0.5-3.0 °C/day in the 870-890 °C range. The extremely low cooling rates
were chosen due to the very narrow (<25 °C) temperature crystallization region of
Bi-2212 phase. The starting reagents were Bi,O3, SrCO3;, CaCO3 and CuO powders
of 3 N purity. The melt homogenization was performed at 940-980 °C for 15 h in
air. Then the temperature was dropped at 30 °C/h down to 890 °C. The typical
dimensions of as-grown Bi-2212 crystals were 2.0 X 2.0 X 0.03 mm". The lattice
parameters were a = 5.411(1) A, b =5413(1) A and ¢ = 30.871(1) A (Figs. 3.18
and 3.19).

Fig. 3.18 Bi-2212 single
crystal with 0.065 mm
thickness showing
well-developed facets [45].
Reprinted with permission
from Elsevier. All rights
reserved
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Fig. 3.19 Laue X-ray pattern
of Bi-2212 single crystal [45].
Reprinted with permission
from Elsevier. All rights
reserved

The X-ray topography data indicate that the misorientation (about 0.5°) in the
Bi-2212 crystal mainly takes place around a-axis, and is nearly absent around b-
and c-axes. The post-growth annealing at 400 °C in Ar—O, gas mixture for 20 h
followed by quenching results in 7. = 91 K and 47, = 1.5 K from magnetization
measurements. No Au traces have been found in crystals from chemical
(EDX) analysis.

Nevertheless, nowadays Al,O5 crucibles are widely used for the Bi-2212 flux
and Bridgman growth due to the low cost compared with gold containers. Besides
the shift of the melt composition caused by chemical reaction between the melt and
the crucible material, the using of Al,O; crucibles may affect the superconducting
properties of Bi-2212 crystals due to the Al-contamination. This effect was well
studied in [46]. The Bi-2212 crystals have been grown by Bi,O3-flux method in
high dense Al,O3 crucibles. The starting compositions were Bi:Sr:Ca:Cu:
Al =2.4:2:1:2:z (z = 0.0, 0.074, 0.148, 0.222, 0.296, 0.370 and 0.444). The doping
material was Al,O5; powder (4 N purity). The BiO3 excess was used to compensate
the Bi,O3 evaporation from a melt and to act as a flux for the crystal growth. The Al
content in a melt and undoped crystals (z = 0.0) derives from Al dissolution in a
melt, while for the Al-doped samples (z > 0.0) it is originated from both Al dis-
solution and Al-doping. The formation of (Srg,Cag 33)AlO, phase was observed
on a melt surface for all melts, although the amount of this material was much larger
for Al-doped melts. The Al concentrations caused by alumina crucible contami-
nation in undoped Bi-2212 crystals and melts were 0.05 and 0.16 per formula unit,
respectively, from EDX data. The maximum of Al solubility in Bi-2212 crystals
was found to be 0.12 per formula unit. At the same time 7. of Bi; 50Sr; 95Cag goCu,_
<Al Oy crystals decreases with x very slowly. And this effect is almost negligible for
undoped (z = 0.0) samples. Thus, the Bi-2212 crystals grown in Al,O3 crucibles
are slightly Al contaminated (x = 0.05), but it has very weak effect on T..
Nevertheless, the Al contamination can affect other physical properties.
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On the other hand Bi-2212 samples grown from Bi,O5-rich melts were found to
be non-superconducting in [47]. According to this publication superconducting
Bi-2212 crystals could be prepared from stoichiometric and/or CuO-rich melts only.
The crystals were grown in Al,O5 crucibles in air. Starting compositions were
heated at 1200 °C, held for 2 h, cooled quickly down to 950 °C, followed by slow
cooling to 800 °C at a rate of 3—4 °C/h. The authors obtained crystals as large as
8 X5mm? in (a, b) plane with T. (onser) =89 K from magnetization
measurements.

In several publications [33, 48] Bi-2212 crystals have been obtained from sto-
ichiometric compositions Bi:Sr:Ca:Cu = 2:2:1:2 in air. The Al,O3 containers with
initial compositions were heated at 960 °C for 10 h in [48]. Then the furnace was
slowly cooled down to 830 °C at rates 0.5-2.0 °C/h. The effect of the cooling rate
on crystal sizes and T, has been investigated. The largest 13.5 X 12.0 mm? in-plane
Bi-2212 crystal was prepared at the cooling rate of 1 °C/h. It was two times larger
than any other crystal grown at different rates. Nevertheless, all as-grown Bi-2212
samples were impurity free from XRD measurements. All X-ray diffraction patterns
were very similar independent from a cooling rate. At the same time, Bi-2212
samples obtained at 2 °C/h showed lowest T, around 81 K, while Bi-2212 crystals
prepared at 0.5-1.0 °C/h demonstrate highest 7, = 87 K.

Nearly all flux-grown Bi-2212 crystals have been made in air, and the effect of
oxygen partial pressure on crystal growth and superconducting properties has not
been investigated. From this point the results of [49] give a prompt what kind of
effect might be anticipated. The authors grew Bi-2212 crystal from a stoichiometric
composition. The charge was put in Al,O5 crucible covered with a ceramic alumina
lid. The high-temperature brick of 250 g was placed on a lid that was equivalent to
the applying pressure of about 0.195 N/cm? to the cap. The crucible was heated at
990 °C for 6 h, then slowly cooled at 0.5 °C/h down to 790 °C. The temperature
dependence of the Bi-2212 resistivity was measured by standard four-probe
method. Surprisingly, Bi-2212 crystals grown by applying the pressure reach the
zero resistance state at 7., = 88 K, while crystals prepared without pressure
show the highest T .., = 77 K with comparable AT.. The dependence between T,
cero and pressure applied to the alumina lid is well similar to the relationship
between T, and oxygen content in Bi-2212. According to [49] this result indicates
that the applied pressure to the cap may control the oxygen content in the Bi-2212
crystals. The most natural explanation is the following: it seems that the pressure
applied to the cap makes the junction between a crucible and a lid nearly gas-tight.
According to the CuO—Cu,O phase diagram [50] the CuO melts with oxygen
release. In this case the partial oxygen pressure has to be increased in the
semi-closed crucible. Thus, the Bi-2212 crystal growth occurred under the oxygen
pressure that allowed the fabrication of optimally doped samples instead of
under-doped crystals prepared in air.

An interesting growth approach was realized in [51] in which the slow cooling
flux technique was combined with the Top Seeded Solution Growth (TSSG)
method. The starting composition was Bi, 451, 5Ca; ¢Cu; 3Oy. The mixture was
slowly heated until complete melting in air. The melt was soaked for 1 h at 900 °C
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Fig. 3.20 TSSG-grown
Bi-2212 boule [51]. Reprinted
with permission from
Elsevier. All rights reserved

and subsequently cooled to 865 °C. At this temperature a small seed crystal was
dipped into a melt and rotated at 35 rpm. Then the melt was cooled at 1 °C/h, and
the seed was pulled up at a rate of 0.3-0.5 mm/day. The temperature gradient was
10 °C/cm in a melt originated from air cooling of the upper shaft on which a seed
crystal was mounted. The grown boule was taken away from the melt when the
temperature became around 845 °C. The authors tried the growth along different
pulling directions such as a- and c-axis, and found that the growth along c-axis was
very hard. As-grown boule fabricated along a-axis was about 100 mm in diameter
and 6 mm in length, and was like a lamination of thin plate-like Bi-2212 crystals
(Fig. 3.20).

The composition of TSSG-grown crystals was Bi, »St; Ca; oCu, ¢Oy very close
to the floating zone prepared samples [17, 38]. The powder X-ray patterns of
cleaved samples showed only the diffraction peaks corresponded to the pure
Bi-2212 phase. As-cleaved Bi-2212 crystals exhibited superconductivity transition
at 86 K from magnetization measurements.

In summary, plate-like and thin Bi-2212 crystals could be grown by different
fluxes in Al,O3, MgO, Pt and Au crucibles in air. The main drawbacks of the flux
method are: (1) an average crystal thickness is about 20-30 um only; (2) crystals
yield is small; (3) Al and Pt contamination; (4) there is no control of oxygen partial
pressure during the growth; (5) flux creeping out effect observed for Al,O3 and Pt
crucibles.
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3.5.2 Bridgman Growth

In general a temperature gradient on a crystallization front in Bridgman method is
one order higher than in flux technique. Larger temperature gradient stabilizes the
planar compared to cellular solid-liquid interface that results in the growth of larger
and thicker crystals. Also, only a few crystal nuclei are self-selected in Bridgman
method by using a crucible with a special corn-shaped bottom that suppresses well
the negative effect of mass spontaneous nucleation taken place in a flux method. As
a result, a lot of efforts were made in the past 25 years to prepare Bi-2212 single
crystals by Bridgman method [35, 36, 52-56]. One of the most earliest and detailed
investigations has been done in [35]. According to the authors [35] stoichiometric
mixtures Bi:Sr:Ca:Cu = 1:1:1:z (z = 1-10) were prepared in order to study the
effect of CuO excess on growth and properties of Bi-2212 crystals. All starting
Bi,03, SrCO3;, Ca(OH), and CuO powders had ACS grade. High dense Al,O3
crucibles with 99.7 % purity were utilized. In all growth experiments the highest
temperature was 960 °C for minimizing crystals contamination by alumina.
Crucibles loaded with 1:1:1:z compositions were placed inside a tubular vertical
furnace. The isothermal zone length of the furnace was 15 cm. The crucible cooling
was realized by a motorized translation of the vertical furnace without any move-
ment of the crucible holder. An effective cooling rate of 6 °C/h was got in the
temperature range from 960 to 760 °C in air. It was shown that z = 1 composition
melts incongruently at 960 °C, and tiny crystals of Sry,Cag3CuOy, Bi-2201,
Bi-2212, Bi-2223 compounds were formed. The melting behaviour of z = 2 com-
position is qualitatively similar to z = 1, but mainly (Sr,Ca)CuO, and Bi-2201
compounds were crystallized. The best results were observed for z =3 and 5
compositions. Both compositions melt congruently at 960 °C in air. The main
product of well-crystallized and homogeneous ingot was Bis »Sr; oCag sCu; o0y
single crystals with the largest dimensions in (a, b) plane up to 30 mm? for z = 5.
The lattice parameters were @ ~ b ~ 5.40 A and ¢ ~ 30.6 A. The resistivity mea-
surements in (a, b) plane showed a superconducting transition at about 80 K, but
zero resistance was reached only around 50 K. The resistivity along c-axis
demonstrated semiconductor-like behaviour. For z = 10 large fraction of Bi-2223
crystals was detected in as-prepared ingot, although Bi-2212 crystals were obtained
as well.

In [36] the amount of starting material was varied and Al,O5 crucibles with
different bottom angles were used in order to enlarge the size of Bi-2212 crystals
grown by vertical Bridgman (VB) method. The Bi:Sr:Ca:Cu = 2:2:1:2 starting
composition has been utilized for the growth. The alumina crucibles were heated up
to 985 °C, then crucibles were pulled down at 1.0 mm/h up to 830 °C. It was
demonstrated that the area of plate-like Bi-2212 single crystals was proportional to
the amount of starting materials, and that the optimum bottom angle of the crucible
was about 60°. Optimized growth conditions allowed the fabrication of single
crystals with sizes up to 25 X 5 mm”. No Al was found in as-grown crystals from
EDX analysis. The authors have addressed this effect to the molten zone refinement
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during the Bridgman process. The average composition of Bridgman grown sam-
ples was Bi and Ca enriched but Sr deficient. Single crystal X-ray diffraction and
X-ray photoelectron spectroscopy found no impurities on the surface of air-cleaved
single crystals. The mosaicity of Bi-2212 samples was about 0.1 degree from single
crystal XRD data. The highest 7, for as-grown samples was about 80 K, but
transition width 30 K was rather large from magnetization measurements.
Nevertheless, AT, can be narrowed up to 5 K by post growth annealing at 500 °C in
flowing oxygen. It is worth to mention that T, of single crystals prepared in cru-
cibles with bottom angles 30° and 60° were 60 and 77 K, respectively. The most
natural explanation is the following: the smaller bottom angle for the fixed quantity
of the starting material means the longer length of a solidified ingot that, in turn,
enlarges the diffusion path for oxygen because the biggest samples were located
close to the crucible bottom [36]. From this point samples grown in crucibles with
bottom angle of 30° have to get more pronounced oxygen deficiency being in
under-doped regime with lower T..

In [52] effects of crucible rotation and temperature gradient on crystal quality
and T, were studied for the VB growth. The starting composition was Bi:Sr:Ca:
Cu = 2.2:1:2. The authors [52] modified VB method applying a crucible rotation
during the growth. Optical image of Bi-2212 ingot prepared by modified VB
method is shown on Fig. 3.21. Based on this photo one can see that Bi-2212
crystals were plate-like and grew up from the crucible bottom to the top along
pulling direction. The mosaicity was found to be about 0.06° for temperature
gradients 2.5 and 4.0 °C/mm while it was 0.10° for 1.5 °C/mm gradient. In all cases
single crystals were grown under the same growth conditions: pulling rate
1.0 mm/h, rotation speed 0—100 rpm, melting temperature 975 °C, crucible bottom
angle 45°, mass of charge 25 g. The largest plate-like sample with sizes of
18 X 5 mm? was obtained by using the rotation rate 25 rpm and temperature
gradient 2.5 °C/mm.

It is quite interesting that samples grown at 100 rpm were more bulky compared
with more plate-like samples prepared at 10, 25 and 50 rpm. The maximum crystal
size in (a, b) plane increases from 50 mm? for zero rotation up to 90 mm? for
rotation at 25 and 50 rpm [53] when temperature gradient and pulling rate were

Fig. 3.21 Optical image of
Bi-2212 ingot grown by
modified VB technique [52].
Reprinted with permission
from Elsevier. All rights
reserved
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Fig. 3.22 R-T characteristics T T T
of Bi-2212 crystals versus 1.0
rotation speed [52]. Reprinted i ; i
with permission from bfé VEr
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fixed at 1.6 °C/mm and 0.75 mm/h, respectively. Effect of crucible rotation on R-T
characteristics of as-grown Bi-2212 single crystals is shown on Fig. 3.22. Both 7,
and 4T, values strongly depend from the rotation speed although the origin of this
effect is unknown [52]. Surprisingly, this effect became much weaker when the
melting temperature was gained from 975 to 1000 °C [52, 53].

The effect of the crucible size on the Bi-2212 growth by VB method was studied
in [53]. Two types of corn-shaped Al,O; crucibles with outer diameters 30 and
21 mm were used. It was found that much longer in b-axis Bi-2212 crystals grew
continuously from a bottom to a top by using larger crucibles. Based on resistivity
measurements it was demonstrated that Bi-2212 crystals prepared in crucibles with
outer diameter 30 mm showed typical 7, around 85-89 K. On the other hand,
Bi-2212 samples prepared in crucibles with outer diameter 21 mm possessed lower
T. of about 82 K. In all cases crystals were selected from central region of the
crucibles. The authors of [53] suggested that Bi-2212 crystals fabricated in larger
containers were less Al contaminated. Also, the melting temperature, T, was
varied from 950 to 1040 °C. The single crystal XRD patterns were found to be fully
independent from T, and showed diffraction peaks of pure Bi-2212 phase only. At
the same time the optimum melting temperature was T,, = 1000 °C based on
crystal size and composition [53]. Crystals with almost stoichiometric composition
were obtained by using Ty, = 1000 °C. The superconducting temperature slightly
increased from 84.5 to 88.5 K when T, grew from 950 to 1040 °C.

The effect of crucible materials on Bi-2212 vertical Bridgman growth was
investigated in [54]. The crucibles of SSA-H (Al,O3 content 95 %, SiO, content
3 %), SSA-T (Al,O3 content 99.6 %) and MG-12G (MgO content 99.7 %) types
were used in this study. The growth conditions for the VB method were as follows:
crucible rotation at 25 rpm, melting temperature T,, = 1000 °C, crucible pulling
down at 0.75 mm/h. For comparison Bi-2212 crystals were grown by self-flux
technique using the same crucibles in the temperature range 830-1000 °C. The
cooling rate was 1 °C/h. Single crystal XRD patterns for all Bridgman and flux
grown Bi-2212 crystals prepared in alumina and magnesia crucibles showed only
sharp (001) diffraction peaks which corresponded to the pure Bi-2212 phase. No
impurity phases were found from these XRD patterns. The mosaicity of all Bi-2212
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samples collected from Al,O3; amd MgO containers slightly varies from 0.05 to
0.07 degrees. Based on these data high quality Bi-2212 single crystals can be
prepared in both alumina and magnesia crucibles. At the same time resistivity
measurements done in (@, b) plane demonstrated a weak dependence of T, value
from crucible material for flux grown samples. For example, Bi-2212 crystals
grown by flux method in Al,O3 containers showed superconducting transition at
86-88 K. The higher 7. = 88 K was observed for the SSA-T crucibles while
T. =86 K corresponded to the SSA-H container. Moreover, Bi-2212 crystals
fabricated in magnesia crucibles presented superconducting transition at 90 K.
Thus, T, of Bi-2212 single crystals prepared by flux method using alumina con-
tainers was lower than that fabricated in magnesia crucibles. Also, T, value cor-
related well with the purity of alumina crucibles. This decrease of superconducting
temperature may be originated from Al contamination in flux grown crystals.
However, all VB grown samples showed a sharp transition at 88—89 K independent
from a crucible material. This may be due to the effect of molten zone refining
during the Bridgman growth [54]. As a result MgO crucible was suggested for the
flux method. Also, magnesia crucibles demonstrated the much less pronounced flux
creeping out effect compared with Al,O; and Pt containers that played the
important role for both flux and Bridgman techniques.

The role of partial oxygen pressure, p(O,), on crystal growth and supercon-
ducting properties of Bi-2212 crystals was studied in [55]. The authors used Bi:Sr:
Ca:Cu = 2:2:1:2 starting composition. The Bi-2212 crystals were prepared at the p
(O,) =0, 21, 60 and 100 kPa. Other growth conditions were as follows: the cru-
cible rotation rate 25 rpm, the melting temperature 1000 °C, the temperature gra-
dient 1.6 °C/mm and the pulling down rate 0.75 mm/h. The mixture of Ar and O,
gases at different ratios was applied, and the total gas pressure was kept at 1 atm. It
was found that large Bi-2212 crystals were not fabricated in area of 3-5 mm close
to the inner crucible walls because of the alumina contamination. The crystal size in
(a, b) plane depended from applied partial oxygen pressure, and the largest samples
with dimensions up to 20.5 X 6.5 mm? were obtained at the p(Oy) = 21 kPa. In
addition single crystals grown at each p(O,) from 0 to 100 kPa showed mosaicity of
0.05°-0.06° indicating the nearly perfect crystal quality. According to the EDX data
all single crystals had almost stoichiometric composition of the Bi-2212 super-
conductor. The T, values of Bi-2212 single crystals grown at different p(O,) had no
significant difference and were 87-88 K, although samples prepared at 100 kPa of
oxygen pressure demonstrated the narrowest superconducting transition from
resistivity data. All crystals showed the metallic conductivity in (a, b) plane with
temperature. The same effect of partial oxygen pressure on horizontal Bridgman
growth was investigated in [56]. For the horizontal setup the average size of
Bi-2212 single crystals was much smaller compared with the vertical Bridgman
growth although the growth conditions were very similar. Again the largest samples
with dimensions up to 3 X 4 mm? in (a, b) plane have been prepared at
p(0,) = 21 kPa. The c-axis values were 30.933, 30.885 and 30.840 A for the single
crystals grown at p(O,) = 0, 21 and 100 kPa, respectively. No impurity phases have
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been detected from XRD patterns. The as-grown Bi-2212 samples demonstrated the
superconducting transition at 84 K from resistivity data.

In summary, the Bridgman technique allowed the preparation of large in (a, b) plane
crystals with dimensions up to 120 mm? that is about one order larger than flux-grown
samples. The most bulky Bridgman grown crystals have thickness up to 0.1 mm along
c-axis which is several times better compared with flux prepared samples. Also,
Bi-2212 single crystals fabricated by Bridgman method demonstrated the similar
mosaicity and comparable T, but they showed no Al contamination compared with
flux-grown samples.

3.5.3 FZ Growth of Large-Size Crystals

It is quite easy for crystal growers to obtain thin, plate-like Bi-2212 single crystals
with thickness 20-100 pum along c-axis by both flux and Bridgman methods.
Nevertheless, this size is not sufficient for neutron scattering, optical and transport
experiments. In general, all studies of physical properties anisotropy have need of
much thicker samples along c-axis. The dramatic progress in the fabrication of large
size and thick Bi-2212 crystals has been achieved by applying the crucible-free
floating zone technique [17, 38, 39, 44]. The temperature gradient on a crystal-
lization front is one order larger for FZ method than in Bridgman growth. It allowed
the preparation of Bi-2212 crystals with thickness up to 1.0 mm along c-axis. Also,
the FZ method makes very easy the control of a growth atmosphere, and even gas
pressures up to 10 bars can be applied for commercially available furnaces pro-
duced by CSI (Japan). Moreover, there is no crystal contamination problem because
it is crucible-free growth. Therefore, a lot of growth efforts have been done since the
first publication in 1988 [17].

3.5.3.1 Growth Conditions and Sample Characterization

The first FZ grown Bi-2212 single crystals were prepared in [17] using the
double-mirror type image furnace (NEC, Japan) equipped with 1.5 kW halogen
lamps as a heat source. Powders of Bi,O3, StCO3, CaCO3 and CuO (each of 3 N
purity) were used as the raw materials. They were mixed and calcined at 760 °C for
12 h in alumina crucible and subsequently treated at 860 C for 2-3 days. Thus
prepared mixture was placed into a rubber tube and pressed by CIP under
1000 kg/cm?. Finally, the well-pressed rod was synthesized at 870 °C for 12 h in
oxygen flow. The FZ growth conditions were as follows: pulling rate of 1 mm/h
and oxygen flow rate of 0.6 I/h. The upper and lower shafts were counter-rotated at
30 rpm. The preliminary growth experiments showed that the feed rod of
Bi, 581 3Ca; ¢Cuy 0Oy composition  co-exists with the molten zone of
Bi, 4Sr; sCa; oCu; gOy composition during the steady growth. So, a solvent pellet
of this composition was placed between feed and seed rods, and then the crystal
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growth was performed using this solvent as a molten zone. An as-grown ingot was
an aggregate of large single crystalline Bi, »Sr; 3Ca; ¢Cu, Oy grains with dimen-
sions up to 8 X 4 X 0.2 mm”. These Bi-2212 grains demonstrate well-pronounced
tendency to grow along a-axis and can be easily cleaved in the (a, b) plane.
As-grown samples possessed an orthorhombic symmetry with a superstructure, and
unit cells parameters a, b and ¢ were 5.43, 5.43 and 30.63 A respectively. Two
types of growth impurities have been observed by polarized optical microscope and
EDX analysis. A small amount of (Sr; 5Ca; 3Big»)Cus ¢Oy phase was detected close
to the lateral surface of as-grown ingot. Rarely Bi-2201 inclusions have been
revealed in the center area of ingot. Most probably, the latter inclusions were
formed due to the cellular growth. Therefore, it was concluded that the growth rate
has to be lowered in order to avoid this unfavourable effect [17]. The as-grown
Bi-2212 samples reached zero resistance at 92 K and showed metallic conductivity
in (a, b) plane with temperature.

In [57] a significant improvement of FZ method was done by elaboration of
so-called pre-melting technique allowing the densification of as-sintered feed rod.
In this technique a molten zone was rapidly passed through a feed rod at a high rate
of 20-50 mm/h. As a result a pre-melted feed rod got density over 90 % although
initial rod density was about 48 % only [57]. In the last case molten zone was
usually sucked up by the porous rod at low pulling rates (below 1 mm/h) that
terminated a growth run. Thus, a pre-melting treatment was found to be very
effective in maintaining a stable molten zone at low growth rates. Nowadays, the
pre-melting of feed rods is always used for the growth of all Bi-based supercon-
ductors because the melting point is below 920 °C for all members of this family.
Therefore, the preparation of high dense feed rods by standard solid state synthesis
is fully impossible due to the low (<900 °C) sintering temperatures. The Bi-2212
single crystals were grown using NEC SC-2 (Japan) double-mirror type furnace
equipped with 1.0-1.5 kW halogen lamps. The pulling rate was 0.5 mm/h. It was
demonstrated that only growth rates lower 2 mm/h yielded a single phase ingot, and
thickness along c-axis drastically increased with reducing of a pulling rate. At the
same time the pulling rate of 0.5 mm/h was the lower limit for this NEC oven. Both
upper and lower shafts were counter-rotated at 10 rpm. Partial oxygen pressure was
varied in the wide range (p(O,) = 0, 22, 60, 100 kPa) during growth experiments.
Highest stability of MZ was observed at p(O,) = 22 kPa while bubbles in MZ were
always observed at higher oxygen pressures that made a crystal growth completely
unstable. The Sr/Ca ratio in the feed rod of Bi, »(Sr,Ca), 3Cu, ¢Oy composition was
varied from 0.57 to 1.8 at p(O;) = 22 kPa. Cross sections of as-grown Bi-2212
ingots fabricated at different Sr/Ca ratios were examined using optical polarized
microscope. The most thick single crystalline grains were observed at Sr/Ca = 1.4,
and no single phase ingots were prepared at Sr/Ca < 0.6. As a result Bi-2212 single
crystals with dimensions up to 50 X 5 mm? in (a, b) plane were obtained. It was
claimed that as-grown crystals showed thickness up to 1.0 mm along c-axis based
on optical microscope inspection. Unfortunately, no neutrons and/or X-ray rocking
curves were given to support this statement. The lattice parameters were a = 5.413
A, b =5411 A and ¢ = 30.810 A for Sr/Ca = 1.8 in Bi-2212 crystals. Based on
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EDX analysis the St/Ca ratio in Bi-2212 samples varied from 1.8 to 2.0 for different
feed rod compositions and partial oxygen pressures. The Bi, ,Sr; gCa; ¢Cu, ( single
crystals grown at p(O,) = 22 kPa demonstrated zero resistance at 83 K from
resistivity measurements. Also, significant change in density was noted among
ingots reflecting a fluctuation of chemical compositions.

In [39] large size Bi-2212 single crystals were grown using the
Bi, 1 S11 9Ca; ¢Cus o0y feed rod and Bi, ¢S1;.9Ca; oCusy 6Oy solvent compositions at
0.35 mm/h in air. The deeply upgraded NEC SC-N35HD (Japan) image furnace
was employed which allowed the using of this very low pulling rate and oxygen
pressure up to 6 bars. The authors [39] used as-sintered feed rod without
pre-melting. The initial Bi,0O3, StCO3;, CaCO; and CuO powders of 3 N purity
were well-mixed and fired at 850 °C with intermediate grindings. The feed rods
were pressed by hydrostatic press under 3.5 kbars and finally sintered at 880 °C for
24 h in air. The density of feed rods was about 85 %. The Bi-2212 single crystals
with dimensions up to 15 X 4 X 0.12 mm® were cleaved from as-grown ingots.
The EDX analysis gave the Bi, 1gSr| g7Cag.99Cuy 970 composition for these sam-
ples. The lattice parameters were @ = 5.33 A, b =548 A and ¢ = 30.76 A from
powder X-ray diffraction. The powder XRD analysis indicated a very small amount
of foreign phases. The optical polarized microscope study combined with EDX
analysis found the presence of Bi,gSr, ;CaggCu, Oy impurities. Also, the high
resolution electron microscope investigation revealed a weak intergrowth of
Bi-2201 phase although its amount was about 0.2 %. The magnetization mea-
surements demonstrated superconducting transition at 7, = 88 K and AT, = 2.2 K.
Also, Ni-doped Bi-2212 single crystals have been prepared in this work. However,
the size of Ni-doped samples became smaller with increasing Ni content, and 7,
was suppressed to 83 K (Cu/Ni = 1.98/0.02) and 78 K (Cu/Ni = 1.96/0.04).

Stoichiometric Bi,Sr,CaCu,0Oy feed rods were applied in [58] for the floating
zone growth of superconducting Bi-2212 crystals. Mixture of Bi,O3, SrCOs,
CaCOj; and CuO powders taken in soichiometric ratio was calcined at 865 °C for
24 h in air with several intermediate grindings. The obtained powder got an average
grain size between 5 and 10 um. It was isostatically pressed at 2.5 kbars, and final
sintering was performed at 865 °C in air. The density of as-sintered rods ranged
between 80 and 85 % and was not enough to prevent soaking of the melt into
porous ceramic bars. Therefore, feed rods were pre-melted at 80 mm/h in air. The
pre-melted rods of diameter 7-8 mm were used for a FZ growth at the pulling rates
of 1-2 mm/h. The upper and lower shafts were counter-rotated at 40 rpm. Air
pressure was 2 bars during the growth. In this work a stable MZ with 4-5 mm in
diameter and 5 mm in length was maintained between feed and seed rods. Plate-like
Bi-2212 single crystals with typical dimensions of 10 X 3 X 0.3 mm® were cleaved
from as-grown ingots. Wet chemical analysis gave the Bis 02515 00Cag.0gCuy.990y
crystal composition. X-ray diffraction experiments on as-grown and crushed single
crystals revealed the pseudo-tetragonal structure with a ~b =54 A and
¢ =30.97 A. No impurity phases were detected. For as-grown samples supercon-
ducting transition at 7. = 91 K and width of the transition A7, = 5-6 K were
found.
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Undoped and Y-doped Bi-2212 crystals were obtained in [59]. Nominal com-
positions of feed rods and solvent pellets were Bi, »Sr; gCa;_Y,Cu,Oy (x = 0.0,
0.2, 0.4) and Bi, 4Sr; 5Ca;_YCu, gOy (x = 0.0, 0.2, 0.4), respectively. The feed
rods were pressed by hydrostatic press and sintered at 850-900 °C for 62 h.
Single-crystal growth was performed using double-mirror type image furnace NEC
SC-35HD (Japan) equipped with halogen lamps. Pre-melting of as-sintered feed
rods was done at 7-8 mm/h, and crystal growth was carried out at 0.4-0.5 mm/h.
Undoped Bi-2212 samples had average dimensions of 5 X 3 mm?, but the size of
yttrium doped crystals decreased with Y-doping and was about 2.0 X 0.5 mm? in
(a, b) plane. Powder X-ray diffraction patterns confirmed that x = O crystals con-
sisted of almost pure Bi-2212 phase, but Bi-2201 phase was distinctly observed in
Y-substituted samples. The lattice constant along c-axis decreased from 30.75 A to
30.30 A with Y-doping, but those along a- and b-axes did not demonstrate any
noticeable changes. The high-resolution electron microscopy images showed that
undoped samples were homogeneous and contained Bi-2212 phase only, but
Y-substituted crystals have got many structural distortions and even an amorphous
phase. The superconducting onset transition temperatures were 84, 90 and 80 K for
x =10.0, 0.2 and 0.4, respectively, based on magnetization measurements. The
superconducting transition width was drastically broadened by Y-substitution
suggesting non-uniform distribution of Y atoms in Bi-2212 phase.

The effect of oxygen pressure on Bi-2212 crystal growth was investigated in
[60]. Powders of Bi,03, SrCO5, CaCO5; and CuO (3 N purity and better) were taken
in the ratios of Bi:Sr:Ca:Cu = 2.1:1.9:1.0:2.0 and Bi:Sr:Ca:Cu = 2.6:1.9:1.0:2.6 for
feed rods and solvent, respectively. The powders were pressed under hydrostatic
pressure of 3.5 kbars after calcination at 820 °C and then sintered at 840 °C for
48 h in air. Prior to the crystal growth step, the feed rods were densified by
pre-melting at 60-80 mm/h in air. The crystal growth was performed in the
upgraded NEC SC-N35HD (Japan) double-mirror type image furnace equipped
with 1.5 kW halogen lamps. Upper and lower shafts were counter rotated at
30 rpm. The growth rate was about 0.26 mm/h. The applied oxygen pressure was
22, 200 and 300 kPa during the growth. For the growth in air, “large-volume”
Bi-2212 samples were prepared for neutron diffraction experiments with the largest
dimensions up to 12 X 5 X 1.5 mm® and the weight 690 mg. Neutron scattering
results demonstrated that this big sample actually consisted of one large and one
small single crystalline grains that were closely aligned along c-axis (mismatch less
than 2°) and with rocking curves of 0.4° and 0.6°, respectively. Large plate-like
Bi-2212 crystals with sizes up to 16 X 4 X 0.5 mm® have been made at 200 and
300 kPa oxygen pressures. The Sr/Ca ratio in Bi-2212 crystals linearly increased
with oxygen pressure from 1.85 (in air) to 2.10 (p(O2) = 300 kPa), although Bi and
Cu contents were nearly unchangeable. According to the powder X-ray diffraction
all Bi-2212 samples got the tetragonal symmetry. No change in the a-axis was
detected. At the same time the c-axis enlarged from 30.78 A (in air) to 30.88 A at p
(02) = 200 kPa and then shortened to 30.81 A at p(O2) = 300 kPa. Also, the
results of magnetization measurements showed that superconducting temperature,
T,, depended strongly from the applied oxygen pressure. The onset T, varied from
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88 K (in air) to 95 K (p(02) =200 kPa) and then reduced to 91 K (p
(02) = 300 kPa). The width of superconducting transition was about 2 K inde-
pendent from oxygen pressure. Thus, the pressure behaviour of both c-axis and
onset T,. demonstrated well-defined similarity: both parameters got saturation at p
(02) = 200 kPa.

The dramatic effect of feed rod composition and growth rate on the thickness of
Bi-2212 crystals along c-axis was reported in [38]. High quality Bi-2212 single
crystals with dimensions up to 50 X 6 X 1.5 mm’ have been prepared (Fig. 3.23)
using the Bi, Sr; 9Ca; oCu, Oy feed rod composition and pulling rate 0.2 mm/h
[38, 61]. Based on X-ray diffraction study all Bi-2212 single crystals grew along a-
axis. The Bi, 5Sr; oCa; oCu; ¢Oy solvent composition was always employed. Prior
to the growth feed rods sintered at 860 °C were then pre-melted at 25 mm/h in air.
The authors [38] studied the influence of feed rod composition and pulling rate on
the morphology of the solid-liquid interface between molten zone and grown
crystal. It was found that the planar crystallization front resulted in the growth of
thick Bi-2212 crystals was very sensitive to the growth rate and feed rod compo-
sition. The solid-liquid interface became cellular for pulling rates larger than
0.2 mm/h that led to the growth of Bi-2212 crystals with thickness less than
0.2 mm along c-axis. Also, any deviation in the feed rod composition from the
optimal Bis ;Sr; 9Ca; ¢Cu, ¢Oy one caused the cellular solid-liquid interface even at
pulling rate of 0.2 mm/h. Thus, the low pulling rate and the optimal feed rod
composition were highly demanded for maintaining the planar crystallization front
that allowed the growth of bulky and impurity-free Bi-2212 samples. The cellular
crystallization front always led to the presence of impurity phases on grain
boundaries in as-grown Bi-2212 ingots [38].

Non-continuous parallel micro-cracks along b-direction were found in thick
Bi-2212 crystals that was a serious obstacle for transport measurements along c-
axis. The larger the c-axis thickness of a Bi-2212 crystal, the more pronounced was
the micro-crack problem. Most probably, these micro-cracks were originated from a
large thermal stress caused by very high radial and axial temperature gradients in
image furnace. Neutron diffraction study performed on a large Bi-2212 crystal of

Fig. 3.23 Bi-2212 single
crystals cleaved from
as-grown ingot [61]
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Fig. 3.24 Microstructure of Al-doped as-grown ingots prepared at 0.2 mm/h.ay =0; by = 0.1
[63]. © IOP Publishing. Reproduced with permission. All rights reserved

volume 10 X 5 X 1.2 mm® demonstrated the mosaicity of about 1° indicated the
good quality of this sample [62]. For as-grown Bi-2212 crystals 7. ,,,5., = 91 K and
AT, = 2 K were found from magnetization measurements. The Al-doped Bi-2212
single crystals have been grown in [63] using the same low pulling rate approach.
The optical polarization microscope photographs (Fig. 3.24) demonstrated the
effect of Al-doping on microstructure of Bis ;Sr; 9Ca; ¢Cu, ¢Al,Oy ingots prepared
at 0.2 mm/h. The size of Bi-2212 crystals became much smaller with increasing Al
content in a feed rod. Based on the optical inspection of undoped and Al-doped
ingots this effect was ascribed to the transition from the planar crystallization front
to the cellular one caused by Al-doping. The results of EDX analysis showed that
the solubility limit for Al in the Bi-2212 crystals was less than 0.5 %.

The FZ growth of Fe-doped Bi-2212 single crystals was performed in [64]. The
feed rods were prepared by standard solid state synthesis including the hydrostatic
pressing and final sintering at 860 °C for 72 h. Sintered rods were densified by
pre-melting at 25 mm/h in order to maintain a stable molten zone during a growth.
All experiments were done in air. The pulling rate was 0.2 mm/h, upper and lower
shafts were counter-rotated at 30 rpm. The as-grown Bi, ;Sr; 9Ca; o(Cu;_yFey)>04
ingots were examined by optical polarized microscope, EDX, SEM and X-ray
analysis. It was revealed that the crystallization front had the planar solid-liquid (S—
L) interface for y < 0.01. The maximum thickness along c-axis for undoped
samples (y = 0.0) was about 2 mm. When y > 0.01, the planar S-L interface
changed its morphology to the cellular one. At the same time the thickness along c-
axis of single crystals reduced abruptly. The maximum thickness was 0.3 mm for
y = 0.03 only. When y = 0.06, the as-grown ingot consists of very tiny multiphase
grains and no Fe-doped Bi-2212 crystals were obtained. The Bi-2212 single phase
ingots have been prepared for y < 0.01 only. For 0.015 <y < 0.03 the as-grown
ingots consisted of almost single phase, but a small quantity of impurities was
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detected on grain boundaries. Thus, the Fe doping dramatically disturbed the crystal
growth conditions and consequently decreased dimensions of as-grown single
crystals. This result is very similar to the effect of Al-doping on Bi-2212 crystal
growth [63]. The maximum Fe solubility limit in Bi-2212 crystals is less than
0.03 at. %. It was demonstrated that Fe substitution sharply reduced not only the
superconducting transition temperature, but also the homogeneity of the super-
conducting phase in single crystals.

In summary, it was unambiguously established in [38, 61-64] that the planar
crystallization front was the indispensable condition for the growth of thick (1-
2 mm) along c-axis Bi-2212 crystals. The planar solid-liquid interface between
molten zone and grown crystal was achieved for the optimal Bi, ;Sr; 9Ca; ¢Cu; Oy,
feed rod composition and pulling rate of 0.2 mm/h merely. The planar S—L inter-
face showed the strong tendency to break into a cellular one with (i) increase of the
pulling rate above 0.2 mm/h and (ii) any deviation from the optimal feed rod
composition. The cellular S-L interface resulted in growth of thin (<0.2 mm) along
c-axis Bi-2212 samples.

The FZ growth of under-doped Bi-2212 single crystals was carried out under
low oxygen partial pressures pioz) = 1, 5 X 107, 1x107",5%107% 1% 107> and
5% 107* bar in [35]. Based on results of [38, 61] the Bi, ;Sr; 9CaCu,0O, starting
composition and slow growth rate of 0.2 mm/h were used for the growth. Prior to
the crystal growth as-sintered feed rods were pre-melted at 25 mm/h. The crystal
growth was carried put in four-mirror type image furnace (CSI, Japan) equipped
with 300 W halogen lamps. It was found that the stability of molten zone and
dimensions of Bi-2212 crystals were nearly insensitive to the oxygen pressure in the
range from 1 to 1 X 107> bar. Bi-2212 single crystals with the considerable sizes up
to 15 X 5 X 1 mm> have been obtained (Fig. 3.25).

At the same time the superconducting transition width, 47, which is known to be
an indication of the oxygen homogeneity, increased from 2 to 10 K when p(O,)
reduced from 1 to 1 X 107> bar. The superconducting transition temperature, T,
reduced from 92 K (optimal doped regime) to 79 K (under-doped regime) with
decreasing p(O,) from 1 to 1 X 107 bar (Fig. 3.26). The results of chemical analysis
(EDX and ICP) showed no remarkable difference in actual crystal compositions as
compared with the starting composition except for the growth at p(O,) = 5 X 10™*

Fig. 3.25 Typical
underdoped Bi-2212 crystals
[65]
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bar. For this oxygen pressure the significant Bi-2212 phase decomposition was
observed based on visual inspection of as-grown ingot and powder XRD data. No
trace of secondary phases was detected from XRD data for p(O,) = 1 ~ 5 X 1072
bar, which means that the Bi-2212 material remained stable in this pressure range.
When p(O,) = 1 X 1073 bar was applied, a tiny amount of Bi,O3 was detected in
as-grown Bi-2212 ingot. All as-grown Bi-2212 samples had orthorhombic sym-
metry, and c-axis increased from 30.731 A at p(O,) = 1 bar to 30.912 A at
p(0y) =1 X 107 bar.

Usually, the oxygen content of overdoped Bi-2212 crystals is controlled by
oxygen annealing either in oxygen flow or under oxygen pressure. On this
way several difficulties were encountered: one is oxygen inhomogeneity introduced
by slow cooling of a sample after oxygen treatment that caused a broad supercon-
ducting transition. On the other hand the quenched Bi-2212 crystals always
demonstrated high-temperature disorder frozen by fast cooling. This disorder led to
the electron localization at low temperatures and the worsened structural quality [66,
67]. Possible way to overcome these difficulties was the FZ growth under high
oxygen pressures [37] aiming the fabrication of as-grown over-doped Bi-2212
samples. The Bi, ;Sr; ¢CaCu, ¢O, feed rods were prepared by standard solid state
synthesis. Prior to crystal growth, the feed rods have been pre-melted at 27 mm/h
under different oxygen pressures from 1 to 10 bars. The crystal growth was carried
out in four-mirror type image furnace (CSI, Japan) equipped with 300 W halogen
lamps. The pulling rate was varied from 0.2 to 0.4 mm/h. It was found that the
molten zone was much less stable under oxygen pressure compared with air growth.
The MZ volume was slowly and periodically increased during the growth process. In
this case both melting and solidification fronts moved up and down in contrary
directions. This effect finally led to the zone collapse. When the MZ volume
increased the growth direction of ingot randomly deviated of about 10°-30° from the
vertical axis of the zone. The period of the stable MZ volume was dependent from
applied oxygen pressure, i.e. the higher the pressure the shorter is the period of stable
growth. As a result, the grown ingot has got a zigzag form. The instability of the MZ
under high oxygen pressures was caused by the precipitation of impurity phases,
namely Bi-2201, (Sr, Ca),CuO; and BiOy. The small yellowish BiO, spots were
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well visible even by naked eyes in ingot portions corresponding to the unstable
growth. It was found from XRD data that feed rods contained the same impurity
phases after pre-melting under 8-10 bars oxygen pressure while pre-melted in
oxygen flow feed rods consisted of Bi-2212 phase only. Multi-phases feed rods
drastically affected the MZ stability during the growth step. For example, the MZ
was very unstable even under 4 bars oxygen pressure if the pre-melting was done
under 10 bars. On the other hand, the MZ was well stable under oxygen pressure of
10 bars if the feed rod was pre-melted under oxygen pressure of 1-2 bars. As a result,
Bi-2212 single crystals with dimension up to 9 X 2 mm? in (a, b) plane have been
obtained under 10 bars oxygen pressure, although their thickness along c-axis was
about 0.1-0.2 mm. These crystals had orthorhombic structure. The lattice parame-
ters were @ = 5.323(5) A, b = 5.418(5) A and ¢ = 30.653(8) A. The crystals grown
under 10 bars oxygen pressure have got the Bi, 135t 3;Ca0g 3oCu, O, composition.
For comparison, samples fabricated in oxygen flow showed more stoichiometric
Biy 10Sr1.90Cag 80Cu, 0Oy composition. At the same time the c-axis gradually
decreased from 30.890 A (2 bars) to 30.653 A (10 bars).

The results of magnetization measurements on as-grown overdoped Bi-2212
single crystals are shown on Fig. 3.27. The onset 7, reduced compared with
optimally doped crystals from 95 K (not shown) to 81 K (10 bars). The AT, was
about 12-15 K and independent on the applied pressure. This value was the same
or even smaller compared with oxygen annealed samples [67]. It was found that the
oxygen distribution in crystals was influenced by the applied oxygen pressure
during the growth and the proceeding of feed rods.
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Fig. 3.27 Superconductivity of as-grown overdoped Bi-2212 crystals [67]
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An interesting growth approach was realized in [68]. The authors applied FZ
growth in gold crucibles due to the much less pronounced Au corrosion compared
with Pt and Al,O3 materials. For the growth a small amount of Bi, ;Sr; sCaCu; gOy
solvent was put on a top of a previously melted feed rod. Both solvent disk and feed
rod were charged in a gold crucible, and the molten solvent was passed through the
feed rod by a zone melting technique. The main advantage of this approach
compared with the crucible-free FZ method was the molten zone stabilization due
to its support by crucible walls. The Bi, ;Sr; sCaCu, (O, feed rod was calcined at
770 °C for 24 h, and then pressed under hydrostatic pressure of 300 MPa. The
cylindrical rod was finally sintered at 830 °C for 12 h. After that the sintered rod
was pre-melted at 50 mm/h by using infrared image furnace. The pre-melted rod
was filled into a gold crucible of a hollow pencil shape. In order to remove a void
between feed rod and crucible walls the authors partly melted the rod at 915 °C.
The furnace used for the crystal growth was handmade kantal wire electric resis-
tance oven. In the furnace the coil density at the center was increased and gradually
reduced towards both ends to produce a narrow hot zone. The temperature gradient
in a hot zone was 25 °C/cm.

The growth process is schematically illustrated on Fig. 3.28. The crucible was
first placed with its top close to the hot zone. Then the molten solvent was trans-
ferred from the top to the crucible bottom by lifting up the crucible at 1 mm/h (1st
stage). After that the crystal growth (2nd stage) was performed by passing the
solvent upwards at the rate of 0.2-04 mm/h. As a result the authors have obtained
Bi-2212 single crystals with dimensions up to 3 X 4 X 0.5 mm®. The crystal
composition was Bi; 9751 75Cag 33Cu, 0Oy and no gold contamination from the
crucible was detected from EDX data. The Bi-2212 samples showed supercon-
ducting transition at 85 K after annealing in air at 800 °C for 72 h.

Usually the FZ grown Bi-2212 single crystals are less stoichiometric compared
with flux and Bridgman prepared samples. They are nearly always Bi-rich and
Sr-deficiency according to the chemical formula Bi, ;Sr;¢Ca; CusOy.
Nevertheless, the high quality floating zone grown Bi-2212 crystals demonstrate the
superconducting transition at around 90 K.

Fig. 3.28 The sketch of the
growth process [68]. © IOP
Publishing. Reproduced with
permission. All rights
reserved

Crystal
(1) (2)

B -
L L




92 3 Bi-Based High-T. Superconductors
3.5.3.2 Effect of Oxygen Annealing on Superconductivity

The Bridgman and FZ grown Bi-2212 crystals were annealed in air and oxygen flow
(1 bar) at 500, 600, 700 and 800 °C for 72 h in [69]. Effect of annealing temperature,
Tanns on T, and AT, was studied. The AT, value is related to the homogeneity of
cations composition, crystal structure, oxygen content and oxygen distribution in
crystals. Usually, it is assumed that the smaller 4T is, the more homogeneous are the
crystals. Annealing the Bridgman grown Bi-2212 crystals in air at 500 °C resulted in
a large decrease of AT, from 35 K to 15-20 K. At the same time 7. increased from
70 K (as-grown) to 83 K (air-annealed). Further enlargement of T,,, from 500 to
800 °C did not lead to a large change in either T, or AT,. Opposite to this result,
air-annealing of FZ grown Bi-2212 crystals at 500 °C reduced superconducting
transition temperature from 90 to 80 K and increased the transition width. Annealing
in oxygen flow at temperatures in the range 500-800 °C showed no detectable
differences in either T, or AT, between air-treated and oxygen-treated samples
independent from the growth pre-history.

In [70] the vacuum annealing was carried out on Bi-2212 crystals sealed in
quartz ampoules under different partial oxygen pressures ranging from 8 X 10~ to
5 X 10~ bar. The high quality Bi-2212 single crystals were grown by FZ method
similar to [38, 65]. The superconducting transition temperature was found to be
affected more strongly by the applied partial oxygen pressure, p(O,), than by the
annealing temperature. The optimal annealing conditions were found to be 430 °C
and 220 h. The T, value reduced significantly from 92 to 29 K with decreasing p
(O,) from 1 down to 4 X 1072 bar (Fig. 3.29). The transition remained relatively
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Fig. 3.29 DC susceptibility of annealed Bi-2212 samples [70]
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sharp for the samples annealed under p(O,) = 8 X 107! — 4 X 1072 bar with no
evidence of Bi-2212 phase decomposition from powder XRD data. The XRD
studies demonstrated that all samples have the orthorhombic symmetry.

The refinement of XRD data showed that the c-axis expands, while both a- and
b-axis shrink up slightly with decreasing p(O,). The c-axis increased from 30.731
(1) A (as-grown) up to 30.923(1) A (4 X 1072 bar). The relation between T, and c-
axis lattice parameter suggested that the change of superconducting temperature is
well correlated with a re-distribution of holes between Bi-O layers and Cu-O
planes. Impurity phases were detected for all Bi-2212 samples treated under
p(05) < 4 X 1072 bar indicating the phase instability limit of Bi-2212 compound at
low partial oxygen pressures. Although vacuum annealing remarkably suppressed
T. however it hardly changed AT.. Therefore, it was rather important to select
as-grown crystals with narrow superconducting transition in order to produce
high-quality under-doped crystals though vacuum annealing. The results of [70]
demonstrated that AT, of under-doped Bi-2212 samples was generally broader than
that of over-doped crystals. Furthermore, it was argued that oxygen-deficient
samples were more sensitive to chemical disorder than highly oxygen-doped
crystals.

The over-doped Bi-2212 samples were prepared in [71] by oxygen annealing at
1, 5 and 12 bars at 540 °C for 18 h. The crystals were flux-grown and had
dimensions along c-axis about 20-100 um. The typical crystal composition was
Bij 1St 94Ca 33Cu, (70, from electron probe microanalysis (EPMA). No evi-
dence of crystal inhomogeneity or phase separation for over-doped samples was
found from XRD, magnetization and resistivity measurements. It was demonstrated
that oxygen treatment produced very little change in @ and b lattice parameters.
However, a very distinct difference was seen in the c-axis length between as-grown
samples (30.90 A) and oxygen-annealed samples (30.81 A). Annealing in flowing
oxygen (1 bar) reproducibly reduced 7, from 90 to 84 K. Further suppression of
transition temperature from 84 to 79 K and finally to 77 K was observed after 5-
and 12-bars oxygen pressure treatments. The transition width was 2-5 K and no
transition width broadening was detected as transition temperature was decreased
from 90 to 77 K. The Hall-effect measurements demonstrated the increasing of
carrier concentration (over-doped regime) from 0.34 mobile holes per Cu site
(as-gown sample, 7. =90 K) to 0.50 mobile holes per Cu site (12-bars O,,
T. =177 K).

At the same time annealing at 750 °C in oxygen flow (1 bar) leads to the
Bi-2201 phase segregation in Bridgman-grown Bi-2212 single crystals [72]. Also, it
was mentioned in [77] that a surface of Bi-2212 crystal showed tiny degradation
after heat treatment under 2.5 bars of oxygen pressure at 500 °C for several days.
So, the temperature stability limit of Bi-2212 phase at elevated oxygen pressures is
still unknown. In conclusion it is relatively easy to vary T, of Bi-2212 samples in a
wide range from 92 to 29 K in under-doped regime while it is still challenge to get
over-doped samples with T, below 80 K.
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3.6 Bi-2223 Compound

Both Bi-2201 and Bi-2212 superconductors have been available as sizeable
high-quality single crystals and extensively studied so far. On the other hand
fundamental investigations on the three-layered Bi,Sr,Ca,CuzO, compound
(hereafter Bi-2223) have been strongly embarrassed due to the lack of single
crystals. Even more, the Pb-doped Bi-2223 compound is nowadays believed to be
the most promising material for large scale applications of superconductivity at
liquid nitrogen temperature, and has been the subject of tremendous studies in the
past 20 years. But all these studies were done on powder/ceramic samples with
small grain sizes and can be questioned because of significant boundary effects on
sample properties. For example, the pinning characteristics of the Bi-2223 material
in the absence of grain boundaries have been still largely unexplored due to the lack
of high quality single crystalline samples. It is worth to mention that pinning
properties play the key role in all possible commercial applications of Bi-2223
material.

Also, from the crystallographic point the three-layered Bi-2223 compound has to
demonstrate highly anisotropic physical properties similar to the double-layered
Bi-2212 material. And again this study strongly requires the availability of high
quality and large size single crystals.

3.6.1 Main Growth Difficulties

Whereas the Bi-2201 and Bi-2212 compounds could be directly synthesized either
from a melt or using a standard solid state reaction [4, 13, 17, 38], the Bi-2223
phase is quite difficult to prepare with acceptable purity even in powder form [73].
The question of phase formation is highly debated in literature, and different
mechanisms have been proposed [73-75]:

(i) adirect phase transformation from Bi-2212 into Bi-2223 through the insertion
of additional Ca and Cu—O layers into the structure;
(i) a disproportionation reaction 2-Bi-2212 — Bi-2223 +Bi-2201;
(iii) a nucleation and growth from a liquid phase.

Therefore, even the selection of a nominal composition for a Bi-2223 solid state
synthesis is not obvious. Also, the thermal stability range of Bi-2223 material is
much smaller compared with Bi-2201 and Bi-2212 phases. According to [1] the
Bi-2223 compound is stable only in a very narrow temperature range of about 50 °
C just below the incongruent melting line. For comparison, Bi-2212 compound is
stable in a wide temperature range between 650 and 895 °C [1]. Thus, the Bi-2223
phase solid state synthesis with acceptable purity has been a particularly difficult
task. Moreover, the sluggish formation rate known for Bi-2223 phase makes this
task even more arduous [76]. The Bi,O;(PbO)-SrO-CaO-CuO system contains
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four or even five components that strongly complicates the phase equilibria
investigations especially taken into account that this system has a certain tendency
for a glassy behavior.

It was reported that the partial substitution of Bi by Pb can effectively enhance
the phase formation kinetics as well as increase the yield of Bi-2223 phase [77].
The formation of Bi(Pb)-2223 phase is highly accelerated by the partial melting of
Pb-doped samples. Nevertheless, the Pb-doped Bi-2223 samples are less attractive
objects for the fundamental research because the substitution of Bi by Pb gives rise
to additional complications in interpretation of physical measurements. From this
point high-quality Pb-free Bi-2223 crystals are in great demand for the fundamental
research.

The very interesting in-situ investigation of growth mechanism for compositions
near the Bi,Sr,Ca,Cus0, stoichiometry has been done in [78]. The authors used
high-temperature optical microscope for in-situ observation of melting and crys-
tallization processes. The solidified bodies were studied by EDX/SEM analysis.
The authors made a conclusion that no nucleation and no growth of Bi-2223 was
directly observed from a melt in all experiments independent from a starting
composition. The Bi-2223 crystals were formed peritectically at 870 °C for 6.5 %
0,/93.5 % Ar atmosphere according to reaction: (Sr, Ca)CuOy + Bi-rich melt —
Bi-2223. In air Bi-2223 phase was formed according to another peritectic reaction:
(Sr,Ca)4Cuy404 + Bi-rich melt — Bi-2223. In both cases long-lasting annealing of
about 50 h was required to observe the formation of Bi-2223 compound when
Bi, 5S1,Ca, 3Cuj3 20y starting composition has been used. No Bi-2223 crystals were
found when stoichiometric Bi-2223 composition was utilized. These results are
fully inconsistent with data given in [7, 73] where Bi-2223 material could be
formed throughout the normal nucleation and growth within the primary crystal-
lization phase field. This peritectic growth and the absence of a primary crystal-
lization field could explain well why extremely low growth rates of 0.05 mm/h are
necessary for the FZ growth of Bi-2223 crystals [79] compared with other Bi-based
superconductors. It seems that the question of phase formation and thermal stability
of Bi-2223 compound is still unclear and requires further investigations. All
together it makes well understandable why the growth of Bi-2223 crystals has been
a main challenge for crystal growers since the discovery of Bi-2223 compound in
1988 although a numerous efforts were done including flux and FZ growth.

Another commonly observed problem is Bi-2212 intergrowth lamellae in
Bi-2223 matrix. Most of intergrowth lamellae have the thickness of unit cell or
half-unit cell. Figure 3.30a shows the typical HRTEM image of Bi-2223 single
crystal grown by FZ method with electron beam parallel to the b-axis [79]. One can
see intergrowth of two different phases as dark lamellae. The scale is magnified in
Fig. 3.30b to clarify this intergrowth. The spacing denoted as “3” is about 19 A,
which corresponds to a half-unit cell of Bi-2223 phase. At the same time the
spacing denoted as “2” is a bit narrower (~ 15 A), indicating the presence of
Bi-2212 phase. According to numerous observations, there is no regularity in the
sequence of intergrowth phases. In low-quality Bi-2223 crystals the amount of
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Fig. 3.30 a HRTEM image of Bi-2223 crystal [79], showing the coexistence of Bi-2223 and
Bi-2212 phases (Bi-2212 phase is seen as dark lamellae pointed out by the arrows). b Magnified
picture: Bi-2212 marked as “2” is intergrowth in Bi-2223 matrix marked as “3”. Reprinted with
permission from Elsevier. All rights reserved

Bi-2212 phase might be up to 20 wt% due to the intergrowth problem, while the
good quality crystals contain 2-3 wt% of Bi-2212 only.

Although the HRTEM is a nice tool to observe the intergrowth, the preparation of
samples by ion-beam milling after cut perpendicular to Bi-2223 layers is special,
sophisticated and time-consuming procedure. Also HRTEM technique is a local
probe. Another method to identify a possible Bi-2212 intergrowth in Bi-2223 sample
is magnetic measurements of SC transition in zero-field cooled (ZFC) regime.
Researchers observed a small (usually <2%) step-like decrease in the magnetization
at around 80 K [76, 79] on the good quality samples originated from Bi-2212
intergrowth. It was shown in [80] that XRD technique is a more sensitive tool for the
intergrowth detection than ZFC magnetic measurements. Effects of oscillated
broadening and peak shift of the (0 0 L) Bragg reflections were demonstrated for the
Bi-2223 crystals [80]. This diffraction phenomena is well known for a random
intergrowth of a secondary phase (here is Bi-2212). The oscillation amplitude is
proportional to the defects concentration if it is relatively low. It enables the authors
to estimate the content of intergrowth defects to be about 2 wt% even for the
“intergrowth-free” samples according to ZFC measurements. This approach was
found to be rather universal being applicable for other layered Bi-based supercon-
ductors [81]. Thus, not only the growth of Bi-2223 crystals is a hard task but the
correct characterization of as-grown samples requires a special attention, too.

3.6.2 Flux Growth

The self-flux method is often used to grow high-Tc superconductors because of its
simplicity. However, in systems getting a narrow primary crystallization field the
flux method allows the preparation of tiny crystals embedded in a solidified melt.
Since Bi-2223 has a very narrow crystallization field [1, 7], growth by self-flux was
thought to be almost impossible. There were a few attempts to prepare Pb-free and
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Pb-doped Bi-2223 single crystals by using the molten KCI salt [82, 83]. Only very
small samples with dimensions up to 100 X 100 pm? in (a, b) plane and thickness
of 1-5 um along c-axis were obtained. In general B-2223 crystals contained 2-3 wt
% of Bi-2212 phase due to the intergrowth problem. The presence of Bi-2212
intergrowth was detected by both XRD and ZFC magnetic measurements [83].
Also, the presence of impurity (Ca, Sr)CuO, and CuO phases was often observed in
XRD patterns. The SC transition temperature was close to 110 K based on mag-
netic susceptibility and resistivity data. It is worth to mention that from the growth
point it is more correctly to talk about accelerated transformation of Bi-2212 phase
to Bi-2223 one in the presence of KCI melt than about the flux growth. It has been
already discussed in Sect. 3.6.1 that the main problem of Pb-free Bi-2223 phase
formation is related to the very sluggish transformation of 2212 phase into 2223
one. At present, there is no experimental evidence of possibility to complete this
transformation through conventional solid-state reaction or using self-flux method
[84]. On another hand it was demonstrated in [82, 83] that the using of molten KCl
salt drastically enhances the kinetics of Bi-2223 phase formation. The most detailed
investigation of this synthetic route is given in [84]. The authors used pre-sintered at
880 °C precursors getting the cation compositions Bi:Sr:Ca:Cu = 2:2:2:3 and
2:2:2:4. The obtained oxide powders (solute) were mixed with KCl (solvent) in
ratio 1:4 and 1:10 and used as a charge for the crystal growth. The synthesis was
performed in Al,O;, MgO and Pt containers. The crystals were grown by
isothermal heat treatment of charge material at 800-880 °C for 15 and 100 h. In
some cases a low cooling rate of 0.5-1.0 °C/h was applied to reduce the effect of
KCl evaporation. It was found that the best samples were obtained in high-density
MgO crucibles. It was shown that the interaction of MgO with the KCI melt and
components of oxide precursor, as well as Bi-2223 contamination by Mg is neg-
ligible. The optimal temperature range for the Bi-2223 phase formation and crystal
growth was found to be very narrow (860-870 °C) and located just below the
peritectic melting of oxide precursor in the KCI melt. At the first stage of isothermal
heat treatment (<15 h) rapid formation of almost pure Bi-2223 phase was
demonstrated by X-ray diffraction. The same process without KCI leads to the
formation of samples dominated by the Bi-2212 phase. The rapid formation of
Bi-2223 material in presence of molten KCl was explained based on the
“dissolution-precipitation” mechanism and high activity of Cu in the KCI melt [84].
Since the transformation of Bi-2212 into Bi-2223 phase needs a long-lasting
annealing, the fast KCI evaporation is not favorable for the Bi-2223 crystal growth.
In order to reduce the flux evaporation the very effective tool was the crucible
covering with a lid and increasing of solute/solvent ratio. It was shown that indi-
vidual crystals with dimensions of about 100 X 100 um? and thickness of 5 pm
have been prepared after isothermal treatment for 15 h, while the samples larger
than 500 X 500 pm? in (a, b) plane were obtained after 100 h treatment. After
growth the solidified KCI melt was washed out by the distilled water and further
rinsing in acetone. For the as-grown samples, a superconducting transition at 7,
(onser) = 109 K was detected by magnetization and resistivity measurements.
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3.6.3 FZ Growth

Usually the flux method is not suitable for materials with a narrow primary crys-
tallization field when the control of nucleation and growth is rather hard. Also, it is
important to keep the solvent composition and quantity at the specific optimal
values for the flux steady growth. The last one requires the detailed knowledge of a
corresponding phase diagram. Unfortunately, it is not a case for nearly all
four-component systems including Bi,O3;—SrO-CaO-CuO one. Thus, all
flux-grown Bi-2223 crystals were very thin with dimensions up to
1.0 X 1.0 X 0.005 mm®. From this point the crucible-free FZ method is much more
suitable for the growth of larger crystals, because, in general, the crystal growth is
performed continuously at one point on the temperature-composition phase dia-
gram. In this case there is no need in detailed knowledge of primary crystallization
field. Moreover, in FZ growth of Bi-based superconductors the molten zone
(MZ) composition is self-adjusted during the growth if molten zone is well stable
against the compositional and temperature fluctuations [76, 79]. The stability of MZ
depends from many factors: quality of feed rod, pulling rate, temperature gradient
along MZ, applied gas pressure. Usually it is expected that the MZ can be kept
more stable if its length is reduced, because the MZ is supported only by surface
tension against gravity. For the image furnaces equipped with halogen lamps the
length of MZ mainly depends from the thickness of lamp filament. Thus, the higher
is a nominal lamp power the larger is the zone length. Also, it was found in [79] that
a steep temperature gradient along the MZ plays the very important role in main-
taining a stable zone for Bi-2223 growth. Another crucial condition for the growth
of large single crystals is a planar growth front. Both slow pulling rate and large
temperature gradient are expected to prevent a constitutional supercooling which is
the origin of the opposite cellular crystallization front. From this point it is quite
interesting to compare the technical specifications of image furnaces produced by
different companies. The NEC (Japan) image oven is equipped with 500 and
1500 W halogen lamps, and the lower limit of pulling rate is 0.5 mm/h for a
standard setup. The CSI (Japan) image furnaces got halogen lamps with nominal
lamp power ranging from 150 to 1500 W. Also, the lowest pulling rate is about
0.04-0.05 mm/h. The comparison obviously demonstrates that the CSI image
furnace provides better growth conditions than the NEC one. Moreover, the
four-mirror CSI optical setup gives much less pronounced thermal fluctuations in
a horizontal plane compared with double-mirror NEC optics. The SciDre GmbH
(Germany) produced an image oven that allows one to reach extremely high gas
pressures up to 150 bars. The last value is the world record for all image furnaces.
For example, the CSI and NEC machines have the upper gas pressure limit of 10
bars. The lowest pulling rate for SciDre oven is 0.1 mm/h that makes it suitable for
the growth of Bi-based superconductors. On the other hand the SciDre furnace is
equipped with an arc lamp. In general an arc lamp provides less stable molten zone
at low pulling rates (<1.0 mm/h) compared with a halogen lamp due to the
tiny position fluctuations of the arc hottest point. This is the main reason why image
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furnaces equipped with arc lamps have been never used successfully for the growth
of high-T,. cuprates. And up to the author’s experience the CSI image furnace is the
best one for the growth of all Bi-based superconductors.

The large Bi-2223 single crystals have been grown successfully by the FZ
method for the first time in 2001 [79]. The main clue of this success was (i) ap-
plying an extremely low growth rate of 0.04-0.5 mm/h and (ii) using 300 W
halogen lamps. The authors found that the temperature gradient was 350 °C/cm in
the hot zone, which was two times larger than that with 1500 W lamps. Thus, the
length of MZ was reduced from 4.0-4.5 mm of 1500 W lamps to 3.5-4.0 mm of
300 W lamps, and the MZ was quite stable over the whole growth time
(3—4 weeks). The most detailed investigations of the Bi-2223 crystal growth by FZ
method has been done in [76, 80, 85, 86] and discussed in the next section.

3.6.3.1 Growth of Pure and Pb-Doped Samples

According to [9, 19] Bis ;Sr; 9Ca; ¢Cus Oy is the best feed rod composition that is
slightly Bi-rich similar to the Bi-2212 growth. The feed rods for the crystal growth
were prepared by the conventional solid state method. Powders of Bi,O3, SrCOs,
CaCO; and CuO (all of 999 % purity) with cation ratio Bi:Sr:Ca:Cu =
2.1:1.9:2.0:3.0 were well mixed and calcined at 780 °C for 48 h in air with
intermediate grindings. The calcined powder was formed into cylindrical rods (~ ¢
6 X 80 mm). The rods were hydrostatically pressed under a pressure of ~70 MPa
and sintered at 850 °C for 50 h in air. Prior to the crystal growth the high-density
feed rod (~90 % of the crystal density) was obtained by pre-melting the as-sintered
rod at a rapid rate of 25 mm/h. The quality of the pre-melted feed rods is critical to
the FZ technique because during the crystal growth the molten zone is sustained by
the feed rod through surface tension. A straight, long and equal-diameter feed rod is
required to stabilize the molten zone over a long growth period.

Single crystals were grown using the CSI image furnace equipped with four
halogen lamps as an infrared radiation source. A sharp temperature gradient of
~300 °C/cm along the molten zone was obtained using 300 W halogen lamps.
A short pre-melted feed rod (~20 mm in length) was used as a seed rod in the
crystal growth. Both the feed and seed rods were counter rotating (25 and 15 rpm)
to ensure efficient mixing of the liquid. The mixed gas flow of argon and oxygen
was applied. Due to the highly anisotropic crystallization rates for Bi-based
superconductors, it is very difficult to obtain thick single crystals along the c-axis
direction. Therefore, slow growth rates of 0.20, 0.10, 0.06 and 0.04 mm/h were
used in an attempt to obtain large crystals. The experimental conditions are sum-
marized in Table 3.5.

It has been already discussed in Sect. 3.6.1 that the Bi-2223 phase melts
incongruently, and it is stable within a narrow temperature range of about 50 °C
only. A minor variation in composition can cause major changes in the phase
contents, leading to a significant decrease of the volume fraction of Bi-2223 phase.
For a narrow crystallization field a constitutional supercooling readily causes the
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Table 3.5 Growth conditions, crystal compositions from EDX analysis, presence of dominant
phase determined from XRD and ZFC measurements, and T, of Bi-2223 single crystals

Feed rod composition | Crystal composition Growth Growth Dominant | T,

atmosphere | rate phase onset

(mm/h) (K)

Biz_lsr1_9C32CU3010+5 Biz»lgsrl_gzcal_27CuZ_1501() 80 % Ar + 0.20 Bi-2212 80
+5 20 % O,

Bi, Sry 9Ca,Cuz0,0,5 | Bis 16511 84Ca; 30Cur 34010 | 80 % Ar + | 0.10 Bi-2212 93
" 20 % O,

Biz‘lSrl‘gCaZCu3Om+5 Biz'OSSrl‘92Ca1‘69Cu2‘69010 80 % Ar + |0.06 Bi-2223 102
+5 20 % O,

Bi2_15r1_9C32CU3010+5 Biz,lISr1_89Ca1_g3Cu2_g7010 20 % Ar + 0.04 Bi-2223 103
5 80 % O,

cellular growth front, which results in the formation of multi phases. To overcome
this problem, a slow zone-travelling rate and a sharp temperature gradient along the
molten zone have to be applied during the growth.

According to the Bi-2223 lattice structure, it might be assumed that the growth of
(001) plane is a layer-by-layer process and a whole (001) face requires exposure to
only one species of atom at a given instant for a layer to propagate. Other atoms in
the vicinity of the (001) growth plane, therefore, cannot be adsorbed and diffuse to a
‘kink’ site in the lattice. Figure 3.31 schematically illustrates an instantaneous
growth contour for layer-by-layer growth, along the (001) crystallographic axis.
Growth of the Bi layers commence once the Sr layer is complete and Sr layer
commences after Bi. The layer growth runs in cycles according to the growth
contour of the layer structure, —Sr—Bi—Bi—Sr—Cu—Ca—Cu—Ca—Cu-, therefore, for
(001) growth the diffusion of the relatively few Ca (Sr or Bi or Cu) atoms to the
surface of the crystals is hindered by a large amount of Sr, Bi and Cu (Ca, Bi and Cu

Fig. 3.31 Growth contour of ’ (001)

the layer structure of Bi-2223 , ,
crystals ’ , , l , |
(100)/(010)

®@ca O®cu Osr O
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or Ca, Sr and Cu or Bi, Sr and Ca) atoms. This results in an extended diffusion layer
formed above the (001) plane. Because of the relatively long diffusion path along the
(001) direction, a slow growth rate is thus desired for obtaining a thick crystal. Such
diffusion phenomena do not exist for the (100) growth face since growth interface
can directly adsorbed Bi, Sr, Ca or Cu atoms. Therefore, the crystallization rate along
the (100) direction is much faster (~ 10° times) than that in the ¢ direction leading to
the plate-like Bi-2223 crystals, which exhibit large (a, b) planes but small dimen-
sions along c-axis.

Figure 3.32a shows an as-grown Bi-2223 ingot prepared at the growth rate of
0.06 mm/h. Many shiny facets can be seen from the cylindrical surface of the ingot.
Laue X-ray back-reflection photography revealed that these facets are along the
(001) crystallographic plane. Since the crystal growth was initiated on a poly-
crystalline seed rod, only needle-shaped crystallites were observed in the initial part
when the ingot was cleaved. The crystallites became gradually larger as the ingot
grew. However, the continuous growth of these grains was periodically interrupted
when new planar growth fronts were created. This indicates that a frequent
self-adjusted flux composition took place during the growth. As a result, the cleaved

(001)

(a)
Seed rod
T N
g 10 11 12 M
: 0 1 2 113 14415 116 Ath
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T

Fig. 3.32 a Bi-2223 as-grown ingot exhibiting the (001) facets on the surface [76]. b Typical
Bi-2223 single crystals cleaved from the ingot grown with a rate of 0.06 mm/h
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crystals exhibit “V’ shape, as shown in Fig. 3.32b. The largest single crystal
obtained was approximately 10 X 6 X 0.5 mm?, which is the largest ever reported.

The composition of each ingot was determined by EDX analysis. The results are
summarized in Table 3.5. The compositions of crystals grown at slow rates of 0.04—
0.06 mm/h are close to Bi-2223 phase. These two ingots are Ca- and Cu-poor due
to the intergrowth of the Bi-2212 phase. However, the compositions of crystals
obtained at rates of 0.10-0.20 mm/h are closer to Bi-2212 phase, indicating that the
faster growth rates are unfavorable for the formation of Bi-2223 phase.

To examine the homogeneity of composition throughout as-grown ingots,
crystals were selected at intervals of 1 cm along the ingots and measured by EDX
analysis. The atomic compositions of each crystal were derived by averaging data
measured on three or four points of each crystal. Figure 3.33 shows the atomic
percentages of Bi, Sr, Ca, and Cu at different positions of the ingot obtained with
growth rate of 0.06 mm/h under mixed gas flow of 80 % Ar and 20 % O,. It can be
seen that the fluctuation of the composition is quite low except for the initial part of
the ingot. This implies that the molten zone was quite stable during the growth
except for the beginning. Indeed, it was observed during the growth that the sta-
bility of the molten zone of Bi-2223 is higher than those of the Bi-2201 and
Bi-2212, which reflects that the self-adjustability of the Bi-2223 melt composition
is rather high.

The composition of MZ during the Bi-2223 growth was studied in [80]. Two
specimens were frozen by quenching the molten zones after running 3 and 20 days,
respectively. The composition of each frozen zone was measured by ICP-AES
analysis. The results of the chemical analysis are listed in Table 3.6. The data
indicate that the molten zone composition comes into equilibrium after 3-days run
already, remaining practically invariable thereafter.

When compared with the initial feed rod composition one can easily see that the
liquid zone content of Sr and Cu remains invariant, whereas the content of Ca in the
molten zone is definitely lower compensated by an increased concentration of Bi.
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Table 3.6 MZ composition after 3- and 20-day’s FZ growth compared with feed rod composition

Composition (at. %) 3-day’s specimen 20-day’s specimen Bi;,;Sr; 9Ca; oCus o0,
Bi 32.6 £ 0.5 32.0 £ 0.6 233
Sr 199 + 04 20.8 £ 0.4 21.1
Ca 133+ 04 13.5 £ 0.5 222
Cu 342+ 04 337+ 0.5 334

As a result the composition of the liquid in the equilibrium with the Bi-2223 phase
is Ca-depleted in the course of FZ run. Also, the results of [80] showed that the
Bi-2223 crystal growth at 0.06 mm/h is quite sensitive to the oxygen content in gas
environment, and the low-oxygen limit is about 2.5 %. According to the magnetic
measurements the majority of crystals grown at 2.5 % oxygen content are Bi-2212
while the same growth procedure at 5, 10 and 20 % oxygen content leads to the
Bi-2223 growth. Also, the ingot prepared at 2.5% oxygen content contained a
visible amount of Ca,CuO3 impurity phase.

For growing the Pb-doped crystals, the commonly used image furnace setup was
modified by adding an internal source of Pb [87]. According to [88, 89] a Pb loss at
high temperatures has to be minimized in order to keep the stoichiometry of the
sample close to the nominal one, thus promoting equilibrium phase formation. This
can be done either by applying a high pressure [88] to prevent Pb evaporation or by
enclosing samples in sealed tubes [89] to saturate the atmosphere with Pb vapour.
Unfortunately, neither of these methods can be utilized in FZ growth. For these
reasons, the authors in [87] developed a new technique called as VA-FZ (Vapour
Assisted Floating Zone) by adding an internal source of Pb vapour. An Al,O ring
crucible containing PbO encircling the seed rod was placed inside the quartz tube
close to the molten zone. The position of the PbO source was accurately chosen so
that the temperature of the ring crucible was around 750 °C, and the PbO evapo-
ration rate was about 2 X 10~° mol/h, determined by preliminary TG experiments.
This allowed the authors [87] to compensate the Pb loss from the MZ by means of a
lead evaporation from the PbO source.

The feed rod composition was Bi:Pb:Sr:Ca:Cu = 1.84:0.32:1.84:1.97:3.00. The
crystal growth was performed at low travelling rates ranging from 0.03 to
0.20 mm/h, and the best samples have been grown at 0.05-0.06 mm/h. Both
pre-melting and crystal growth were carried out under flowing 93 % Ar — 7% O,
gas mixture. Pre-melting of as-sintered feed rod was done at 25 mm/h. Large (Bi,
Pb)-2223 crystals with typical dimensions up to 2.0 X 3.0 X 0.1 mm® have been
prepared by VA-FZ method. The Pb content in as-grown samples was found to be
Bi:Pb:Sr:Ca:Cu = 2.16:0.26:2.08:1.95:2.65. This indicates that this growth tech-
nique was successful in compensation of Pb evaporation from the molten zone
during the long-lasting growth run. The superconducting transition was observed at
T, = 106 K, and the width of transition, AT, = 3 K, was smaller compared with
Pb-free Bi-2223 crystals. The Pb-doped crystals have orthorhombic structure, but
the orthorhombic distortion is enhanced and the c-axis cell parameter is found to be
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slightly larger compared with Pb-free Bi-2223 samples. The lattice parameters are
the following: @ = 5.395(1) A, b = 5.413(1) A and ¢ = 37.04(1) A. The structure of
lead-doped samples was modulated with a modulation vector ¢ ~ 0.21a, as con-
firmed by the presence of satellites in the diffraction pattern. The high quality of
as-grown crystals allowed the observation of satellites of up to the third order.

3.6.3.2 Sample Characterization

Single-crystal XRD measurements were made on a number of Pb-free as-grown
Bi-2223 crystals [85] chosen from each ingot to check the crystallinity of as-grown
samples. Figure 3.34 shows a single-crystal XRD patterns for the crystal grown at a
rate of 0.04 mm/h. Only sharp (00/) peaks are observed, indicating the good
crystallinity of the sample. All diffraction peaks can be indexed into the Bi-2223
phase with the c-axis lattice parameter of 36.552(6) A.

Powder XRD measurements were performed on ground crystals in order to
examine the presence of impurity phases as well as to determine the crystal
structure and lattice parameters. Figure 3.35a—c present the powder XRD patterns
for three as-grown crystals obtained using growth rates of 0.20, 0.10 and
0.04 mm/h, respectively. It is noteworthy that the growth rate dramatically influ-
ences the phase formation of crystals. The crystals obtained at a rate of 0.20 mm/h
exhibit majority phase of Bi-2212 and small amount of Ca,CuOj; and some
unidentified phases, as shown in Fig. 3.35a. No Bi-2223 phase could be detected
from this crystal. The crystals grown at a slower rate of 0.10 mm/h consist of
Bi-2212, Ca,CuOj3 as well as a small amount of Bi-2223 phase, as shown in
Fig. 3.35b. When growth was performed at a very slow rate of 0.04 mm/h, nearly
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Fig. 3.34 Single-crystal XRD pattern of as-grown Bi-2223 crystal prepared at 0.04 mm/h rate
[76]
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Fig. 3.35 Powder XRD patterns of crystals grown at different rates, revealing the effect of growth
rate on the phase formation in crystals. a 0.20 mm/h, majority phase Bi-2212; b 0.10 mm/h,
Bi-2223 phase appeared; ¢ 0.04 mm/h, nearly pure Bi-2223 phase. “3”, “2”, “*” and “N” indicate
Bi-2223, Bi-2212, Ca,CuO; and unidentified phases, respectively. The diffraction peaks of
Bi-2223 phase in Fig. 3.6¢ are indexed with respect to the space group A2aa. A few weak peaks
corresponding to the Bi-2212 phase are marked with “*” in this pattern [76]

single-phase crystals which have >90 % Bi-2223 phase were obtained from the
as-grown ingot, as shown in Fig. 3.35c. Using a least-square refinement program
the nearly single-phase Bi-2223 crystals were determined to be of orthorhombic
structure with the lattice parameters a = 5.408(2) A, b =5413(7) A and
¢ = 36.868(1) A (space group A2aa). These results demonstrate that a faster growth
rate is unfavorable for the formation of Bi-2223 phase due to the extremely narrow
crystallization field and complex melting behaviour. A large number of as-grown
crystals from each ingot were checked using magnetic susceptibility measurements.
Sintered and pre-melted feed rods were also measured for comparison.

These results also reveal that the crystal growth rate apparently influences the
phase formation in crystals. Figure 3.36 shows the temperature dependence of the
real part of AC susceptibility measured on sintered and pre-melted feed rod as well
as on as-grown crystals obtained at different growth rates. Both sintered and
pre-melted feed rods exhibit very broad superconducting transitions with onset
T. ~ 80 K, indicating that the principal superconducting phase in feed rods is
Bi-2212 phase with an inhomogeneous oxygen distribution. The crystal grown at a
rate of 0.20 mm/h exhibits a relatively sharp transition also around 80 K. No trace
of a transition around 110 K could be seen, implying that the majority supercon-
ducting phase in fast-grown crystals is still Bi-2212 with relatively homogeneous
oxygen distribution.
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When the growth rate decreases to 0.10 mm/h, the as-grown crystal displays two
superconducting transitions around 100 and 80 K, corresponding to Bi-2223 and
Bi-2212 phases, respectively. When the growth rate slows down further to
0.06 mm/h, the Bi-2223 phase has become the dominant phase in crystals. When an
extremely slow growth rate of 0.04 mm/h was used, the as-grown crystals have
>90 % of Bi-2223 phase.

The T, of as-grown Bi-2223 crystals was found to be around 102 K from ZFC
measurements, but it was drastically enhanced by pressure-driven doping reaching
136 K at 36.4 GPa [90]. This result provides the first evidence for pressure-induced
superconductivity in the inner CuO, plane of high-T, cuprates.

Also, it is worth to compare the results of HREM on Bi-2212 and Bi-2223
crystals grown by FZ method (Fig. 3.37). Obviously, the Bi-2223 sample has a
number of intergrowth defects visible as Bi-2201 and Bi-2212 half-unit cells
compared with single phase Bi-2212 sample.

This result reflects the much more complicated crystallization behaviour of
Bi-2223 phase and its less thermal stability compared with other Bi-based super-
conductors. All together the FZ growth of nearly pure Bi-2223 compound required
almost one order less pulling rates (0.04-0.06 mm/h) than the growth of Bi-2201
(0.5-1.0 mm/h) and Bi-2212 (0.2-0.5 mm/h) materials.
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HREM image for Bi-2212 and -2223 single crystals

Pure phase for n=2

Fig. 3.37 HREM images of Bi-2212 (left) and Bi-2223 (right) crystals [76]

3.6.3.3 Effect of Post-growth Treatment on Superconductivity

Intergrowth phase for n=3
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Post-annealing experiments were carried out at 500-850 °C for 120-500 h to
improve the crystal quality with respect to phase purity and oxygen homogeneity
[91]. The annealing conditions are listed in Table 3.7. The effect of oxygen
annealing was studied by both XRD and magnetic susceptibility measurements.
A phase-transform process from Bi-2212 to Bi-2223 was observed.

Such a phase transformation might be explained via a layer-intercalation
mechanism, which suggests that Bi-2212 phase can be transformed to Bi-2223
phase through layer-by-layer intercalation of the Ca—Cu—O bi-layers into the

Table 3.7 Annealing conditions and results for Bi-2223 single crystals

Temperature (°C) Time (h) Atmosphere Phases Te onset (K)
500 120 O, flow Bi-2223, Bi-2212, Ca,CuO; 105
600 120 air Bi-2223, Bi-2212, Ca,CuO; 105
650 120 0O, flow Bi-2223, Bi-2212, Ca,CuO; 106
750 120 0O, flow Bi-2223, minor Bi-2212 106
850 360 0O, flow Bi-2223 108
850 500 0O, flow Bi-2223 110
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existing Bi-2212 structure. Figure 3.38 shows the temperature dependence of AC
susceptibility measured on Bi-2223 as-grown and annealed crystals. The as-grown
crystal shows two superconducting transitions around 102 and 80 K, corresponding
to Bi-2223 and Bi-2212 phases, respectively. As the annealing temperature is
elevated and/or the annealing time increased, the transition at 80 K is gradually
suppressed, indicating a decrease of the Bi-2212 phase. The crystal annealed at
850 °C for 500 h shows a sharp transition at 110 K with only a small remnant at
80 K. This indicates that nearly single-phase Bi-2223 crystals were obtained using
slow growth rates (<£0.06 mm/h) and subsequent long-time annealing. The result of
susceptibility measurements does not only demonstrate the influence of annealing
on the phase transformation in crystals but also shows the effect of annealing on the
superconductivity of Bi-2223 crystals. As shown in the inset of Fig. 3.38, the onset
T, increases from 102 K for the as-grown crystal to 110 K for the crystal annealed
at 850 °C for 500 h. Usually it is difficult to precisely determine the oxygen content
for single crystals, particularly for the large ones; however, from the tendency of
T.’s change observed from our annealing experiments, one can suggest that the
as-grown Bi-2223 crystals are in the slightly underdoped region. It is interesting
that further increasing of oxygen pressure up to 500 bars during the annealing
remains the T, to be unchangeable around 110 K.

In order to demonstrate more clearly the phase evolution with annealing tem-
perature and/or time powder XRD measurements were performed on a ground
crystal before and after oxygen annealing. The results are presented on Fig. 3.39a—
d. Prior to annealing, Bi-2223 was the dominant phase in the as-grown sample.
However, considerable amounts of Bi-2212 and Ca,CuO; phases were also
observed, as shown in Fig. 3.39a. After being annealed in O, flow at 600 °C for
120 h, the intensity of the Bi-2212 and Ca,CuOj peaks decreased, as shown in
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Fig. 3.39b. At the high temperature annealing at 850 °C for 500 h a nearly
single-phase Bi-2223 crystal was obtained (Fig. 3.39d). All diffraction peaks in
Fig. 3.39d can be assigned to the Bi-2223 phase with orthorhombic symmetry.
These results confirmed a nearly complete conversion of Bi-2212 into Bi-2223
(Bi-2223 content >99 %) because no trace of Bi-2212 phase can be detected from
the powder XRD pattern on Fig. 3.39d. The transformation from one member of the
structural family into another can be understood via a layer-intercalation mecha-
nism [92]. According to this mechanism, the Bi-2212 phase could be transformed
into the Bi-2223 compound via intercalating the CuO,/Ca bi-layers into the CuO,/
Ca/CuO, blocks of the existing Bi-2212 structure. This kind of phase conversion is
diffusion limited and, consequently, is very sluggish even at high temperatures that
can be directly seen from Fig. 3.39¢—d.

The in-plane and out-of-plane resistances as a function of temperature were
measured on selected annealed crystals composed of almost pure Bi-2223 phase.
The measured resistance was transformed to the respective resistivity p,, and p.
using the crystal dimension. Figure 3.40a, b show the typical in-plane resistivity p.p
and out-of-plane resistivity p. as a function of temperature, both of which show
very sharp transition at 110 K. The typical T-linear behaviour for p,, and semi-
conductive upturn for p. can be seen. The values of the resistivity for Bi-2223
crystals are of the same order of magnitude as those for Bi-2212 crystals.

Thus, a Bi-2223 crystal quality can be improved after a long-lasting post-growth
annealing either in oxygen flow or under oxygen pressure. On the other hand, the
superconducting transition temperature of the Bi-2223 phase is found to be much
less sensitive to oxygen doping than Bi-2212, and only small variations of T, are



110 3 Bi-Based High-T. Superconductors

Fig. 3.40 Temperature
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observed after different oxygen/argon post-growth treatments. For example, argon
annealing at 650 °C for 120 h slightly decreases T, up to 100 K. The dependence
of T, on oxygen content has been reported in [91, 93]. For both publications authors
reported a flat T, against oxygen doping dependence in the overdoped regime and
did not measure any decrease of T, upon annealing under high oxygen pressures
(up to 500 bars). The independence of T, against oxygen content in the overdoped
regime has been interpreted as being compatible with different carrier doping levels
in the outer and inner CuO, layers [91, 93], which would be a unique property of
n = 3 Bi-cuprates (n = number of CuO, planes).

Thus, among all non-toxic high-Tc cuprates the Bi-2223 material is the most
hardly grown one. The reasons for this are threefold: (i) a low thermal stability of
Bi-2223 phase; (ii) a high anisotropy of growth rates; (iii) a tricks’
melting/solidification behavior. At the same time the crucible-free floating zone
method allows a crystal grower to make nearly single-phase Bi-2223 crystals with
dimensions up to 10 X 6 X 0.5 mm® suitable for the majority of physical mea-
surements. Nevertheless, even the “best” samples contain a few weight percents of
Bi-2212 phase due to the intergrowth problem and complications in crystallization
process. It is necessary to acknowledge that a melting behavior and a growth
mechanism of Bi-2223 material are still far from our complete understanding, and
this calls for further investigations in Bi-2223 crystal growth.
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Chapter 4

Crystal Growth and Characterization
of Na,CoO, and Na,CoO,-yH,O

Dapeng Chen and Chengtian Lin

Abstract This chapter reviews the single crystal growth of Na,CoO, family and the
superconductivity is obtained by hydration of the compounds Na,CoO,-yH,0. The
large crystals of Na,CoO, are grown by optical floating zone method. A systematic
study of Na-extraction and hydration process in Na,CoO, (x = 0.32-1.00) and
Na,Co0,-yH,0 (x = 0.22-0.47, y = 1.3) is demonstrated with the pure phase of a
(x = 0.90-1.00) and & (x = 0.75) and the detailed procedures are presented.

4.1 Introduction

A;MX, type compounds (A = alkaline metal, M = transition metal, X = O, S, Se)
have attracted much attention as cathode materials for many years [1]. These
compounds have a layered structure, and among them, there is an extensive group
of oxides involving 3d transition-metals that have been investigated as a reference
for HTSCs. In 1997, 1. Terasaki et al. discovered the coexistence of a large in-plane
thermoelectric (TE) power (~ 100 pV/K) and low resistivity (200 uQ) at room
temperature in NaCo,0O,4 (or NapsCo0,), which made the sodium cobaltate an
attractive material for thermoelectric applications [2-6].

NaCo,0, belongs to a family of bronze-type compounds expressed as A,MO,
(0.5 < x < 1), which was first identified by Jansen and Hoppe [7]. An important
similarity to HTSCs is that NaCo,0, is a layered transition-metal oxide, where Na
sites are ~50 % occupied and CoO, units are alternately stacked along the c axis.
Thus, the physical properties are expected to be highly two dimensional (2D).
However, the CoO, layer is different in structure from the CuO, layer of HTSCs:
the former is a 2D triangular lattice, and the latter is a 2D square lattice. Early
investigation by Tanaka, Nakamura, and lida [8] has shown that polycrystalline
NaCo,0, is a good metal down to 12 K, although it shows Curie-Weiss-like
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susceptibility instead of the Pauli paramagnetism. According to their results,
NaCo,0, can be regarded as a doped 2D triangular spin lattice, which is worth
comparing with the CuO, layer HTSCs.

Superconductor Naj35C00,-1.3H,0O has attracted considerable attention as
being the first layered superconductor to replace copper with cobalt and as evidence
that important electronic correlations exist [9]. Its superconducting transition tem-
perature of maximum T, <5 K exhibits composition dependence, with T,
decreasing for both under-doped and over-doped materials, as observed in the
cuprates. Despite the major differences in their geometry and bond filling, there is
the intriguing similarity that the cobalt superconductor has low spin Co** with
S = %, just as cuprate superconductors have Cu®* with S = 1/2.

However, the transport and magnetic properties of Na,CoQ, are strongly depen-
dent on the Na content. It has been found that as x increases from 0.3, the ground state
of these compounds goes from a paramagnetic metal through a charge ordered
insulator (at x = 0.5) to a ‘Curie-Weiss metal’ (around x = 0.70), and finally to a
weak-moment magnetically ordered state (x > 0.75) [10]. Muon spin rotation (LSR)
and nuclear magnetic resonance (NMR) measurements have identified the stoichio-
metric three-layer Na;CoO, phase to be a non-magnetic insulator [11, 12]. Thus the
phase diagram of Na,CoO, is different from that of cuprates. The superconducting
‘dome’ of Na,CoO, is closer to Co™** (S = 0) rather than Co** (S =1/2)[13-15], and
Na,CoO, even shows magnetic ordering at x = 0.75, except for a special one at
x = 0.5 [10, 16]. These interesting behaviours clearly indicate that the origin and
functionality of strong correlations in these two materials are very different.

Whatever the relationship between these two types of superconductor may be,
the cobalt superconductor at least could provide insight into the relationship
between dimensionality and superconductivity. This suggests that a detailed char-
acterization of the electronic and magnetic behavior of this new family of materials
and their interplay with structural peculiarities may contribute to a more funda-
mental understanding of the high T, superconductivity in cuprates and even lead to
thermoelectronic applications.

This chapter deals with all the phases of sodium cobaltate. With sodium content
x increasing to 1.0, there are four thermodynamically stable phases in the Na,CoO,
system that have been previously reported [17]. In all the phases, sheets of
edge-sharing CoOg¢ octahedra are interleaved by sodium ions along the c-axis
direction, delineated as (i) 0-Na,CoO, (0.9 < x < 1) having the O3 structure (with
O referring to the octahedral coordination of the Na ions and 3 the number of layers
in a repeat), (ii) 6-Naj 75C00O, having the 03 structure (i.e. monoclinic distortion of
03 phase), (iii) p-Na,CoO, (0.55 < x < 0.6) having the P3 structure (with P
referring to the trigonal prismatic coordination of the Na ions and 3 the number of
layers in a repeat), and (iv) y-Na,CoO, (0.55 < x < 0.74) having a P2 phase. For
these phases, chemical or electrochemical methods can be used to adjust the sodium
composition within these structures. Thus, lower Na content phases have been
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obtained by de-intercalation of their higher x counterparts [18]. In addition, inter-
calation can be used to increase the sodium content of the higher Na phases to even
higher phases. For example, y phase from x = 0.7 up to x = 1.0 [18].

4.2 Two-Layer Na,CoO,

In March 2003, Takada et al. announced the discovery of superconductivity in a
compound in this family with two-dimensional CoO, layers [9]. They reported that
by using a chemical oxidation process (as shown in Fig. 4.1) from Nay;Co0O,, a
superconductor, Naj3Co0, 1.3H,O with a T, of about 5 K, was obtained. This
discovery has generated enormous interest in the research community. Earlier
interest was focused on the understanding of the surprisingly high thermoelectric
power of the metallic conductor Nay,CoO, [19, 20].

Oxidation
© Process

O Co
@© Nai,2 2 b

Fig. 4.1 Structural views of Naj;CoO, (left) and Na,CoO, yH,O (right), where Na and H,O sites
are partially occupied. Nag;,CoO, was prepared by solid-state reaction under oxygen gas flow.
A fivefold excess of Br, with respect to the Na content was dissolved in acetonitrile (CH3CN).
A well pulverized powder of Naj;CoO, was immersed in the Brp,/CH;CN solution for 5 days to
de-intercalate Na ions; then the product was filtered, washed with CH3CN and distilled water, and
finally dried in ambient atmosphere [9]
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Two-layer y-Na,CoO, has a hexagonal structure with the space group symmetry
of P63/mmc and lattice parameters a = b = 2.840 A and c = 10.811 A [7]. The
in-plane direction of the CoOg¢ octahedron in CoO, alternates with the nearest CoO,
layers, as shown on the left of Fig. 4.1.

4.2.1 Single Crystal Growth

It is of particular interest that the Na,CoO, compounds can be transformed into a
superconductor with water molecules intercalated between the CoO, layers [9, 20,
21], as the observation of superconductivity in a transition metal oxide is a rare and
exceptional phenomenon. To obtain superconductivity in the compound, a con-
trolled doping level or a particular ratio of Co**/Co** has to be achieved, and the
intercalated water should also be considered as an important parameter. Although
neutron and X-ray powder diffraction (XRD) were used to determine the crystal
structure and the arrangement of water molecules in the sodium layer [22-24], it is
rather difficult to fix the local coordination of the water molecules. Furthermore, the
intercalated water in the crystal is extremely unstable; hence, the accurate charac-
terization of the compound becomes another problem to be solved [25-28]. Several
models have been proposed [23, 24] to interpret the structure of the compound.
There are several plausible scenarios of unconventional, non-phonon supercon-
ductivity in Nag3Co0O, yH,0, and it is expected that the water coordination also
affects the electronic properties of the CoO, planes. Therefore, the availability of
single crystals is important, since they allow an accurate characterization of the
compound with respect to its physical, chemical, electrical, and thermal properties.

When growing Na,CoO, single crystals, considerable difficulties appear on
account of the high Na,O vapor pressure, which increases exponentially from 107>
to 10~ Torr with heating to temperatures between 500 and 800 °C, followed by a
noticeable evaporation. Therefore ceramic powders were synthesized using addi-
tional Na,CoOj3 to compensate for the Na loss during heating [26, 27], or a “rapid
heat-up” technique was used [29, 30] to avoid the formation of a non-stoichiometric
compound. Solution growth using NaCl flux [31] was performed, but unfortunately,
that led only to thin crystals (<0.03 mm) or to non-stoichiometric and possibly
contaminated samples.

4.2.1.1 Single Crystal Growth by the Flux Method

Large single crystals are required for measuring the thermoelectric properties and
other anisotropic properties of these sorts of compounds. However, it is difficult to
grow large Na,CoO, crystals. In 1997, Terasaki et al. first grew NaCo,0, single
crystals by the flux method, with the largest size 1.5 X 1.5 X 0.01 mm>. Since
then, the flux method has been widely used in the single crystal growth of Na,CoO,
[31-39].
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Fujita et al. [31, 33] studied the flux growth of two-layer y-Na,CoO, and its
high-temperature thermoelectric properties. Single crystals were grown from the
molten materials using NaCl as the flux. The starting materials were well mixed in the
ratio of Na,CO5:C0304:NaCl = 1:1:7. The mixture was heated in an Al,O5 crucible
at 1223 K for 12 h in air and slowly cooled down to 1123 K at the rate of —0.5 K/h.
This was followed by washing away of the NaCl flux with pure water. The largest
size of the flaky resultant samples was about 5 X 3 X 0.05 mm?; the typical size was
1.5 X 1.5 x 0.03 mm’. These single crystals with metallic luster are thin in the
c-axis direction and can be cleaved along the ab plane. Single crystals grown by the
same procedure were used in many studies [36-38]. The in-plane resistivity and
thermal conductivity of single crystal Naj;CoO, were measured down to 40 mK.
A Fermi-liquid state at low temperature is characterized by the largest
Kadowaki-Woods ratio ever observed. Comparison with other materials suggests
that the giant electron-electron scattering is due to magnetic frustration or to the
proximity of a nearby magnetic quantum critical point [37]. Wang et al. [36]
investigated the electronic structure and charge for Naj;CoO, single crystals by
means of an optical spectroscopy probe. The in-plane optical conductivity spectra
show two broad interband transition peaks at 1.6 and 3.1 eV, and a weak
mid-infrared peak at 0.4 eV. The origin of the interband transitions and the
low-frequency charge dynamics is also discussed [36].

Single y-Nag;Co0, crystals can be grown from a higher flux ratio (Na:Co:
NaCl = 1:1:10) mixture by the same procedure [40]. The resultant hexagonal thin
platelets with a typical size of 3 X 3 X 0.1 mm" seem have better morphology than
the crystals grown from the lower flux ration (as shown on the right of Fig. 2.5).
When B,O; was used as the flux with Na,CO3:B,03 = 8:1 [35], y-Naj¢CoO,
single crystals were grown with a typical size of 3 X 3 X 0.1 mm”>. (The Na content
is inaccurate; however, as otherwise the compound would be B-phase.)

4.2.1.2 Single Crystal Growth by Optical Floating Zone Method

Using NaCl (or B,03) flux can grow millimeter sized Na,CoO,, but that unfortu-
nately led only to thin crystals, when the flux washed in water will lead to
non-stoichiometric and possibly contaminated samples. This kind of crystal can’t be
used for superconducting phase studies, for the compound can be partially
decomposed during the intercalation process, resulting in highly defective crystals
containing Na-poor phases.

Large and high quality single crystals of two-layer Na,CoO, can be grown by
the floating zone method in an image furnace [25, 31, 32, 41-43]. Starting feed and
seed materials were prepared from Na,Coz and Co3;04 of 99.9 % purity, with the
nominal composition of Na,CoO,, where x = 0.50, 0.60, 0.70, 0.75, 0.80, 0.85, and
0.90, respectively. Well-mixed powders were loaded into alumina crucibles, heated
to 750 °C, and kept at that temperature for one day. The heated powders were
reground and calcined at 850 °C for another day. They were then shaped into
cylindrical bars about 6 mm in diameter and 100 mm long by pressing at an
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Table 4.1 Possible co-existent phases in the Na,CoO, single crystals and their crystallographic
data

Sample Feed rod Comments Crystal Lattice Lattice

no. composition (phases, formula parameters a | parameters
impurities) A) b A)

A Nay 50C0o0, Na-poor phase, Nag.55Co0, - -
CO304

B Nag 60C0o0, Na-poor-, Nag.60Co0,» 2.819(3) 11.111(8)
phase, Co30,

C Nag 5C00, -, B-phase, Nag 65C00, 2.828(5) 10.921(2)
C0304

D Nag 70Co0O, a-, B-phase, Nagy75C00, 2.842(5) 10.814(7)
C0304

E Nag 75C00, a-, y-phase, Nag7,Co0, | 2.843(6) 10.808(5)
C0304

F Nag goCoO, a-,G-phase, Nag g7Co0, 2.841(4) 10.839(5)
CO304

G Nag g,Co0, y-phase, Co304 Nagy73C00, 2.843(0) 10.817(0)

H Nag.990Co0O, a-,G-phase, Nay g,Co0, 2.841(9) 10.820(7)
C0304

é-phase: x = 0.75; B-phase: 0.60 = x > 0.55; y-phase: 0.74 = x > 0.55; (0.75 < x < 0.90): o + &
phases; (0.60 < x < 0.75): d-phase + NajCoO, [45]

isostatic pressure of ~70 Mpa and then sintering at 850 °C for 1 day in flowing
oxygen to form the feed rods.

Each sintered feed rod was pre-melted with a mirror scanning velocity of
27 mm/h, while traveling the upper and lower shafts to densify the feed rod. After
pre-melting, the ~20 mm long rod was cut and used as the first seed, and thereafter
the grown crystal was used as the seed. The feed rod and the growing crystal were
rotated at 15-30 rpm in opposite directions. In an attempt to reduce the
volatilization of Na and obtain large and stoichiometric crystals, traveling rates of
1-2 mm/h under pure oxygen flow of 200 ml/min were applied throughout the
growing procedure. The initial growth compositions together with the analyzed
crystal data are given in Table 4.1.

To obtain superconductivity, the Na was partly extracted by placing crystals in a
6.6 mol Br,/CH;CN solution for 100 h and then washing them out with H,O or
D,0 solution [9]. Alternatively, the electrochemical technique was also applied,
using an aqueous solution of NaOH as an electrolyte to partially extract the Na [44].
This technique needs a longer time for de-intercalation, and the resulting super-
conducting transitions are generally sharper.

4.2.2 Melting Behavior of Two-Layer Na,CoO,

The melting behavior of two-layer Na,CoO, crystal was investigated by differential
thermal analysis and thermogravimetric (DTA-TG) measurements and with a high
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Fig. 4.2 DTA-TG analysis by melting single crystalline Najy,CoO,, with heating at 7.5 °C/min
up to 1200-1250 °C in flowing oxygen. T = 1035 °C, T, = 1092 °C. a The melting behavior of
the compound, and b the temperature dependence of the weight loss [25]

temperature optical microscope. A small single crystal of Nagy ;CoO, was placed in a
Pt crucible and then heated in the DTA-TG apparatus at 7.5 °C/min up to 1200-
1250 °C in flowing oxygen. Two peaks with onset T, = 1035 °C and T, = 1092 °C
on the DTA curve correlate very well with the weight loss observed by TG, as shown
in Fig. 4.2a, b, respectively. No weight changes were observed below 980 °C.

A high temperature optical microscope study of the crystal reveals that the liquid
phase appears at T; = 1035 °C, but the solid phase (crystal) still remains up to
T, = 1092 °C, so that there is a coexistence of solid and liquid phases. The
investigations indicate that thermal decomposition of Na, 7CoO, is accompanied by
a weight loss down to 96.2 wt% and the compound decomposes into a sodium-rich
liquid and a cobalt-rich solid phase [45, 46], assuming that the chemical reaction of
the melt proceeds as follows:

Na,CoO; — CoO + liquid (Na-rich) + xO, — (T > 1100 °C) — [Na,CoO ¢s]*
* = homogeneous melt.

The dissolution of CoO occurs in the Na-rich melt by taking up oxygen from the
environment. Thus, it results in an increase of weight, because the oxidation state of
cobalt is significantly higher in the melt, i.e., Co™’, according to the chemical
reaction equation shown above. A sharp weight loss down to 95.5 wt% occurs at
T, = 1092 °C, and the melt starts to become homogeneous and stable. A nearly
constant weight of 95.5-94.9 wt% is obtained in the temperature range of 1120-
1200 °C, where the melt becomes homogeneous. A monotonic weight loss in the
melt may occur under constant heating. Evidently, the melting behavior described
so far indicates that the compound melts incongruently.

4.2.2.1 Crystal Growth, Morphology, and Composition

When sintering Na,CoO, at high temperatures, the decomposition of Na,O can
cause weight loss and lead to an inhomogeneous compound. During growth, a
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Fig. 4.3 Typical Nag g,CoO,
(upper) and Nag 75C00,
(lower) single crystal ingots
obtained by the optical
floating zone technique

white powder consisting of Na,O is observed to volatilize and be deposited on the
inner wall of the quartz tube. From weighing, a total weight loss of ~6 wt% is
estimated. This value is in agreement with the data shown in Fig. 4.2b, neglecting
the tiny loss of oxygen caused by the change in the cobalt valence state. The main
loss of Na,O is found during the pre-melting procedure and is estimated to
be ~5 wt%. This is probably caused by incompletely reacted Na,O when the
mixtures are calcined and sintered prior to pre-melting. An additional ~1 wt% loss
is estimated after the crystal growth.

Large single crystals of Na,CoO, were obtained with variable Na content, using
a growth rate of 2 mm/h in flowing oxygen atmosphere. During growth, it has been
observed that the molten zone was stable and that it was easy to form the d-phase of
Na,CoO, with sodium content x = 0.75, while it was hard to grow the B-phase with
x = 0.55 and 0.60, and y-phase with x = 0.65 and 0.70. Energy dispersive X-ray
analysis (EDX) results indicated that as-grown Na,CoO, with the lower sodium
content of x = 0.65 consists of multi-phases such as Na,O, Co30,4, and Na-poor
phases. Co-existent phases and inhomogeneous composition are always observed in
the compounds with initial x = 0.70, 0.80, and 0.82, as listed in Table 4.1.

Figure 4.3 shows typical as-grown crystal ingots of Najg,CoO, and
Nag 75C00,. The XRD 001 diffraction patterns indicate nearly pure phases of both
v- and 4-Na,CoO, crystals, as shown in Fig. 4.4.

Both crystals were identified to have a hexagonal structure with two sheets
(prismatic, P2) of edge-shared CoOg octahedra in a unit cell for the y- and &-phase,
respectively. The lattice parameters and cell volumes were determined by least
squares refinement of the XRD data and correspond to the space group P6;/mmc
(P2), respectively. The crystallographic data are given in Table 4.1.

Figure 4.5a displays one-half of an ingot showing crystal platelets with the 001
face of several cm? areas cleaved from the ingot with a sharp scalpel. Figure 4.5b
shows the other half after water intercalation. Crystal grains were found to grow
preferentially along the a crystallographic axis, parallel to the rod axis.

A convex growth interface is observed to be the boundary between the regions
of smaller and larger diameter of the crystal ingot, as shown in Fig. 4.5. The smaller
diameter part was formed when the molten zone was at lower temperatures, and the
larger diameter one was formed at higher temperatures. Therefore, the unequal
diameter for an ingot indicates that temperature fluctuations occurred at the molten
zone during growth. According to the temperature-composition relationship, a
fluctuation in the heating temperature may result in a composition change of the
molten zone, leading to an inhomogeneous compound. Figure 4.5a, ¢ show that
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Fig. 44 001 XRD patterns showing pure y-phase NaggCoO, (upper panel) and y-phase
Nag75C00, (lower panel). The split peaks are CuKa; and CuKa, for the higher and lower
intensity, respectively

many tiny crystal grains of CoO, gather at the boundary of the growth front. These
grains can be removed by the de-intercalation treatment, as shown in Fig. 4.5b. It is
important to maintain a stable molten zone by applying a constant heating tem-
perature to grow a high quality single crystal.

Fig. 4.5 Two halves of an

as-grown crystal ingot with a (@)

cleaved 001 surface: (001

a As-cleaved half ingot of : :

Nay 7C00,, showing CoO, _ G‘:} A :_'
inclusions gathered at the B iy

sQ“_\ Convex interface %

growth boundary b The other
half of the ingot transformed
to Najy 3C00, yH,0, showing
the removal of the CoO,
inclusions after
de-intercalation followed by
hydration. ¢ The enlarged
Co0, inclusions [25]
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Fig. 4.6 Typical terraced pits on the (110) face of as-grown Naj;CoO, single crystal

In order to understand the detailed structures of these materials, atomic force
microscopy (AFM) and transmission electron microscopy (TEM) were used.
Figure 4.6 shows an AFM image taken from the freshly cleaved (110) face of
Naj7Co0O, single crystal. It can be seen that there are some triangular pits at
specific sites, which may be attributed to the defects in the as-grown crystal.

High-resolution TEM (HRTEM) images taken from the ingot in Fig. 4.5a are
shown in Fig. 4.7. The identical d-spacing of 1.09 nm is consistent with the d-value
of (001), indicating single-crystal characteristics, with a cleavage surface along
[001].

The composition distribution along the ingot of Nagy;5Co0, was determined
using EDX. The crystal was scanned through a 3 mm segment along the growth
direction in order to determine the Na/Co compositions. The average value of the

Fig. 4.7 a HRTEM image

showing the layered structure
of a Nag7CoO, single crystal;
b HRTEM image of an edge
dislocation in the same crystal

Edge dislocation &
==
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Na composition was calculated from four measured points in the central and edge
regions of the crystal. It was found that the Na content varied with the temperature
fluctuations during the growth. At the beginning of the growth the temperature
fluctuations were high and caused a high variation of the composition, Ax ~ 0.11,
determined within 2 cm from the seeding part of the ingot. Further away from the
seeding part, the variation of Na content is smaller, Ax ~ 0.06, when the molten
zone is maintained in a stable state by a constant temperature. A volatilized white
Na,O powder accumulates on the inner wall of the quartz tube after the growth is
completed. The loss of Na may result in a reduction of its concentration in the
as-grown crystal. White Na,O powders also form on the surfaces of crystals if the
samples are stored under ambient conditions. Therefore, the freshly grown crystals
must be stored in an evacuated container or a desiccator to avoid decomposition.

4.2.3 Sodium Extraction and Hydration

By chemically extracting additional sodium from the structure of Na,CoO, and
following this by hydration, one can obtained the superconducting phase of the
compound with the composition Na,CoO, yH,O (0.26 <x <042, y = 1.3).
Crystals of Na,CoO, with x = 0.3 resulted from a treatment in 6.6 mol Br,/
CH;CN, and the details of the oxidation process are described in [25]. Na extraction
from the crystals was also can be carried out by the electrochemical method. The
composition Nag 3C00, could be achieved in an aqueous solution of NaOH using a
constant current of 0.5 mA and a voltage of 1.0 V for over 10 days. Compared to
the published 1-5 days extraction time for Naj;CoO, powders [9, 21], a longer
time is needed for single crystal samples to complete the extraction, it also
depending on the dimensions of the sample. This can be attributed to the fact that
the Na extraction process takes place along the 100 direction, and the chemical
bonding period of Na—O—Na in the NaO layer for single crystal is an order of
magnitude greater and more perfect than that of nanoscale powders, which are
randomly distributed.

Before and after the extraction treatment, the sodium composition distribution
across the crystals was determined by EDX. Figure 4.8 shows a plot of the sodium
distribution in the central area along the crystal growth direction. This analysis
indicates that the change in the sodium content of the resulting crystals after
de-intercalation was Ax %~ 0.3. The sodium intercalant layer expanded with
decreasing Na content, because the Na removal results in Co oxidation (where Co**
jons are oxidized to the smaller Co** ions), and thus the CoO, layers are expected
to shrink [27]. This suggests that a decreased bonding interaction between the
layers with decreasing Na content may result in a readily cleaved plane.

The Na-extracted samples are then hydrated by immersing them in de-ionized
water at room temperature to obtain the superconducting phase. After hydration a
large increase in thickness is visible to the naked eye, and the morphology exhibits
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Fig. 4.8 Sodium distributions along the growth direction for the as-grown Naj;5C00, single
crystal before and after Na-extraction [47]

layered cracks perpendicular to the c-axis. The typical crystal morphologies are
shown in Fig. 4.9a, c and b, d show morphologies formed by Na-extraction and
H,O-intercalation, respectively.

4.2.4 Hydration Dynamics

The high sensitivity of the X-ray diffraction procedure allows us to observe the
phase formation as well as its dissolution during the hydration and dehydration of
Naj3C00,. Figure 4.10 shows the 002 reflections obtained from a crystal with
hydration time from O min up to 10 days. It is not surprising to observe the
coexistence of the two phases with y =0 and 0.6 (Fig. 4.10, 0 min) prior to
hydration, since the non-hydrated sample of Nay3CoO, was stored in air and
readily absorbs water to form a partial hydrate under ambient conditions
(Fig. 4.11c). After heating the sample at 150 °C for 15 min, the y = 0.6 phase
could be removed. As hydration proceeded, the y = 0.6 phase reformed and van-
ished after 10 days, when the fully hydrated phase of y = 1.3 was formed.
Assuming that the initial diffusion paths of the water molecules ran along the
Na-plane to fill the partially occupied sites, this process would not stop until water
saturation occurred in these planes. According to the 002 reflection patterns, the
expansion of the c-axis per intercalant layer is about 1.3 A, averaged between the
non-hydrated Nay3Co0, (11.2 A) and the partially hydrated Nay3Co0, 0.6H,0O
(13.8 A). This value is smaller than the diameter of an oxygen ion (~2.8 A),
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Fig. 4.9 Typical crystal morphologies showing the layered structure of Na,CoO, single crystals.
Intercalant layers appeared after de-intercalation using a Br,/CH;CN solution (2 days) and b H,O
to wash out Na ions. ¢ “Booklet”-like crystals obtained by the electrochemistry method using
NaOH solution (7 days); d the same electrochemistry method crystals after a further washing with
D,O

o i o
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Fig. 4.10 The 002 reflections show the hydration dynamics of the water molecule intercalation in
Nag 3C00,. The process indicates that two water molecules (y = 0.6, n = 2) are inserted into a
formula unit initially and that this is followed by a group of four to form a fully hydrated phase
(y = 1.3, n = 4) [40]
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Fig. 4.11 XRD patterns and lattice constants for Nag3;Co0O, yH,O under changing ambient
conditions: a From humid to dry air for 2 days after full hydration. b From humid to dry air for
5 days after full hydration. ¢ From dry to humid air for 5 days before hydration [25]

suggesting that in this partial hydrate, the Na ions and the H,O molecules are
accommodated in the same plane.

As shown by the hydration process in Fig. 4.10, the y = 1.3 phase is formed
predominantly and becomes the sole phase within 10 days, with nearly complete
elimination of both the y = 0 and y = 0.6 phases. These results suggest that the
sample is fully hydrated with four water molecules, forming clusters of Na(H,0), in
the structure. Thus, the optimal superconducting phase of Nag3CoO, yH,O
(y = 1.3, n = 4) is achieved with T, ~ 4.9 K [25]. No evidence of the formation of
the phases with y = 0.3 (n = 1), 0.9 (n = 3), or 1.8 (n = 6) is observed during the
10-day hydration process. This clearly demonstrates that the initial intercalation
process takes place with two water molecules, followed by a group of four to form
two additional layers between the Na and the CoO,. Increasing the hydration time
further, beyond 15 days, may lead to an additional phase of y = 1.8 [47].

With increasing intercalation time, the y = 1.3 phase starts to form after a
hydration time of 15 min. The diffraction data in Fig. 4.12 show that the 002
intensity of this phase tends to be stronger, indicating that more water molecules are
accommodated in the lattice, resulting in an increase in the phase volume, while the
opposite is true for the non-hydrated y = O phase. The fully hydrated sample will
lose water after being moved to ambient conditions, and mixture phases are formed
withy =0, 0.3 (n=1), 0.6 (n =2), or 1.3 (n = 4) (see Fig. 4.11a, b).
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4.2.5 Deintercalation Process

After a specimen of Naj3Co0, was treated by an over-hydrating time of 15 days,
the dehydration process was then carried out by heating the sample and monitored
by the thermogravimetric measurement. The result in Fig. 4.13a is the thermo-
gravimetric curve obtained by the sample heated at 0.3 °C/min in flowing oxygen
environment. There are five plateaus observed in the change of weight via heating
sample. Analysis of XRD data suggests that each plateau corresponds to certain
dehydrate phases with different water contents, i.e., y values. The y values are
calculated from the weight loss. Turning points between every two plateaus at
elevated heating temperature are noticeable, which is similar to a phase transition.
The study of XRD revealed the existence of a majority phase corresponding to each
turning point.

The first sharp loss of weight is estimated to be about 13 mg, observed between
28 and 50 °C. This value resulted from the initial water contenty ~ 1.8, indicating
that the sample is over-hydrated with composition Nay3CoO, 1.8H,O. For an
over-hydrated sample, it is assumed that six water molecules are filled below, in and
above the Na ion site to form a cluster of Na(H,O)g. The over-hydrated structure
model is presented with y = 1.8; n = 6 in Fig. 4.14. It was reported by Jin et al.
[22] that for y = 1.3 and 1.8 phases, the lattice parameters are very close, and hence
they are difficult to be identified by X-ray diffraction. The XRD data in Fig. 4.10
show the reflections of 0 02, 0 04 and 0 0 8 at 20 = 8.051; 16.081 and 31.991,
which result from the phase y = 1.8 with the lattice constant ¢ = 22.38 (A) This
process deintercalated water fromy = 1.8 (n = 6) toy = 0:9 (n = 3), corresponding
to a loss of about three water molecules from each sodium site. It is noted that the
y = 1.3 phase is not observable by a turning point in Fig. 4.13. The indication of
this rapid loss of water confirms that both phases of over-hydrate (y = 1.8; n = 6)
and optimum hydrate (y = 1.3; n=4) are extremely unstable around room
temperature.
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Fig. 4.13 Thermogravimetric analysis of a over-hydrated (15 days) Nag;CoO, 1.8H,O
(112.9650 mg) sample, showing the temperature dependence of the weight loss for the compound
heated at 0.3 °C/min in flowing oxygen. b The result is reproduced from another sample of partial
hydrate Nag 3C00,-0.9H,0 (107.7800 mg) [47]
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Fig. 4.14 Schematic representation of the structures of the possible ordered phases with y = 0,
0.3, 0.6, 0.9, and 1.3, respectively [47]

The following deintercalation processes take place by stages identified as phase
transitions from one to another majority phase. At elevated temperatures of
approximately 50, 100, 200 and 300 °C, the loss of water is estimated to be one
molecule per formula unit, corresponding to y = 0.9 (n =3), y =0.6 (n = 2), 0.3
(n = 1)and <0.1 (n = O; only trace water), respectively. Their corresponding phase
transitions are: Nag3Co00,°0.9H,O (50 °C) — Naj;C00,°0.6H,O (100 °C) —
Nag 3C00,°0.3H,0 (200 °C) — Nag3CoO, (> 300 °C). Entire removal of water
from the crystal occurs at about 600 °C. These results are in excellent agreement
with a further deintercalation study starting from the partially hydrated phase
Na(3C00,°0.9H,0. The corresponding data are shown in Fig. 4.13b. There is an
important feature in Fig. 4.13a, b given by the stepwise decrease of plateau slopes
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with elevated temperature or progressive deintercalation. This reduction of the slope
marks a generally higher stability of the compound with lower content of water.

4.3 Three-Layer Na,CoO,

Compared with the widely studied aforementioned phases of Na,CoO,, there has
only been little research focus on three-layer sodium cobaltates. The research has
been hampered by difficulties in single crystal growth, as well as by phase sepa-
ration effects for high Na content samples [3]. Some physical properties are even
decided by the sample preparation process. For instance, no superconductivity has
been found in sodium cobalt oxyhydrates obtained from a parent polycrystalline
sample of -Nag¢CoO, [48], but sodium cobalt oxyhydrates obtained from both
single crystal and powder samples of B-Naj¢CoO, have shown superconductivity
with a T, of about 4-5 K [22, 49].

4.3.1 Crystal Structure

In three-layer structured Na,CoO,, crystallographic studies have been reported for
x = 1 (single crystals [50], polycrystalline powder [51]), x = 0.92 (polycrystalline
powder) [52], and x = 0.60 [48], 0.61 [23], and 0.67 [53] (polycrystalline powder).
At x =1 and 0.92, the reported three-layer structure is trigonal (R-3 m with
a=2.889 A and c = 15.60 A), and at x = 0.6, the reported structure is also trigonal
(R-3 m with a = 2.8256(4) A and ¢ = 16.466(2) A), while at x = 0.61, the crystal
structure is two-layer hexagonal (P6s;/mmc, with a = 2.83287(2) A, ¢ = 10.8969
(1) A). However, at x = 0.67, the crystal structure is single-layer monoclinic
(C2/m, with a=490234)A, b=282802)A, «¢=571986)A, and
B = 105.964°). The three-layer structure is shown in Fig. 4.15, where the unit cell is
defined by three CoO, identically orientated planes in an ACBACB [52].

4.3.2 Single Crystal Growth

The sample preparation method strongly impacts on the structure and physical
properties. Small B-Nags7,CoO, single crystals (1.5 X 1.5 X 0.01 mm3) can be
grown from a NaCl flux, where the NaCl is mixed in a molar ratio Na:Co:
NaCl = 1:1:7. The mixture is then fired at 950 °C for 12 h and then slowly cooled
down to 850 °C [26]. a-Na,CO, single crystals also can be grown from a NaCl flux
with a molar ratio Na:Co:NaCl = 1:1:4 or 1:1:5 [50, 54]. Bigger single crystals of
Na,CoO, were grown by a flux technique [35, 55] using Na,CO3; and Co5;04
powders as the starting materials. A mixture of NaCl, Na,COs, and B,03 was used
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Fig. 4.15 The crystal
structure of Naj ¢,CoO,

(R-3 m). Smaller and larger
black spheres represent Co
and sodium ions, respectively,
while the grey spheres are the
oxygen ions [52]

as the flux. The typical dimensions of the obtained Najy¢CoO, crystal were
3 X 3 X 0.1 mm?>, while those of Nay (CoO, were 6 X 6 X 0.1 mm”. Investigation
[56] on an as-grown Nay 9CoO, crystal indicated a transition from a paramagnetic
to an incommensurate spin-density wave state (IC-SDW) at 19 K and suggested
that the oscillating moments of the IC-SDW are directed along the c axis. The
Na¢CoO, crystal is paramagnetic down to 1.8 K, and the magnitude of the
electronic specific-heat parameter indicates that Na,CoQO, is unlikely to be a typical
strongly correlated electron system.

The growth of large B-Na,CO, single crystals still remains a big challenge for
the researcher, even using the FZ method, and only poor quality ingots, including
mixtures of Na-poor phase, B-Nay,CO,, and Co3;04 can be obtained [57]. High
quality large single crystals of a-Na,CO, can be grown by the FZ method [58]. For
the a-Na,CoO, single crystal with x ~ 1, crystallographic, magnetic, and NMR
measurements indicated that the stoichiometric Na;CoO, was a non-magnetic
insulator, as expected for homogeneous planes of Co>* ions with S = 0. Because of
a slight average Na deficiency, phase separation led to a segregation of Na
vacancies into the well-defined, magnetic, Nay gCoO, phase [12]. With x < 0.97,
no detectable phase segregation was found [58, 59].
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Single crystals of Na,CoO, with nominal Na content from 0.50 to 1.00 have also
been grown successfully using the TSFZ method [25, 57, 58, 60]. In this section,
we present a detailed study on the crystal growth of large and high quality
three-layer Na,CoO, (x = 0.91, 0.92 and 0.93) single crystals by the floating zone
method.

When preparing the polycrystalline Na,CoO, by the solid state method, sintering
the feed rods, pre-melting the feed rods, and growing the crystals at high temper-
atures, the sodium loss caused by high Na,O vapor pressure has to be considered.
Therefore, ceramic powders were synthesized using additional Na,O, for com-
pensation. Sintered powders were observed by X-ray powder diffraction (XRD) to
consist of a main phase of a-NaCoO, mixed with a small amount of Co3;04
impurity, due to the slow reaction in the core of the rod compared to the outside
area; this is what normally happens in this series of compounds. Crystals grown
using the impure feed rod did not contain any impurities, since Na has a large
solubility range in the a-phase in this system, and the Na loss is corrected by
homogeneous mixing in the following molten process.

Crystals grown under different conditions follow the aforementioned procedures.
The quality of the pre-melted feed rods is one of the critical conditions of the TSFZ
technique, because during the crystal growth the molten zone is sustained by the
feed rod through surface tension. A straight, long, and equal-diameter feed rod is
required to stabilize the molten zone over a long growth period. It was found that it
was very difficult to stabilize the molten zone during the atmospheric flow, due to
the evaporation of Na, which can be observed as white Na,O deposited on the inner
wall of the quartz tube, with the molten zone collapse being the result of the
composition change. Application of low-pressure oxygen (2 atm) during growth
was found to greatly reduce the Na evaporation. Under these conditions, zone travel
rates of 1.0, 2.0, 3.0 and 5.0 mm/h were employed. It was found that the zone travel
rates in this range have no detectable influence on the crystal quality. However, it
has been observed that the slower rate stabilized the molten zone. Considering the
evaporation of Na ions during the growth, much slower rates were not applied.

Figure 4.16 (right) presents a typical a-Na,CoO, boule, which was grown at the
moderate rate of 2 mm/h under an oxygen pressure of 2 atm in an attempt to reduce
the volatilization of Na and obtain large crystals. The boule was black with a
metallic luster and was 5 mm in diameter and 37 mm in length. The arrow indicates
the crystal growth direction. Due to the layer growth mechanism, the crystal grains
were found to grow preferentially along the crystallographic ab-plane, parallel to
the rod axis. It was found that the cleaved surface of the as-grown crystal was shiny,
but unstable under atmospheric conditions, in contrast to y-phase Na,CoO, crystal.
The cleaved surface became dull just 20 min after cleavage due to its reaction with
moisture and CO, in the air. The crystal samples must be quickly removed after
processing and stored in a clean and dry container to prevent the absorption of
moisture.

The crystal wafers were cut from the last grown part and polished to a mirror
face. Under a polarized light microscope, only a few separate grains were found in
the peripheral area. No inclusions, cracks, or grain boundaries were observed in the
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Fig. 4.16 As-grown single crystal of a-NaCoO, (right) and the cleaved crystal from the last
grown part of the ingot (left) [58]

inner area of about 4 mm diameter. Figure 4.16 (left) displays a 5 X 2 X 1 mm’

crystal. This crystal was mechanically cleaved from the central region of the last
grown part of the ingot using a sharp steel pin.

There can be a concentration gradient of Na either along or across the crystal
growth direction. In order to minimize this possibility, the crystal wafers were cut
from the last grown part, in the range of 2 to 3 mm from the end. Three pieces of
crystal were cut from the same crystal wafer, and all three pieces were analyzed by
ICP-AES. It was found that the Na concentrations of the three pieces of crystal are
very close. The average values of Na determined from the three pieces of crystal are
x = 0.91, 0.92, and 0.93 for the starting compositions of Na; ooC0O,, Na; osCoO,,
and Na; ;0Co0O,, respectively. Single crystal XRD measurements were made on
both as-grown crystals. Plate-like crystals were cleaved along the growth direction.
Typical XRD patterns are shown in Fig. 4.17. All the peaks were indexed to the
(001) peaks of a-NaCoO,. Using a fitting method based on the Nelson—Riley (N-R)
function, the c-axis lattice constant is estimated to be 15.597(2) A for Nag 9,C0O,,
and 15.5928 (9) A for Nag¢3C00,. The cell parameters derived from the single
crystals agrees with the reported powder samples. No traces of impurities or
inclusions were observed in these samples. The crystal quality was determined to be
high, with the full width at half maximum (FWHM) < 0.05°, as shown in the inset
of Fig. 4.17.

Superconducting sodium cobalt oxyhydrates can be derived from a-NaCoO,, the
procedures for sodium extraction and water hydration is same as the descriptions in
Sect. 4.2.4.

4.4 Sodium Cobalt Oxyhydrates Superconductor

Motivated by the discovery of superconductivity in two-dimensional CoO, layers
[9], many efforts have been made to investigate the structural details of the water
intercalated superconductor Na,CoO,-yH,O, for an understanding of the crystal
structure is fundamental to interpreting the physical and chemical properties. It has
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Fig. 4.17 X-ray diffraction patterns for a-NaCoO, single crystals cleaved along the growth
direction. All the peaks can be attributed to (001) [58]. X-ray rocking curves for the as-grown
Nag 9;C00, crystal (Mo K,-radiation)

been found that no superconductivity was found in a new series of sodium cobalt
oxyhydrates obtained from the parent compound f-NaycCoO, [48], whereas the
sodium cobalt oxyhydrates formed from a-NaCoO, show superconducting transi-
tions at 4.3-4.6 K [61, 62]. Both parent materials have three CoO, layers per unit
cell, in contrast to the first superconductor, Na,CoO,-yH,O, which was obtained
from a parent p-Na,CoO, containing only two CoO, layers per unit cell. This
indicates that the geometrical shape of the site for the Na ions and the number of
CoO, sheets play an important role in the resultant electronic and magnetic
properties.

4.4.1 Crystal Structure

The crystal structure of superconducting Na,CoO,-yH,O differs from the parent
material’s crystal structure, and the structural details differ from the model for
structure refinement. Even different data (XRD data or neutron data) for refinement
may result in differences in the structural details. In general, superconducting
Na,CoO,-yH,O derived from y-Na,CoO, and p-Na,CoO, has a hexagonal
P6s;/mmc space group structure (No. 194), while that from a-Na,CoO, has a trig-
onal R-3 m space group structure (No. 166). All superconducting phases have two
layers of H,O/D,0 between the CoO, layers. The crystallographic symmetry does
not change during the Na de-intercalation and H,O intercalation processes. The
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Table 4.2 Structure details and unit cell parameters of Na,CoO,-yH,O at room temperature

Parent phase B [123] v [9] v [124] v [13] o [61]
Space group P63/mmc P63/mmc P63/mmc P63/mmc R-3m
Data source Neutron XRD neutron XRD XRD

Co site 2a 2a 2a 2a 3b

O site 4f 4f 4f 4f 6¢

M1 site 6 h(Na) 2d(Na) 2b(Na) 4e(Na/H,0) 6¢(Na/H,0)
M2 site 2b(Na) 2b(Na) 2c¢(Na) 2d(Na)

W1 site 24 1(D,0) 12 k(H,0) 12 k(D,0O) 12 k(H,0) 18 h(H,0)
W2 site 24 1(D,0) 12 k(H,0) 12 k(D,0) 12 k(H,0) 18 h(H,0)
a(z&) 2.81693(5) 2.8230(2) 2.8232(1) 2.81693(5) 2.8231(9)
b(z&) 19.6449(6) 19.6207(14) 19.530(1) 19.6449(6) 29.506(7)

small differences in the unit cell parameters shown in Table 4.2 may come from
errors in the Na and H,O content determination.

Takada et al. systematically studied the oxidation state of cobalt in the
Na,Co0O,-yH,O superconductors [13, 15, 61, 63], and it was found that the oxi-
dation number of cobalt is about 3.46, which is significantly lower than the value
(3.64) deduced from the Na to Co stoichiometry ratio, Xx. This may be explained by
the presence of an oxygen deficiency or excess protons. They also found that the Na
content decreased during the water intercalation process, Raman spectroscopy
indicated that the ingoing species substituting for the Nal ion is the H;O" ion,
therefore, the reaction corresponding to the water intercalation should be as follows:

Na0,406C002 + (0 140 + Il) HZO — Na0,337 (H3O)0'070C002 IIH20
+0.069 Na™ +0.069 OH~

Na,CoO, also experienced reductive insertion of H3O" ions according to the
following reaction:

Na0'337 (H3O)OAO70C002 nH20 + 0.246H20 — Na0‘337 (H3O)0'234C002 HHZO + 0.041 02

Although it is not clear whether the reactions occurred sequentially or simul-
taneously, they modified the refinement structure model by the occupation of the M
sites not only by Na* ions, but also by oxonium (H30") ions.

The two typical superconductor structures are given in Fig. 4.18. The figure in
the left shows the P6;/mmc space group structure superconductors, it also revealed
that the dimensions of the water block are close to those found in free ice [24]. The
crystal structure of the a-Na,CoO, derived superconductor (R-3 m) is shown in the
right figure.
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Fig. 4.18 Structural models for the Na,CoO-1.4(D/H,0) superconductor. Left P6;/mmc structure
of the y-Na,CoO, derived superconductor [24]. The figure on the right shows the crystal structure
of the a-Na,CoO, derived superconductor (R-3 m) [61]

In contrast to the well known fact that the parent materials only show a sig-
nificant expansion along the c-axis with increasing temperature, the unit cell
parameters for the P6;/mmc superconductor show expansion in both the a- and c-
axis parameters with increasing T [13, 24].

4.4.2 Superconductivity and Phase Diagram

The superconducting properties of the fully hydrated single crystals obtained from
two-layer parent compounds were characterized by susceptibility measurements.
Zero field cooling (ZFC) measurements with 10 Oe applied field are presented in
Fig. 4.19 [25]. Superconducting transition temperatures T, = 2.8-4.9 K with
x ~ (0.28-0.42 were observed, respectively. The transition width for each sample is
different, which is very likely caused by an inhomogeneous sodium concentration
and partial hydration, which affect the superconducting state of Na,CoO,-1.3H,0.

Figure 4.20 depicts the magnetic susceptibility of the polycrystalline sample
measured under zfc and fc conditions, it shows a steep drop at 4.6 K [61]. The
magnetic susceptibility at 1.8 K, measure under zfc condition, was —3.4 X 10
emugfl, which can be converted to —1.0 X 1072 emu cm > based on the unit—cell
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Fig. 4.19 Zero field Cooling (ZFC) magnetic characterization of the Na,CoO, 1.3H,0 single
crystals showing the onset T.(x). Inset: ZFC and FC measurements showing that the optimum
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Fig. 4.20 Magnetic susceptibility as a function of for three-layer

Nay 35(H30)0.17(H20);.22C00, [61]

temperature

dimensions. This value was 13 % of theoretically predicted diamagnetism, and
large enough to conclude the presence of bulk superconductivity in this phase. The
oxidation state of Co was +3.48, comparable to those two-layer derived
superconductors.

Figure 4.21 shows a plot of T, as a function of the sodium concentration of
Na,CoO,. For samples with 0.47 > x > 0.22 there is no superconducting transition
detectable. These data agree to some extent with a recent study that shows a
constant T, for Na contents up to 0.37. However, they conflict with the super-
conducting “dome” of T, (x) demonstrated for powder samples [21]. This latter
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Fig. 4.21 Revised superconducting (Na,CoO,:1.3H,0) and non-superconducting (Na,CoO,)
phase diagrams schematically combined. Susceptibility data [25] (open circles) is compared to
earlier data (small solid squares) and theoretical estimations (thin dashed curve). The arrows in
red SC area mark a proposed charge ordering instability at x = 1/4 and x = 1/3 [21] that is not
evident in data from [25]. Green bars mark the report of charged ordered phases at x = 0.5, 0.60,
and 0.65. For x = 0.5, a metal—insulator transition (MIT) is observed. The composition x = 0.5
separates the behavior of the magnetic susceptibility into a paramagnetic metallic and a Curie—
Weiss-like regime. The antiferromagnetic (AF) phase shows an approximately
composition-independent critical temperature Ty and fades out for a composition of x < 0.75 [57]

dependence motivated the proposal that there are intrinsic critical concentrations
Xer1 & 1/4 and x.p ~ 1/3 related to charge ordering instabilities of the Co®*/Co**.
In the single crystal study the upper limit is shifted to much higher concentrations,
Xer2 X 0.45 [64]. This implies that a possible charge ordering at X.» # 1/3 is not
relevant to the suppression of T..

However, the superconducting phase now extends close to the phase line where
non-hydrated NaysCoO, shows a metal-insulator transition [65]. This is evidence
for the importance of electronic correlations at higher x in the hydrated system. It is
interesting to note that the Néel transition at Ty * 20 K is also only observed for
higher Na concentrations with x > 0.75 in non-hydrated crystals and that this
ordering temperature does not change appreciably with x. Bulk antiferromagnetic
order has been proven using muon spin rotation (MSR) and other thermodynamic
experimental techniques [66]. The exact nature of the ordering, however, still needs
to be investigated further.

Evidence for superlattice formation and electronic instabilities, either due to Na
or Co’*/Co** charge ordering, has recently been accumulating for non-hydrated
Na,CoO, with x = 0.5, but also to some extent for other stoichiometries [67, 68].
Hydration contributes to the charge redistribution due to its effect on the CoO, layer
thickness and the formation of Na(H,O), clusters that shield disorder of the



140 4 Crystal Growth and Characterization of Na,CoO, and Na,Co00O,-yH,O

partially occupied Na sites. The above-mentioned instabilities should influence the
superconducting state, as they modulate the electronic density of states and change
the nesting properties of the Fermi surface.

4.5 Conclusion

Sodium cobaltate is an attractive material for thermoelectric applications and the
parent compound of superconducting sodium cobalt oxyhydrates. The best way to
grow large single crystal growth of Na,CoO, is the optical floating zone technique.
The experiments demonstrate that nearly pure a- (x = 0.90-1.00) and - (x = 0.75)
phases of Na,CoO, large crystals could be obtained using the optical floating zone
method, while other phases with lower sodium content, x < 0.70 (B-phase with
x = 0.55, 0.60 and y-phase with x = 0.65 and 0.70, respectively), are observed
always to contain Na,O, Co3;04, and Na-poor phases. Na-extraction can be carried
out on the a- and d-crystals to obtain the other phases with lower sodium content.
Na content and the following hydration process need to be carefully controlled in
order to obtain superconducting phase. Further studies are needed to investigate a
possible interrelation of Na content, hydration, and structural details on
well-characterized samples with the highest T..
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Chapter 5
Crystal Growth and Characterization
of Iron-Based Superconductor

Dapeng Chen, Chengtian Lin, Andrey Maljuk and Fang Zhou

Abstract This chapter focuses on the various single crystal growth techniques
applied to the new class of high temperature superconductors of iron-based layered
pnictides, such as the parent compounds AFe,As, (A=Ba, Sr, Ca) (122),
hole-doped A K, Fe,As,, electron/hole-doped AFe, M,As, (M=Co, Ni, Mn, Cr),
isovalently doped AFe,As, Py, the chalcogenides A Fe, ,Se,(A=K, Rb, Cs) (122),
binary FeSe and Fe, sTe, Se, (11), AFePn (A=Li and Na; Pn=P and As) (111), Ln
(O/F)FePn (1111) and (Li,_,Fe,)OHFe,_,Se (11111). Detailed single crystal growth
methods (fluxes, Bridgman, floating zone), the associated procedures, and their
impact on crystal size, quality and physical properties are presented.

5.1 Introduction

The first new high T, superconductor that do not contain copper was found in
February 2008, LaFeAs(O;..Fy), which shows superconductivity at 26 K [1].
Reports on higher T, iron-based compound have quickly emerged [2—4], and the T,
was optimized to 55 K by replacing lanthanum with rare earth ions that had smaller
atomic radii [5]. This discovery has been regarded as one of the most important
breakthroughs in the materials science and solid state research communities [6]. It
triggered a worldwide race to find new high T, superconductors based on iron.
Almost all of the achievements gained from research on the copper-based super-
conductors have been applied to the investigation of the new materials. Figure 5.1
shows a schematic illustration of the progress in iron-based superconductors.
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Fig. 5.1 Progress in Fe-based superconductors

Early research revealed that there are several similarities between the iron-based and
copper-oxide-based superconductors, such as both of them being layered systems, both
systems start with the antiferromagnetic (AFM) order as the parent phase, and in both
systems, doping into the functioning layers will lead to the systematic evolution of
magnetism and superconductivity. In just a few years, without changing the basic
structural unit supporting the superconductivity, i.e. the edge-shared FeX, tetrahedral
layer, more than 50 compounds among the iron-based pnictides and chalcogenides were
found to be superconducting. They have been categorized into six families by the ratio
of elements in their chemical formula: the 1111 type of Ln(O/F)FePn (Ln= rare
earth elements; Pn=P and As) [1-4], the 111 type of AFePn (A=Li and Na; Pn=P and
As) [7-11], the 122 type of AFe,As, (A=Ca, Sr, Eu, and Ba) [12-18], the defect
structured Ag gFe; ¢Se, (A=K, Rb, Cs, T1, TI/K, TI/Rb) related to the 122 structure (also
called “122”) [19-24], the 11 type of FeCh (Ch=S, Se, and Te) [25-29], the 21311 type
of A,MOsFePn (A=Ca, Sr, and Ba; M=Sc, V, Cr Ti, and Al; Pn=P and As) [30-34], and
the 11111 type of Li;_Fe,)JOHFe_,Se [35, 36].

Once more and more iron-based superconductors had been studied, it was found
that they apparently belong to a different class of materials from the copper based
superconductors. They are also different from other superconductors such as MgB,,
which are well explained in the Bardeen-Cooper-Schrieffer (BCS) framework.
Despite the significant progress that has been achieved since the iron-based
superconductors were discovered, a large number of experimental results are
controversial or contradict each other due to the sample quality, and the limitations
of or differences in the preparation methods that were used. The understanding of
many important superconducting properties is still a mystery and requires further
thorough investigation through wide collaborations between researchers with
complementary expertise. Further refined experimental studies performed on high
quality single crystals will help us to develop the physical understanding of
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iron-based superconductors, especially in experimental techniques where size,
purity, and volume are essential parameters for the samples.

The researchers have so far extensively studied the 11 and 122 type supercon-
ductors, due to the impressive progress in large single crystal growth of these two
types. The single crystal growth of iron-based superconductors is more difficult than
that of copper-based superconductors, because these materials involve a trickier
chemistry. The process design needs to consider the high toxicity of arsenic and
selenium, the high volatility of arsenic, the high moisture/oxygen reactivity and low
melting points of alkali metals and alkaline-earth metals, and the oxygen sensitivity
of rare earth metals. The growth is complicated by the need to seal the reactions in
vacuum or inert atmospheres, and by the need to make sure that there is no health
risk and that harm to the environment is under control.

Although high quality and large size single crystals of 11 and 122 type can now
be grown, including the defect-structured iron chalcogenide superconductors, there
are still some unknowns and controversies awaiting further research on cleaner
crystals. In this chapter, we present detailed single crystal growth procedures and
their impact on crystal size and quality, as well as on their physical properties.
Various attempts to improve the superconducting quality will be described,
including post-annealing treatment and doping effects on the crystal structure, and
the magnetic and electric properties. Finally, we will briefly present the future
prospects for single crystal growth studies on iron-based superconductor.

5.2 122 Type AFe,As, (A=Ba, Sr)

The discovery of superconducting Ba;_ K Fe,As, was very important for both theo-
retical and practical reasons [37]. Similar to the high T, cuprates, magnesium diboride
(MgB,), and sodium cobalt oxide (Na,Co0O,), this type of iron-based superconductor
had sandwich structure characteristics, but did not contain any oxygen. The parent
compound AFe,As, shows a spin-density-wave (SDW) ground state. On introducing
charge carriers by electron or hole doping, the SDW transition is suppressed, while a
superconducting transition takes place instead, which is reminiscent of the situation for
copper-based superconductors. A superconducting dome can be established with
increasing doping level in the phase diagram, as observed for Ba; (K Fe,As, [38]. In
addition to doping in the A layer, superconductivity can also be induced by doping ions
into the FeAs conducting layer, such as in BaFe,_Co,As, [39, 40], BaFe, (Ni,As,
[41], and BaFe,(As;xPx), [42], as well as by application of pressure [43, 44]. This
behavior indicates that the iron-based superconductivity is different from that in the
copper-oxide-based high T, superconductors, which are sensitive to the perturbations
of the Cu sublattice. To study the superconductivity, the electrical and magnetic ani-
sotropic behavior, and the inelastic neutron diffraction experiments of this type
superconductor, high quality and large single crystals are desperately required. By
thoroughly studying the doping effects on accurately characterized single crystal 122
type samples, it is hoped that a universal picture of the physics will emerge.
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5.2.1 Single Crystal Growth by the Flux Method

The growth of oxygen-free iron arsenide single crystals was reported by using the
flux method, and a reasonable size was achieved [39, 41, 45-49]. Several groups
reported the growth of AFe,As, single crystals by using the Sn flux or FeAs
self-flux methods, obtaining sizes as large as 12 X 8 X 1 mm [50]. The crystals
grown from Sn flux, however, are contaminated with Sn at about 1 ~2 at.% [46]. It
has been proved that the Sn is incorporated into the Fe sites, as detected by atomic
spectroscopy, and this leads to a decrease in the SDW transition temperature [47].
Therefore, the FeAs self-flux method is preferred for the growth to prevent con-
tamination of the crystal [47-49]. The typical flux growth method for 122 type
single crystals was reviewed by Stewart [51]. In order to avoid adherence of the
residual flux to the crystal surface, which leads to contamination or damage to the
crystals that are being grown, a decanting method was developed using specially
designed apparatus [46], and centimeter-sized crystals were obtained using either
the Sn flux or FeAs self-flux methods. By using an alumina stick as a nucleation
center in the melt during growth, larger and high quality doped 122 type single
crystals with sizes up to @ 40 X 5 mm were obtained [52-55].

Figure 5.2 shows a schematic illustration of the apparatus used to grow doped 122
type single crystals by using a nucleation pole. The starting materials, high purity
(>4 N) Ba lump, K ingot, and Fe, Co, Ni or Mn, As, and Sn powders were weighed
and mixed in a ratio of [(Ba/Sr);K,Fe,As;]: Sn = 1:45-50, or in the ratio of
Bal,XK3XFC4AS4 or BaFe5_3,5xM3v5xAs5 (MZCO, Nl, and Mn) Usually, 90 g of the
mixture for Sn flux or 15 g for self-flux were used for the growth. The mixtures were
loaded into a ZrO, crucible, and an Al,O5 stick of @ 0.1 cm X 7 cm was then inserted
into the crucible and positioned well above the mixture to serve as a nucleation center
during growth. The whole preparation procedure was performed in a glove box filled
with argon atmosphere. The loaded crucible was then sealed in a quartz ampoule
containing 250 mbar argon atmosphere. The ampoule was heated up to 1080 °C for

Fig. 5.2 Schematic drawing Decanting wire
of the apparatus used to grow
doped single crystals of
AFezASZ (A:Ba, Sr) [56]
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Lid
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Quartz wool
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K-doped or 1190 °C for Co, Ni, and Mn-doped crystals for 10 h, and then slowly
cooled down at the rate of 2 °C/h, followed by decanting of the flux at 980 °C for
K-doped or 1090 °C for Co, Ni, or Mn-doped compounds. It should be noted that to
obtain crystals mostly free from flux, a temperature of 980 °C or 1090 °C had to be
maintained for 2 h after decanting, followed by cooling to room temperature. This
allows the residual flux to flow out completely and leaves free-standing crystals
inside the crucible.

By the use of the nucleation pole, together with the low cooling rate of
~2 °C h'' that was applied, the spontaneous appearance of numerous nuclei can be
minimized during growth, and the biggest crystals can be grown as large as @
40 X 5 mm, where the diameter depends on the crucible size and the thickness
depends on the amount of source materials. Figure 5.3b shows the nucleation pole
located in the center of the crystal disk and a broken part of the crystal measuring
20 X 10 X 2 mm”, the size of which is one third of the disk size. It is emphasized
that the decanting device is specially designed with a movable nickel wire for tilting
the crucible on its top and releasing the residual flux at the high decanting tem-
peratures out of the furnace. This can avoid any poisoning from arsenic if cracking
of the quartz tube occurs.

(b)  BaFe, 4,Coy,3As, :
nucleationpole —2F

4
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£E.
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Fig. 5.3 Typical single crystals of: a BaggegKosFe,As,, b BaFe; g;Cog 13As,,
C BaFCl.glNio'OQASZ, and d BaFcl.77Mno.23As2 [56]
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Large and high quality single crystals of hole-doped Ba; K Fe,As, and
BaFe, ,Mn,As,, and electron-doped BaFe, M;As, (M=Co and Ni) can be grown
by using this modified self-flux method.

5.2.2 Features of K Doped Crystals Grown from Sn Flux
and Self-flux

The parent compounds of AFe,As, (A=Ba, Sr) are intermetallic and
non-superconducting. One important finding is the existence of a spin density wave
(SDW) anomaly at the critical temperature, T, at ~140 K for BaFe,As, and
~200 K for SrFe,As, [57, 58]. This SDW is linked to abrupt changes in the
electrical resistivity and magnetic susceptibility, as well as a structural transition
from the high-temperature tetragonal to a low-temperature orthorhombic phase [57-
60]. By the changing of the electron density in the FeAs layers, the compounds can
be made superconducting, which is believed to be associated with the suppression
of the SDW anomaly [59]. Large single crystals can be grown by the flux method,
but they all have some defects, such as flux inclusions, twinning, and element
substitution from the flux. The crystal quality is closely related to the growth
process parameters and the flux materials employed. It has been revealed that the Sn
flux or self-flux has an important influence on the properties of the AFe,As, (A=Ba,
Sr) parent compounds and their doped crystals [45, 46, 61]. Here, we will review
the flux effects on the properties of parent and potassium doped 122 type crystals.

5.2.2.1 Crystal Morphology and Crystal Structure

Owing to the layered structure, the pnictide A, K Fe,As, crystals exhibit a
platelet-like morphology, and the c-axis is normal to the (00I) face. The crystal
facets can be well developed according to the crystallographic orientation. The
growth rate along the [010] direction is faster than along the [001], because the
atomic bonding energy is higher for the g-axis than for the c-axis. Doping of K*
(1.51 A) causes a decrease in the As-Fe-As bond angle and an increase in the bond
length, leading to a weakening of the bonding energy. This can result in a lower
growth rate. The crystals grown by using self-flux exhibit small and thin platelets,
particularly potassium-doped Ba,_ K,Fe,As,, but they have high quality as char-
acterized by the resistivity and magnetic measurements.

There is an interesting crystal habit for all such pnictide compounds: they exhibit
multilayer stacks, macrosteps, step bunches, and inclusions in the (001) face. These
typical features are shown in Fig. 5.4a—c, where all the crystals were obtained by
the Sn flux method. Figure 5.4a shows an edge of the crystal, exposing multiple
layers, each with a thickness of ~5 um. These crystal layers are readily cleaved
mechanically. Macro-steps are observed on the (001) plane, as shown in Fig. 5.4b.
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Fig. 54 SEM micrographs of crystals obtained by the Sn flux method: a SrFe,As, with
multilayer stacks, b macrosteps on the (001) face of Baj.7,K¢ 2gFe,As,, ¢ inclusions of Sn formed
in the (001) plane of SrFe,As, crystal. Inset is an enlarged part [56]

Figure 5.4c shows the Sn inclusion lines as impurities formed in the (001) face of
the SrFe,As, crystal grown from the melt in a supercooled state. The content of Sn
impurities in the crystals is determined to be <1.0 at.% by both energy dispersive
X-ray spectroscopy (EDX) and inductively coupled plasma (ICP) measurements.
No growth spirals were observed in the (001) faces. This indicates that the crystal
growth on the (001) face occurs at a relatively high supersaturation according to a
layer-by-layer growth mechanism.

5.2.2.2 Transport and Magnetic Properties

The electronic and magnetic properties of the A, ,K,Fe,As, family are extremely
sensitive to the extrinsic influence of the Sn impurities. This restricts the universal
role of the SDW in explaining superconductivity. The discrepant spin density wave
anomaly at T ~ 138 and 85 K, which occurs in BaFe,As, crystals grown using
self-flux and Sn flux, respectively, is suggested to be based on the substitution of Fe
within the FeAs basal plane. The presence of Sn impurities not only suppresses the
ordering temperature, but also transforms the first-order transition to a second-order
one. Doping with K suppresses the spin density wave and induces superconduc-
tivity in the doped A K,Fe,As,.

The temperature dependence of the in-plane resistivity for BaFe,As, single
crystals is shown in Fig. 5.5a. Weak temperature dependence is seen from 138 to
300 and 85 to 300 K, indicating metallic behavior at higher temperatures for
BaFe,As, crystals formed in both self-flux and Sn flux, respectively. A sharp
decrease is seen at 138 K for the crystals grown by self-flux, while an anomaly
occurs at 85 K for the crystals obtained by Sn flux. Such behavior is similar to the
transition in LaFeAsO that is driven by the SDW instability in the iron layers [10,
11]. A pronounced difference in the spin density wave anomaly is observed on
comparing the two crystals, which might be attributed to the tiny amount of Sn
incorporated into the crystals and might be related to a reduction in 7. A very sharp
superconducting transition temperature 7. occurs at 38.5 K for the doped
Bag 63K 3oFe,As, single crystal grown using self-flux.
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Fig. 5.5 a Temperature dependence of the in-plane resistivity and b magnetization data with the
field H//ab for BaFe,As, single crystals formed by self-flux and Sn flux, respectively. Different
features are observed at T in crystals obtained using different flux [56]

The magnetic susceptibility data in Fig. 5.5b show a clear transition at 85 K in
the H//ab curve. This is indicative of an effect on the structural phase transition,
assumed to be a change in the nature of the in-plane magnetic interactions [45], and
due to the substitution by Sn. This behavior is observed for the crystals grown using
Sn flux, but not for self-flux or polycrystalline samples, which exhibit a SDW
transition at ~ 140 K [38, 45, 49, 62]. This pronounced discrepancy may be an
effect associated with Sn insertion into the crystal.

No change in the SDW transition has been observed in StFe,As, crystals formed
by Sn flux or self-flux. Sun et al. performed the in-plane resistivity measurements
on the single crystals grown by Sn flux [55]. For the pure SrFe,As, crystal, it shows
linear temperature dependence for temperatures above 202 K with metallic
behavior. The observed kink is attributed to the onset of the SDW transition
associated with a structural transition from tetragonal to orthorhombic at ~200 K.
For the potassium-doped Srg g5Kq 1sFe,As,, there is an anomaly occurring at 178 K
for the SDW transition and at 32 K for the superconducting transition. This sug-
gests the coexistence of superconductivity and SDW in the weakly doped regime,
which is consistent with angle resolved photoemission spectroscopy (ARPES) data
[63].

5.2.2.3 Sn in the Crystal Structure and Dopant Distribution

It is well known that Sn is included into the crystal structure when the crystal
growth is by Sn flux, and it leads to a modification of the SDW state. It is not
known which site Sn occupies in the structure, however. Sun et al. studied the Sn
3d photoelectron spectra for BaFe,As,, SrFe,As,, and Baj 75K »gFe;As, grown by
Sn flux. All the measured crystals formed by Sn flux contain ~ 1 at.% Sn [55]. Sn
3ds, photoelectron peaks were observed for all samples, which suggest that Sn
occupies the Fe®* sites in the basal plane of the crystals, and Sn is likely to be
incorporated onto the Fe sites during the crystal formation in Sn solvent. While Ni
et al. [45] claim that Sn is most likely incorporated on the As sites, and Su et al. [61]
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concluded that Sn was doped into Ba sites. Nevertheless, the effect of Sn on T and
the local structure [64] is not understood so far, and a further investigation of the
details, for instance, the bonding distances for Sn-As and Sn-Ba, is required.

Impurities in the samples such as dopant distributions, have been confirmed to
alter the physical properties [65]. Studies on the local dopant atom distribution are
highly desirable. Atom probe tomography (APT) provides three-dimensional (3D)
chemical mapping with near-atomic resolution and is ideally suited to investigate
dopant distributions [66]. The nanoscale distribution of K and Ba was investigated
using frequency distribution analysis, and these results strongly support the sug-
gestion that K atoms in the crystal grown from the self-flux are not randomly
distributed—rather, these atoms are clustered in a way that produces local nanos-
cale regions of both low and high K concentrations. Systematic investigation of the
dopant distribution in more 122 type compounds will help to clarify some of these
issues, which have aroused controversy on this family of superconductors.

5.2.2.4 Relationship Between Antiferromagnetic Order
and Superconductivity

The relationship between AFM and SC is of great importance for understanding the
physics of iron-based superconductors. It has been proposed that elucidating this
relationship can serve to determine the pairing symmetry. The conclusions on this
question, as well as other important features, are still controversial, however, due to
the lack of a suitable experimental probe or sufficiently clean samples. Early
experiments on the iron-pnictide superconductor Ba;_K,Fe,As, have suggested
that AFM and SC are microscopically separated [67, 68], while on the other hand,
there are also suggestions and some evidence that SC and AFM may coexist in
Ba,Fe,As, replaced by various elements such as Ca, K (to replace Ba) [69-72], Co
(to replace Fe) [67, 73], or P (to replace As) [74], or in SmFeAsO_F, [75]. It is
instructive to compare the results in samples of underdoped Ba;_K,Fe,As, (BKFA)
to gain an idea of how the AFM and SC at a microscopic scale can vary with
differences in the flux.

For single crystals grown from Sn flux, Park et al. performed dc susceptibility,
x-ray powder diffraction (XRPD), neutron scattering, and muon spin rotation (LSR)
measurements on the same samples [68]. In these measurements, a phase-separated
coexistence between static magnetic order and nonmagnetic regions (either SC
below T, or normal-state above T,) was observed, and they suggest that this phase
separation is an intrinsic property of underdoped BKFA. They also observed
mesoscopic phase separated coexistence of magnetically ordered and nonmagnetic
states on the lateral scale of 65 X 10 nm in a slightly underdoped iron pnictide
superconductor, as estimated from magnetic force microscope (MFM) imaging, in
agreement with the pSR measurements. Their findings indicate that such electronic
phase separation is an intrinsic property of the studied material, as both the XRPD
and the susceptibility measurements indicate the absence of chemical inhomo-
geneities in the samples.
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Further study was conducted on the same sample by means of neutron scattering
and XRPD, along with theoretical calculations [76]. Their experimental evidence
indicates that macroscopically, the sample preserves its tetragonal symmetry down
to 15 K, well below the magnetic phase transition temperature, Ty,. The lattice
reacts to the magnetic order only microscopically, by an increase in the microstrain,
as observed in XRPD measurements, without a macroscopic breakdown of the
lattice symmetry.

They argue that such an effect is most probably related to a softening of the
lattice below the magnetic phase transition, in comparison to the high-temperature
nonmagnetic state, whereas the phase-separated coexistence of twinned magnetic
domains and the nonmagnetic phase [68] suppresses the structural phase transition
beyond the experimentally detectable limit, in spite of a relatively high SDW
transition temperature.

For the single crystals grown form self-flux, a high quality sample with surface
size of 4 X 1.5 mm was measured by using nuclear magnetic resonance (NMR).
Figure 5.6 shows the ">’As NMR measurements on under-doped single crystal
Bagy 77Kg,3Fe,As,. The spin-lattice relaxation rate, 1/T), shows an upturn with
decreasing T and forms a peak at the Néel temperature, Ty = 46 K, due to a critical
slowing down of the magnetic moments. Below Ty = 46 K, 1/T decreases and
becomes nearly proportional to 7 before superconductivity sets in. Below
T. (uH =12 T) = 16 K, 1/T} shows another sharp reduction, and follows a T
relation. At even lower temperatures, the decrease in 1/T| becomes gradual. The
sharp decrease in 1/T} below T, indicates that the electrons that are hyperfine
coupled to the nuclei produce both the magnetic order and the superconductivity.
The results are clear and direct evidence that AFM coexists microscopically with
superconductivity [77].
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5.3 Electron/Hole-Doped BaFe, M As, (M=Mn, Cr, Co,
and Ni)

The structure of the 122 phase is commonly recognized as comprising the A layers,
the charge reservoir blocks, and the FeAs conducting layers, alternatively stacked
along the c-axis. By out-of-plane doping with aliovalentions in the A layer, namely,
hole doping, charge carriers can be introduced into the FeAs layer and lead to
superconductivity. In addition to doping into the A layer, superconductivity can
also be induced by the in-plane doping of aliovalent ions in the FeAs conducting
layer, namely, electron doping, such as in BaFe, ,Co,As, and BaFe, ,Ni,As,
[52-55, 78-82]. Remarkably, substitutions on the Fe sites by hole-dopant atoms,
namely Cr or Mn, do not lead to a superconducting state [§3-86].

It is feasible to grow transition metal (TM) doped 122 type single crystals with
large dimensions and high quality by the decanting flux method. Centimeter-size
as-grown BaFe; 3sCog 15As, and BaFe; 9;Nigg9As, single crystals were used for
inelastic neutron-scattering (INS) measurements. Magnetization measurements on
several small pieces of each sample revealed sharp SC transitions at 7, = 18 K and
25 K, respectively, as shown in Fig. 5.7a. In both the (hhl) and (hkO) planes, the

(@) BaFe, i, As, BaFe, , Co, As,

3 °IR : FC I °3
2 )

§ 11 { Hlab 3 Hilab 3
e 2] i H=100e §1H=100e[ , @
= 3 f! g =

| |
412 i ZFC ) 7 3
_5_ 1(‘. 1 c
0 10 20 3 0 10 20 30
T (K) T (K)
_.(b) —_
L (004) ~ 1 8
5 9 \ @
5 ,. AN 5
"“Q_ 151 / ﬁ\ / '\I 9 "‘Q_
- 'y \ =
Z 101 [ 6 2
c / \ =
2 \ o
<€ 051 / \“ L3 €
§ gooe® Soe §
3 0 ; : : e : : 0 3
2 1670 1675 1680 149 150 151 152 2
Rocking angle (degree) Rocking angle (degree)

Fig. 5.7 Characterization of the samples used for INS study: a Magnetization curves measured in
magnetic field of 10 Oe, applied in-plane, after cooling in field (FC) and in zero field (ZFC). Insets
show photographs of the samples. b Rocking curves measured on the (004) reflection in the
(hhl) scattering plane with a triple-axis spectrometer [79]
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neutron-diffraction patterns exhibit well defined Bragg spots with narrow mosaicity
<1° (Fig. 5.7b), with no signatures of multiple single-crystalline grains, but with
some polycrystalline contamination originating both from the main phase and, to a
lesser extent, from traces of the (Fe, Co)As flux.

Researchers therefore had to optimize the scattering conditions in their INS
measurements by avoiding the appearance of spurious inelastic peaks caused by
such contamination. No structural or SDW transitions were detected down to 2 K in
either sample, consistent with the known phase diagrams [53]. In order to improve
the quality of the as-grown single crystals, segregation of dopants related to Fe and
the effects of annealing on the properties of the crystals were carefully studied [54,
82].

5.3.1 Crystal Structure and Segregation Coefficient

The space group of the TM doped BaFe,As, single crystals were I4/mmm.
Compared to the undoped BaFe,As, with a = 3.9635(5) A, ¢ = 13.022(2) A, the a-
axis lattice constants of the Co and Ni doped crystals exhibit near invariance within
the experimental uncertainty, while the c-axis values shrink in a nearly linear way
with increasing x, which is owing to the partial replacement of Fe®* in the basal
plane of BaFe,As, by the dopent ions, with the ionic radius of the dopants less than
that of Fe [41, 54, 81]. Figure 5.8 shows the variation of the lattice parameters with
Co content x.

For Mn doped BaFe,As, single crystal, the in-plane a-axis lattice parameter
slightly increases with increasing x, but the c-axis lattice parameter shows a linear
decrease [87]. The Cr doped BaFe,As, single crystal shows different behavior, with
both a and c-axis lattice parameters increasing with increasing Cr concentration x,
at a larger rate for the c-axis than for the g-axis parameter. The incorporation of
x = 0.75 Cr in the Fe sites increases the cell volume by 2.6 %, mainly due to the
increase in the c lattice constant [84]. The behavior of the lattice parameters changes
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with hole-dopant concentration in a way that cannot be simply attributed to the
different ionic sizes of the substituted atoms.

The segregation coefficient of doping ions is an important parameter for growing
a single crystal with an anticipated concentration. It should be noted that the
concentration of dopants in the crystals is always lower than in the melt. The
relationship between the TM composition x in the crystal and y in the melt varies
with the initial flux ratio. It is found that the ratio of Ba:Fe:TM:As = 1:(5-y):y:5 is
more suitable for growing large and high quality crystals, and the segregation
coefficient of Co relative to Fe is about 0.78 [52-55].

5.3.2 Annealing Effect on the Superconductivity

It has been reported that there are annealing effects that improve the supercon-
ducting properties of LnFeOP (Ln=La, Pr, Nd) single crystals [88], which is cor-
related with the fact that high temperature O, annealing improves the crystallinity
and chemical homogeneity of samples. Due to the residual strain in the samples at
room temperature and chemical inhomogeneity, post-annealing treatment studies
were performed on the TM doped 122 type single crystals [54, 82]. It was found
that annealing can enhance the T, as much as ~50 %, which could be an indication
of improved crystallinity due to release of residual strain and/or improved micro-
scopic chemical homogeneity of the dopant content, thereby enhancing the stability
of the superconductor. Figure 5.9 shows a “dome” shaped diagram of the doping
dependence of T, in BaFe, ,CosAs, single crystals before and after annealing in
argon atmosphere. It should be noted that the annealing treatment can result in an
increase of T, value of about 1-3 K for all the samples, underdoped, optimally
doped and overdoped, respectively.

When the as-grown samples were annealed in air atmosphere and a vacuum
environment at 750 °C for 7 days, even the surface of the air annealed sample
remained shiny, suggesting that the BaFe,_,Co,As, single crystals are stable and do
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not easily react with oxygen at 750 °C. Figure 5.10 shows the T, evolution of a
BaFe, 35Cog 15As; sample annealed in three different atmospheres, i.e., argon, air,
and vacuum. Compared to the sharp superconducting transition temperature
T, ~ 23 K of the as-grown sample, the results indicate that the different annealing
atmospheres have an identical effect towards the enhancement of 7. (~25 K),
which is about 2 K. The study of the samples obtained from decanting also shows
that it is difficult to completely remove the broad or double transition behavior by
the high temperature annealing treatment. Annealing for longer times, such as 21
and 28 days, does not enhance the T, further, while it gradually reduces the
superconducting volume fraction; there is an optimal annealing time for specific
as-grown BaFe, ,TM,As, single crystals that is related to the growth conditions
and doping levels.

5.4 Isovalently Doped BaFe,(As;_xPy), Single Crystals
Grown by the Bridgman Method

BaFe,(As;_<Py) is a characteristic system, in that the substitution of isovalent P for
As does not change the carrier number. Therefore, it is expected that the systematic
study of BaFe,(As;<Px), will unravel the effects of chemical pressure on the
electronic structure of the iron-based superconductors [42, §89-91].

Before 2012, owing to the difficulty in synthesizing sizable single crystals with a
wide doping range, experimental studies on BaFe,(As;Px), were limited.
Kasahara et al. grew 0.9-mm°-sized BaFe,(As| xPx)> single crystals with
0 < x=<0.71 [91, 92]. In their method, stoichiometric mixtures of Ba (flakes), and
FeAs, Fe, P, or FeP (powders) were placed in an alumina crucible and sealed in an
evacuated quartz tube. The sample was heated up to 1150-1200 °C, kept for 12 h,
and then cooled slowly down to ~800 °C at the rate of 1.5 °C/h.

Self-flux of FeAs and FeP was used to grow high quality single crystals. The
mixed powders were placed in Al,O3 crucible. The crucible was sealed in an
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evacuated quartz tube under vacuum, heated up to 1180 °C and cooled down to
900 °C at the rate of 2 °C/min. This method yielded hundreds of crystals with
platelet shapes. The largest size is ~1 mm, with most crystals ranging in size
between 300 and 600 pm [93, 94]. Nakajima et al. reported a breakthrough in
crystal growth using Ba,Ass/Ba,P; flux for growing centimeter-sized crystals of
BaFe,(As;_«Py),, covering the entire x range from O to 1 [95]. Large single crystals
(~7 x 7 mm?) with controlled P concentrations were successfully obtained by
decanting the flux.

The resistivity curve of BaFe,(As;.4Py), grown in Ba,As;-flux is distinct from the
crystals grown in FeAs flux. As shown in Fig. 5.11a, the residual resistivity ratio
(RRR) of the Ba,As;-flux crystal is about 10, higher than the typical value of ~ 3 for
the crystals grown by the FeAs-flux method. In addition, the transition temperature
Taro from the paramagnetic-tetragonal (PT) phase to an antiferromagnetic-
orthorhombic (AFO) phase of the Ba,Ass-flux crystal is 139 K, higher than that
of the FeAs-flux samples at 135 K. The higher RRR and TAro presumably indicate
that the crystals grown by the Ba,As;-flux method have fewer defects and/or lattice
dislocations than the ordinary crystals grown by the FeAs-flux method [96, 97].

It is also found that the quality of the as-grown crystals is improved by
post-annealing, as evidenced by the increase in T, and Taro, as well as the sig-
nificant reduction in residual resistivity in the AFO phase in the underdoped regime.
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Fig. 5.11 Temperature
dependence of the resistivity
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and after annealing for
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Fig. 5.12 Phase diagram obtained from the annealed BaFe,(As; Py), single crystals. Taro is
defined as the temperature at which the T derivative of resistivity shows a peak. T is determined
by the zero-resistivity temperature that coincides with the temperature corresponding to the onset
of the (7) curve [95]

In order to extract the intrinsic properties of BaFe,(As;(Py),, refinement of the
sample quality, which can be achieved by annealing, is a prerequisite. The phase
diagram obtained from the annealed BaFe,(As;_ P,), single crystals is shown in
Fig. 5.12.

5.5 122 Type Iron Chalcogenides AFe, ,Se,
(A=K, Rb and Cs)

The discovery of superconductivity at temperatures above 30 K in A,Fe,.,Se,
(A=K, Rb, Cs, (Tl, K), and (Tl, Rb)) compounds has attracted considerable
attention [19-22, 98-105]. The crystal structure of A,Fe,.,Se, descends from the
ThCr,Si, structure with vacancies at the Fe sites. It has been revealed that some of
these selenides are magnetic insulators. This behavior is distinct from that of the
FeAs based 122 type but close to that of the cuprates superconductors.

Early investigations have indicated that Fe vacancy orders and phase separation
occur in these compounds [105-107]. So far, large single crystals are easily grown
for the iron-chalcogenide compounds; different techniques such as flux growth, the
Bridgman method, and the modified floating zone (FZ) method have been suc-
cessfully used to grow A,Fe, Se, single crystals [108-113]. The complex
microstructures, however, make it difficult to grow phase-pure superconducting
single crystals. Nearly all the resulting crystals show either inhomogeneous com-
position or a low superconducting volume fraction. The major obstacle that limits
our understanding of the intrinsic properties of A,Fe,.,Se, is still the difficulty in
preparing phase-pure superconducting samples.
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5.5.1 Single Crystal Growth

5.5.1.1 Self-flux Method

Success in obtaining superconducting samples strongly depends on the ratios of the
starting chemical components, particularly on the initial Fe content, as well as
heating, cooling, and growth rates. The typical procedure for A Fe,Se, (A=K, Rb,
and Cs) single crystal growth is as follows: first, FeSe precursor is synthesized at
700 °C in an evacuated quartz tube. Then, the FeSe precursor is ground into powder
and mixed with K(Rb, Cs) at a ratio of K(Rb, Cs):Fe:Se = 0.8:2:2. The mixtures
were loaded into a double-sealed quartz ampule, and then heated to 1030 °C and
kept at this temperature for 2 h. A fast cooling rate of 6 °C h™ or a quenching
method is applied before turning off the furnace at 750 °C. The composition of the
as-grown crystals can be determined by energy dispersive X-ray (EDX) analysis,
wave dispersive X-ray spectroscopy (WDX), or inductively-coupled plasma
(ICP) analysis. All the methods of compositional analysis have revealed a different
stoichiometry compared to the starting materials. The actual composition of the
as-grown crystals produced by this method showed fluctuation, with the iron
content fluctuating between 1.59 and 1.76, while the alkaline iron A content fluc-
tuated between 0.75 and 0.88 [98, 113-116]. The results also showed that there are
two transition steps in K g4Fe; s9Se, crystal obtained from the flux growth, one at
about 38 K and another at about 44 K, and the phases corresponding to these
transition steps need to be carefully studied.

In order to optimize the growth parameters, Peng et al. investigated the melting
behavior of alkaline iron selenide compounds by thermogravimetry/differential
thermal analysis (TG/DTA) and high temperature optical microscopy (HTOM)
[110]. The results indicated that all of the compounds melt incongruently, with
complete melting occurring at 902, 927, and 900 °C, while a Fe-vacancy-ordered/
disordered transition occurs at 267, 261, and 241 °C for A=K, Rb, and Cs,
respectively. The starting material mixtures, with a molar ratio of 0.8A:2Fe:2Se
were sealed in a quartz tube under vacuum. By shortening the soaking and growth
time to minimize the volatilization of alkaline and Se components, larger crystals
(millimeter-size) with homogeneous composition were grown.

5.5.1.2 Floating Zone Method

Superconducting A,Fe, ,Se, single crystals can be reproducibly grown by the optical
floating-zone (FZ) technique [23]. This method enables us to obtain high quality
single crystals with a mass of up to ~ 1.8 g, offering sufficient material for mea-
surements where large samples are required, such as inelastic neutron-scattering
experiments. In [23], the feed rod was synthesized by the one-step solid-state reaction
method. Elemental A, Fe, and Se were weighed at a ratio of A:Fe:Se = 0.8:2:2, and
this was followed by sintering of the mixture at 850 °C for 10 h. The sintered mixture
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was ground into a powder, and the powder was pressed into a cylindrical rod 6-7 mm
in diameter and 70—-80 mm in length under 600 bar of hydrostatic pressure. The rod
was used to grow the crystal directly without the conventional process of sintering
and pre-melting. A seed rod 2 cm in length was cut from the feed rod.

Figure 5.13a shows a schematic illustration of the growth process for the
AFe, Se, single crystals. Homogeneous crystals could be grown at a traveling
velocity of ~0.8 mm h™' under 8 bar of argon pressure. It was observed that as the
molten zone moved up, the already formed crystal continuously passed through a
temperature zone, T4, where the crystal begins to decompose. Thus, to avoid
passing through the decomposition zone, the lamp power was switched off towards
the end of the growth process, resulting in non-decomposed crystal phase at the
terminal part of the ingot.

Typical as-grown single-crystal ingots of A Fe;_,Se, are shown in Fig. 5.13b—d.
As can be seen in the inset of Fig. 5.13b, the cleaved termination of the ~1 cm
ingot displays a large crystal grain with a shiny surface. It is interesting to note that
the iron content in the samples is approximately 1.81, which is higher than for the
single crystals grown by the flux and Bridgman methods. It was also found that the
Fe content can be tuned by using different growth atmospheres.

Systematic measurements, such as X-ray diffraction (XRD), neutron diffraction,
EDX, resistivity, and magnetization, have been carried out to characterize the
as-grown crystals. Figure 5.14 shows the XRD reflections in the (00/) plane, with
all of the single crystals representing an intergrowth of two sets of c-axes, char-
acterized by slightly different lattice constants. It assumed that the stronger
reflections that have shorter c-axes are responsible for the superstructure phase with

(a) As-grown crystal

Decom position
P Molten zone

Seed rod Feed rod

\ Growing direction

Length

Fig. 5.13 a Schematic drawing illustrates the growth process of the A Fe,.,Se, single crystals,
which form between the solid?liquid interface temperature, 7;, and the decomposition temperature,
T4, below which the crystals undergo a continuous decomposition during crystal traveling [23].
b As-grown KqgoFe, g1Se, single-crystal ingot. ¢ and d single crystals cut off from ingots of
Rbyg goFe; g1Se, and Csg goFey g1Se,, respectively [56]
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Fig. 5.14 (00!) X-ray
diffraction patterns of the
A0_80F61.81562 (A=K, Rb, and
Cs) single crystals grown by
FZ method. The c-axis lattice
parameter is reduced with
increasing alkaline ionic
radius Reg, (1.74 A) > Rgpy
(1.61 A) > Rk, (1.51 A). The
shoulders located beside the
main reflections are indicated
by the asterisks, which
correspond to the possible
superconducting phase [110]

Fig. 5.15 a Temperature
dependence of in-plane
resistivity p,, of a

Ko.soFe g1Se, single crystal.
Inset shows a
superconducting transition
temperature at around

T. = 31.7 K, with

AT. ~ 1 K. b Rocking curve
of the (200) structural Bragg
peak [23]
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the iron-vacancy-ordered states, while the second phase (asterisks) with longer c-
axes should be responsible for
iron-vacancy-disordered states. The EDX results and the transition width of about
1 K (inset of Fig. 5.15a) indicates that the as-grown KggoFe;g;Se, crystal is

the

superconducting phase with

the
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homogeneous. From neutron diffraction measurements, the sample shows a mosaic
spread of 0.5 °C or better in the ab-plane (Fig. 5.15b). These results demonstrate
that high quality and large single crystals of A Fe,.,Se, can be grown by using the
FZ method.

The superconductivity of the crystals strongly depends on the ratios of the
starting chemical components, as well as the growth parameters such as growth rate
and pressure. Magnetization measurements were performed under a 200 Oe field,
and all crystals were obtained from the same starting mixture with a ratio of K:Fe:
Se = 0.8:2:2. As shown in Fig. 5.16, the general feature of the magnetic suscep-
tibility are quite similar to each other, and the shielding fraction volume increases
with increasing Fe content in the crystals. When crystal growth was performed
under 8 bar Ar atmosphere, the Fe content decreased with increasing growth rate.
The results also demonstrate that higher pressure and a slower growth rate will
result in higher Fe content. The K goFe; ggSe, crystal has its superconducting
transition temperature at 7, = 31.6 K, having a near 100 % shielding fraction at
low magnetic field. It is worth noting that in cases of non-uniform morphology,
shielding will not provide the superconducting volume fraction, and a true Meissner
experiment must be performed [106].

5.5.2 Microstructure and Phase Separation

The AFe,_,Se, single crystals tend to grow in a composition which is deficient both
in iron and in the alkali atoms. They exhibit a main phase with /5 x v/5 super-
structure, which corresponds to the Ay gFe; ¢Se, stoichiometry. However, this phase
is insulating and a number of experimental probes have shown that the minority
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superconducting (SC) phase is spatially separated from this magnetic phase. The
precise stoichiometry and the structure of the SC phase are unclear up to now.

Accumulated evidence indicates that phase separation occurs in superconducting
A,Fe, ,Se,. It has been evidenced by tunneling electron microscopy (TEM) [100],
muon spin rotation (USR) [117], scanning electron microscopy (SEM) [114],
scanning tunneling microscopy (STM) [118], angle resolved photoemission spec-
troscopy (ARPES) measurements [117, 119], and scanning nanofocus single-crystal
X-ray diffraction [182]. The nature of the phase separation indicates that
Fe-vacancy-free or low Fe-vacancy AFe,.Se, is responsible for the supercon-
ductivity, while Fe-vacancy-ordered A,FesSes corresponds to  the
insulating/semiconducting phase.

Microstructure analysis by means of transmission electron microscopy
(TEM) on K,Fe,_,Se,_,Te, single crystals grown by the FZ method demonstrates a
clear phase separation and its evolution with Te concentration on the nanoscale. As
shown in Fig. 5.17a and b, two phases in the form of parallel lamellae, namely, an
iron vacancy ordered state (OS) and disordered state (DOS), stack along the ¢ axis
of the crystal, and the results agree well with a previous study performed on
KFe, gSe, crystals grown by the flux method [100]. While in Te = 0.51 crystal,
there are two phases in the form of randomly distributed domains (Fig. 5.17c), the
results are consistent with a previous report and can be interpreted in terms of the
coexistence of different phases separated mesoscopically [117].

The micrometer-scale phase separation was investigated by using SEM in order
to analyze the correlation between the microstructures and the superconductivity,
and to gain a better understanding of the dependence of superconductivity on the
thermal history [111, 114, 120-123]. Figure 5.18 shows clear evidence of the
coexistence of two phases in K,Fe,.,Se, single crystals. SEM images were col-
lected on the surfaces of newly cleaved samples in the ab-plane. The images clearly
demonstrate that K,Fe,_,Se; crystals have complex microstructures, consisting of a
network throughout the matrix. This network is woven from stripes perpendicular
to each other, and orientation analysis indicates that these stripes are aligned along
the crystallographic {110) directions. Each individual stripe consists of regularly

(b)

KogFe; g15€1 34T€0.16

Fig. 5.17 High-resolution TEM images of superconducting K,Fe,.,Se,_,Te, crystals grown by
the FZ method under 8 bar pressure: (a), (b) and (¢) show complex domains along the c-axis
direction in crystals of K()_gFCl_glsez, K0_8F61_81561_34T60_1(,, and Ko_gFel_glsel_49Teo_51, respec-
tively. The mesoscopic phase separation of vacancy-ordered (brighter) and vacancy-disordered
(darker) regions is clearly illustrated [56]
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@ 3s-grown ®) quenched at 400C

Fig. 5.18 Typical SEM images of the ab-plane reveal the microstructural phase separation
characteristic in Ko gFe,.,Se, samples: a As-grown, b quenched at 400 °C

ordered small rectangular bars for the as-grown samples (Fig. 5.18a). The mor-
phology of the stripes as well as the superconductivity of the single crystals can be
tuned by a post-annealing and quenching technique (Fig. 5.18b). A similar stripe
pattern and its development by post treatment have also been demonstrated in
CsFe, ySe, samples [122].

The chemical and structural analysis led to the conclusion that the minor Fe-rich
phase was responsible for superconductivity in these crystals, but the precise sto-
ichiometry for this SC phase is still unclear. Early research suggested that the SC
phase consists of the pure FeSe structure without iron vacancies, but recent research
has also suggested a new superconducting phase consisting of a single Fe vacancy
for every eight Fe-sites arranged in a /8 x /10 parallelogram structure [123].

It is worth noting that since accurate chemical analysis of the minor phase is
difficult due to both the sensitivity of the EDX technique and the spatial resolution
in the bulk samples in the SEM, so further studies using complementary techniques
such as TEM and STM are necessary to investigate this nanoscale phase separation.
Alternatively, single crystal growth studies are even more necessary in order to
achieve the predictable synthesis of samples with larger superconducting volumes,
and the achievements of these will greatly help to solve the puzzles in this family of
materials.

5.6 11 Type Iron Chalcogenides

The tetragonal PbO-type FeSe, i.e. the B-FeSe (11 tpye), is the simplest member of
the iron-based superconductor family. The B-FeSe, having a layered structure
formed by a stacking of edge-sharing FeSey-tetrahedra layers, superconducts at
~8 K [25, 124]. By the substitution of Te for Se, the T, value increases up to 15 K
[125-127]. Moreover, it displays a strong positive pressure effect on 7., enhancing
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T. to 36.7 K under a pressure of 8.9 GPa [128] and even fascinatingly well above
65 K in a FeSe-monoplayer grown on a SrTiO; substrate by molecular beam epitaxy
[29, 129-131]. The common structural feature for iron selenide superconductors is
the FeSe,-tetrahedron layers which serves as a basic unit for the superconductivity.
Other iron selenide superconductors, like A Fe, ,Se, and (Li,.Fe,)JOHFe,_,Se for
example, can be viewed as derived from the binary FeSe by intercalating in between
its FeSe-layers the alkali metal ions A and the spacer layer (Li,.,Fe,)OH, respec-
tively. The unusual properties, the similarity in structure and the simplicity in
chemical composition, all make the binary FeSe an important prototype for inves-
tigating the underlying physics of the iron-based family.

5.6.1 Binary FeSe Crystal Growth by Flux and TSFZ
Methods

Many efforts have been made to prepare superconducting FeSe crystals. However, it
is not possible to directly grow the FeSe crystal from the melt, because, as shown in
the phase diagram of Fe-Se system (Fig. 5.19) [132], the B-FeSe phase decomposes
at 457 °C before melting. Consequently, the slow-cooling flux technique was
commonly used to grow the crystals from various flux solutions. However, the
as-grown crystals always exhibit a small size. For instance, FeSe, crystals with a size
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Fig. 5.19 Fragment of Fe-Se phase diagram from [132]. The superconducting tetragonal -FeSe
phase forms in the narrow composition region near 57.5 wt% of Se below 457 °C. The inset is a
magnified local area showing the solid-liquid equilibrium at 990 °C between S (8'-FeSe( 96) on the
solidus and L (Fe:Se = 1:0.87) on the liquidus
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of about 500 um was grown using NaCl/KCl as flux [133, 134], single crystalline
samples of about 4 X 4 X 0.1 mm® in dimensions using KCI-AICl; flux [135],
FeSeg gg crystals of 2—4 mm across and 0.1-0.3 mm thickness and bigger FeSe o4
crystals with dimensions of 6 X 3 X 0.1-0.2 mm® were prepared from KCI solu-
tions [136-139]. A growth from a specially chosen LiCl-CsCl flux, with a
low-temperature eutectic at 326 °C well below the decomposition temperature,
yielded B-FeSe crystal of 1.5 X 0.5 X 0.05 mm® dimensions [140]. Besides, vapor
transport growth, a very time-consuming process, produced FeSe,_, crystals with
similarly small lateral sizes of 0.5-3.5 mm [141, 142]. It is noted that in most cases
the FeSe crystals grown from flux solutions display a (101) orientation, except for
those synthesized from KCI-AICl; flux [135] or via vapor transport [142] which
orientate along (001) plane.

Relatively bigger superconducting FeSe( o4 crystals were grown from a KCI
solution [139], by improving the dissolution and convection (the mass transporta-
tion) of Fe solute in the flux solution and the temperature gradient and by opti-
mizing the KCI content (the experimental conditions were detailed in [139]). The
as-grown crystal pieces orientating along (101) plane are up to 6 X 3 X 0.1-
0.2 mm> or 5 X5 X 0.1-0.2 mm® in dimensions, as shown in Fig. 5.20. The
optimal composition for the starting materials was found to be Fe:Se:
KCI = 1:0.94:10, with a necessarily higher KCI content than earlier reports. The
FeSeq 94 crystals were grown by a slow-cooling process at a rate of 2 °C/h, after
soaked at 850 °C for 24 h to dissolve the Fe powder to the most extent. The
superconducting transition temperature (7.) of as-grown FeSeyo4 crystals was
determined to be ~ 10 K by both magnetic and electronic transport measurements.

Generally speaking, a low solubility of the Fe solute in the flux solutions is the
main cause for the small size of the crystals grown by the flux methods. To obtain
larger FeSe crystals highly demanded by important measurements like, for example,
neutron scattering, a crystal growth from a melt, instead of from the flux solu-
tions, is necessary.

Fig. 5.20 Photographs of
typical FeSe o4 crystal pieces
grown from KCI solution
[139]
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Fig. 5.21 Photographs for an as-grown ingot 5-6 mm in diameter and 100 mm in length (the
upper one) and for some typical large FeSe crystal pieces separated from the as-grown ingots (the
lower ones). The biggest crystal is of 15 X 6 X 2 mm® dimensions. The composition of the
crystals is very uniform as evidenced by the ICP-AES results given in the lower right part,
showing almost the same composition at four different locations along the biggest crystal of FeSe.
From [143]

Most recently, large and composition homogeneous superconducting tetragonal
FeSe crystals (Fig. 5.21) have been successfully prepared via a specially
designed flux-free traveling-solvent floating-zone approach [143]. The size of
obtained crystal pieces is up to 15 X 6 X 2 mm®, far bigger than previously
reported in all dimensions. The thermodynamic phase relations underlying this
growth process are sketched as follows. In a common flux growth using, e.g. KCI as
the flux like the case of [139], the crystallization of FeSe proceeds through a slow
cooling from a soaking temperature about 850 °C to about 770 °C, the melting
point of KCI. Therefore the crystal directly grown at this temperature range is the
non-superconducting 6-FeSe phase according to the Fe-Se phase diagram
(Fig. 5.19). At lower temperatures below 457 °C, the most part of as-grown 6-FeSe
is phase transformed into the superconducting B-FeSe. The flux-free TSFZ growth
is carried out, however, at an elevated temperature ~990 °C without any flux but
using a solvent of the composition Fe:Se = 1:0.87. As illustrated in the inset of
Fig. 5.19, the incongruent solid S (i.e. 8"-FeSe o) at 990 °C is in equilibrium with
the liquid L (the solvent) with Fe:Se = 1:0.87. Note that the slope of the liquidus
line near the liquid L is not steep, which is beneficial for the crystallization of the
liquid. The unique advantage of the TSFZ growth lies in that the solid-liquid
equilibrium between S and L can be maintained during a stable TSFZ process, so
that a big and composition homogeneous crystal S can be grown. And the super-
conducting B-FeSe phase is subsequently obtained due to the phase transformation
at lower temperatures below 457 °C.

The lattice parameters for the tetragonal main phase (B-FeSe) of the crystals
grown by the flux-free TSFZ are determined to be @ = 3.771 A and ¢ = 5.522 A by
powder XRD (Fig. 5.22a). The crystal samples are of a single preferred orientation
along (101) plane (Fig. 5.22b), which displays a crystal mosaic of 5.3° in terms of



168 5 Crystal Growth and Characterization of Iron-Based Superconductor

(a)
[ 2 B "
(=] = o™
=] — - &~
L = 8 =)
o I
~ o
3t
@©
S
2
% - (b)
€t g * hexagonal §-FeSe phase

' !

10 20 30 40 50
2 Theta (degree)

3l (202)

70 80

Fig. 5.22 a Powder x-ray diffraction pattern of FeSe crystal. All the main diffraction peaks can be
well indexed, except for some weak peaks from a second hexagonal phase as indicated by red
asterisks. b A typical XRD pattern on a FeSe crystal showing the orientation along (101) crystal
plane. Again a very weak peak from the second hexagonal phase is detected. From [143]

the FWHM for double-crystal x-ray rocking curve (Fig. 4 of [143]). The consid-
erable mosaicity is the same as that observed on the crystal grown from KCI flux
(Fig. 4 of [139]), suggesting it is intrinsic for the crystallization of this material. The
superconducting transition temperature for the FeSe crystal is measured to be 9.4 K
by ac magnetic susceptibility and electronic transport. A nearly perfect diamagnetic
shielding signal (97 %) from the real part of the ac susceptibility indicates its bulk
superconductivity.

The successful flux-free TSFZ growth of large superconducting FeSe crystals
has made possible the important neutron scatterings on FeSe crystal samples, which
clearly exhibit a tetragonal to orthorhombic phase transition at 90 K in the absence
of an antiferromagnetic order. A most recent study by both elastic and inelastic
neutron scatterings on these large FeSe crystal samples [144] has revealed the
presence of stripe spin fluctuations coupled with the nematicity, which is sub-
stantially enhanced at ~4 meV, but suppressed at 2.5 meV, on entering the
superconducting state. The redistribution of the magnetic spectral weight across 7
indicates a close relation between the spin fluctuations and superconductivity. The
energy scale (~4 meV) for the sharp spin resonance below T is consistent with an
electron-boson coupling mode, suggesting a strong coupling between the electrons
and spin fluctuations. The magnetic spectral weight in FeSe is found to be com-
parable to that of iron arsenide superconductors. The neutron scattering results
strongly support that both nematicity and superconductivity are driven by spin
fluctuations.
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5.6.2 Fe;_sTe;_Sey Crystals Grown by the Bridgman
and Self-flux Method

Se-doped crystals of Fe,,sTe; Se, with tetrahedral PbO-type structure could be
successfully grown via melt growth methods, such as Bridgman [145], optical
zone-melting [146] and self-flux methods [147]. Single crystal growth investiga-
tions have indicated that the self-flux grown crystals are superior to those grown by
the Bridgman method, because the former contain less excess iron. Schematic
drawings of the Bridgman and self-flux growth methods are shown in the Fig. 5.23a
and b, respectively. To start with, high purity (4 N) Fe pieces, Te lump, and Se shot
were weighed, mixed, and loaded into an alumina crucible. For the Bridgman
method, mixtures with the nominal compositions of FeTe,_Se, (x = 0, 0.2, 0.3, and
0.4) were sealed in an evacuated quartz ampoule, which was then filled with
200 mbar argon atmosphere. Single crystals of Fe;,sTe;_Se, were obtained when
the melt was soaked at 1050 °C for 12 h and a slow traveling speed of 1 mm/h was
applied. In the self-flux method, various initial compositions of Fe,_,Te;_Se, (y = 0
and 0.05, and x = 0.3, 0.4, 0.5, 0.6, and 0.7) together with argon atmosphere from
200 to 800 mbar were introduced into evacuated ampoules. The ampoules were
heated at 970-1000 °C for 12 h, and then slowly cooled down to 400 °C at a
cooling rate of 2 °C/h.

The obtained bulk crystals were identified by Laue X-ray diffraction, which
suggests good crystallization of the samples. All of the crystals are naturally
cleaved along the ab-plane, as confirmed by X-ray 6-26 scans. The crystal com-
positions were determined by the energy dispersive X-ray spectroscopy
(EDX) within an error of £2 at.%. The compositional analysis revealed a different
stoichiometry compared to the starting materials. For the crystals grown by the
Bridgman method, the ratios of Te/Se slightly deviate from the nominal compo-
sitions. For the crystals grown with the self-flux method, the ratios of Te/Se vary
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Fig. 5.23 a Schematic diagram of the Bridgman growth. The inset shows the large Fe;,sTe;_Se,
crystal, which can be readily cleaved along the ab-plane. b Schematic diagram of the flux growth.
The inset shows the thin plates of as-grown Fe;,sTe;_Se, crystal grown by the self-flux method
[56]
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between 0.37 < x < 0.40, though various ratios of initial mixtures were used. Most
importantly, EDX analysis showed that the crystals grown by the Bridgman method
contain more excess iron (6 = 0.07) compared to those (8 < 0.04) grown by the
self-flux method.

The transport and magnetic susceptibility measurements on as-grown crystals
demonstrated that the samples have different properties. Figure 5.24 shows typical
transport and magnetic properties of Fe,,sTe;_Se, (x = 0, 0.28, and 0.37) crystals
grown by the Bridgman method. The parent compound Fe,,sTe exhibits an anti-
ferromagnetic (AFM) phase transition at Ty # 66.7 K, accompanied by a tetragonal
to monoclinic structural transition. Meanwhile the resistivity p,, shows a sudden
drop at Ty, below which, it evolves into a metallic state. With increasing Se doping
level, superconductivity is introduced, and the AFM transition is suppressed. This
indicates that Fe,,5Te;_Se, crystals (x = 0.28 and 0.37) display a Curie-Weiss-like
behavior above T.. However, the superconducting volume fraction is only around
0.8 % for these samples, suggesting a percolated superconducting behavior.
Figure 5.24b shows that one of the crystals (x = 0.37) exhibits semiconducting
behavior above T, ~ 15.4 K. The paramagnetic state at high temperatures and the
semiconducting behavior are likely to be related to the enhanced magnetic inter-
actions resulting from the excess of iron.

Interestingly, dramatic changes are observed in the transport and magnetic
properties of the crystals grown by the self-flux method. Fe,,sTeg.c0S5¢€p.40 crystal
displays a very sharp superconducting transition at 7, ® 14 K, and the shielding
fraction is as high as 80 %, confirming the bulk nature of the superconductor. In
contrast to the semiconducting behavior observed in the crystals grown by the
Bridgman method, the normal state resistivity of the crystals grown via the self-flux
method displays a large hump, as in Fig. 5.25a. The magnetic susceptibility mea-
sured in 7 T magnetic field is displayed in Fig. 5.25b. It monotonically decreases
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Fig. 5.24 a Magnetic susceptibility displays a Curie-Weiss-like behavior at high temperatures for
Fe,,sTe;.Se, crystals (x =0, 0.28, and 0.37) grown by the Bridgman method. b Temperature
dependence of the resistivity for Fe;,sTe;_,Se, crystals (x = 0, 0.28, and 0.37). Thermal hysteresis
behavior is observed at Ty * 66.7 K, indicating the existence of the first order structure phase
transition. The blue and red arrows indicate the directions of the cooling and warming processes,
respectively [56]
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Fig. 5.25 a Temperature dependence of the resistivity of a Fe,sTeg.q05¢€0.40 crystal grown by the
self-flux method. The inset shows the magnetic susceptibility; displaying a superconducting
transition at 7. ~ 14 K. b The magnetic susceptibility decreases with decreasing temperature and
exhibits an upturn below 40 K

with decreasing temperature, and then displays an upturn below 40 K. It is esti-
mated that the ratios of p(300 K)/p(50 K) and (300 K)/%(50 K) are 1.30 and 1.36,
respectively. This result confirms that the large hump in the resistivity is strongly
correlated with the evolution of magnetic susceptibility for the self-flux-grown
sample, which appears more ?clean? than that obtained by the Bridgman method.

The phase diagrams of Fe,sTe; Se, single crystal grown by the modified
Bridgman method and self-flux method were established through different mea-
surements [148—151]. Three regions in the phase diagram of Fe,.o3(Se,Te,_,) single
crystal grown by the Bridgman method can be identified as: (i) commensurate
magnetic order for x < 0.1, (ii) bulk superconductivity for x ~ 0.5, and (iii) for the
range between 0.25 < x < 0.45, the coexistence of superconductivity and incom-
mensurate magnetic order [148]. For the Fe;.0x(Te;.Se,) (0 <x < 0.5) single
crystal grown by the flux method, three composition regions with distinct physical
properties. Region I (0 < x < 0.09) exhibits long-range AFM order with a wave
vector (m, 0). Region II (0.09 < x < 0.29) exhibits neither long-range AFM order
nor bulk superconductivity. Only in region III (x = 0.29) evidence of bulk super-
conductivity [149]. Despite the minor differences on the doping regions, the
reported phase diagrams show similar features.

5.7 111 Type of AFePn (A=Li and Na; Pn=P and As)

After the discovery of 1111 and 122 types iron-based superconductors,
Superconductivity was also discovered in LiFeAs [8, 9, 152] and Na;_sFeAs [153]
(111 type materials), which crystallize in a PbFCI structure type and containing
Fe,As; tetrahedral layers. Transition temperatures of 18 K (for LiFeAs) and 127
25 K (for Na;_sFeAs) [153] have been observed dependent on the precise Na
concentration. Interestingly, superconductivity seems to appear in the 111 materials
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in purely stoichiometric material without chemical doping. Despite the lower T,
than the 1111 and 122 type, the structural simplicity of the 111 type makes it a
convenient model to examine the superconducting mechanism.

However, there are few reports on the growth of 111 type of single crystals due
to the difficulty in handling, reactivity with air and sensitivity to moisture of lithium
and sodium. Even more, it is difficult to growth the stoichiometric LiFeAs and
NaFeAs single crystals, because of the evaporation loss of Li/Na during the
high-temperature reaction. Na;FeAs crystals have been grown from self-flux [154]
while LiFeAs crystals have been grown by a Bridgman technique [155] and from
both self-flux and Sn flux [156].

High quality single crystals of Na,_sFeAs have been grown by the self-flux
technique. The starting compositions were selected as Na; sFeAs. The mixtures of
Na, and FeAs were put into an alumina crucible and sealed in Ta crucible under 2
atmosphere of argon gas. The Ta crucible was then sealed in an evacuated quartz
ampoule and heated to 1100 °C and cooled slowly (at 5 °C/h) to grow single
crystals. The obtained crystals with sizes up to 8 X 5 X 0.5 mm have the form of
platelets with shinny surface. These crystals were characterized by X-ray diffraction
(XRD). Figure 5.26 shows the X-ray diffraction pattern of Na,_sFeAs with the 00¢
reflections. The lattice constant ¢ = 7.028 A was calculated from the higher order
peaks, comparable to that of polycrystalline sample. The elemental composition of
the single crystal was checked by Inductively Coupled Plasma (ICP) analysis.
Several crystals from the same batch were analyzed and the deficiency of sodium
was found to be less than 1 %; that is, the elemental composition of the single
crystal is very close to a stoichiometric 1:1:1. The crystals were found to undergo
three successive phase transitions at around 52, 41, and 23 K, which correspond to
structural, magnetic and superconducting transitions, respectively.

LiFeAs single crystal with onset T, ~ 19.7 K can be grown by using the
Bridgeman method [155]. Approximately 3 g of FeAs;, was prepared by a solid
reaction of Fe powder and As chips. The mixture was sealed twice in an evacuated
quartz tube and placed in a box furnace. The furnace was heated to 1050 °C at a
rate of 100 °C/h and kept at that temperature for 40 h. The sample was then cooled

Fig. 5.26 Single crystal 001
X-ray diffraction pattern Na FeAs
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Fig. 5.27 X-ray diffraction
pattern of a LiFeAs crystal
grown by Bridgeman method.
The inset is photography of
the LiFeAs single crystal with
a well cleaved plane [155]
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to room temp at a rate of 100 °C/h. Under an Ar atmosphere, precursors of FeAs; »
and Li with nominal composition ratio 1:1.9 were loaded into a small BN crucible,
which was put in a W crucible. A BN crucible was used to avoid a reaction between
the starting materials (especially Fe) and W crucible. The cap covering the W
crucible was welded with an arc welder and filled with Ar gas to prevent the escape
of volatile As and Li. The welded W crucible was placed in a vacuum furnace with
a tungsten mesh heater (VFTMH), heated slowly to 1500 °C over a 12 h period and
held at that temperature for 102 h. When the temperature reached 1500 °C, the
crucible was held its position for 12 h, and then slowly moved downward out of the
heater in the furnace at a rate of 1.6 mm/h. The obtained bulk sample contained a
~6 X 6 X 3 mm® single crystal as shown the inset of Fig. 5.27.

Figure 5.27 shows the XRD pattern of a LiFeAs crystal selected from the well
cleaved bulk sample, and only (001), (002) and (003) peaks were observed. This
indicates a well oriented single crystal.

LiFeAs crystal with lateral sizes up to 5 X 5 mm® can been grown by using
Sn-flux method [157]. Stoichiometric amount of Li, Fe and As were weighed and
kept in a pair of alumina crucibles, and Sn was added as a flux with a molar ratio
[LiFeAs]:Sn = 1:10. The alumina crucible was put into a quartz ampoule, which
was sealed under partial Ar atmosphere (~0.7 bar) to minimize Li evaporation
during the reaction. To avoid oxidation, all the processes for handling chemicals
were performed inside a glove box, where the levels of oxygen and moisture were
maintained less than 1 ppm. The sealed quartz ampoule was heated up with a rate of
50 °C/h to be kept at 250 °C for 24 h and subsequently at 500 °C for 4 h to fully
dissolve Li and As into the Sn flux. Later, the ampoule was heated up to 850 °C to
stay for 4 h and then cooled down to 500 °C with a rate of 3.5 °C/h. At 500 °C,
centrifuging was performed to remove the Sn-flux from the crystal surfaces. The
crystals thus harvested showed a plate-like shape and the maximum lateral size
reached up to 5 X 5 mm? (Inset of Fig. 5.28).

X-ray diffraction results are shown in Fig. 5.28. All the peaks can be indexed
with a tetragonal P4/nmm group, being consistent with previous reports on poly-
crystalline LiFeAs and other impurity phases were not detected. Electrical resis-
tivity studies show that the superconducting onset temperature is 18.2 K with a
transition width less than 1.1 K, showing the higher quality than the crystals growth
by Bridgeman method [155].
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LiFeAs and NaFeAs crystals up to 5 X 5 X 0.5 mm in size can be grown by
self-flux methods [11]. The LizAs or NazAs, FeAs and As powders were mixed
according to the stoichiometric ratio of LiFe;3As or NaFej;3;As. The powder
mixture was pressed into a pellet in an alumina oxide tube and sealed in a Nb tube
with argon gas at a pressure of 1 atm before being sealed in an evacuated quartz
tube. This quartz tube was then heated up to a temperature of 1100 °C for the
LiFe( 3As compound or 0.950 °C for NaFe( 3As) for 10 h and then cooled down to
700 °C at arate of 5 °C/h. Although the NaFeAs crystals exhibit a superconducting
transition around 8 K, the superconducting volume fraction is minimal.

5.8 1111 Type of Ln(O/F)FePn (Ln=Rare Earth Elements;
Pn=P and As)

Iron-based superconductivity was first discovered in LaFePO in 2006 [1], the
superconducting transition temperature Tc was only 3.2 K. The breakthrough of
superconductivity at 26 K in LaFeAsO;Fy [158] immediately aroused great
research interests in the condensed matter physics community, since the
element-selective feature at the four crystallographic sites allows various kinds of
successful chemical doping for inducing superconductivity. By replacing the La
atoms with other rare-earth elements, the superconducting transition temperature
was quickly enhanced. Further study shown that both the F doped and oxygen
deficient samples show the same trend for 7¢ as a function of rare earth ion [159-
162]. Figure 5.29 shows the temperature dependence of resistivity for some typical
1111 type oxygen-deficient superconductors found by high-pressure synthesis
[163].

The growth of large single crystals of the 1111 system has been proven to be
difficult so that the largest crystals are still in submillimeter size despite extensive
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Fig. 5.29 The temperature dependence of resistivity for some typical 1111-type oxygen-deficient
superconductors [163]

efforts. Zhigadlo et al. succeeded in growing single crystals of SmFeAsO,_cFy in the
100 pm size regime using a NaCl/KCI flux technique at high (3 GPa) pressure
[164].

Single crystals of RFeAsOg ¢Fy ; (nominal O and F composition) were extracted
from 5 mm diameter pellets obtained using high pressure synthesis. Individual
superconducting single crystals have dimensions up to 650 X 180 X 120 um? for
Nd-1111 (Fig. 5.30a) and 330 X 240 X 10 um’ for La-1111 (Fig. 5.30b) [165].

After the first single crystals (3 X 3 X 0.2 mm?) of the 122 superconducting
compound Ba;_ K Fe,As, were grown by using Sn flux [45], Sn flux has been used
quite successfully in the crystal growth of various other MFe,As,, 1111, and 111
compounds, such as large CeFeAsO single crystal as show in Fig. 5.30c [166],
number of other fluxes were quickly tried.

In 2009, millimeter-sized single crystals of 1111 type were successfully grown
in NaAs flux at ambient pressure [167]. The as-grown LaFeAsO, LaFe; Co,AsO,
and LaFeAsO,_F, crystals have typical dimensions of 3 X 4 X 0.05-0.3 mm?® with
the crystallographic c-axis perpendicular to the plane of the plate-like single crystals
(Fig. 5.31). The NaAs flux then been applied to crystal growth of other RMAsO
(M = transition metal) members.

Nd-1111 | | La-1111 |

() (b) TR

Fig. 5.30 Photographs of single crystals. a Nd-1111 [165], b La-1111 [165], ¢ CeFeAsO [166]
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Fig. 5.31 Photographs of single crystals growth from NaAs flux [167]
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Recently, millimeter-sized CaFeAsF single crystal was grown by using the
self-flux method with CaAs as the flux [168]. First, the starting materials Ca
granules and As grains were mixed in 1:1 ratio. Then the mixture was sealed in an
evacuated quartz tube and followed by a heating process at 700 °C for 10 h to get
the CaAs precursor. CaAs, FeF, powder and Fe powder were mixed together in the
stoichiometric ratio 10:1:1, and the mixture were placed in a crucible. Finally, the
crucible was sealed in a quartz tube with vacuum. All the weighing and mixing
procedures were carried out in a glove box with a protective argon atmosphere. The
quartz tube was heated at 950 °C for 40 h firstly, and then it was heated up to
1230 °C and stay for 20 h. Finally it was cooled down to 900 °C at a rate of 2 °C/h
and followed by a quick cooling down to room temperature.

A typical dimension of the single crystals is 1.2 X 1.0 X 0.1 mm>. The mor-
phology was examined by the scanning electron microscopy. An SEM picture for
the CaFeAsF single crystal can be seen in inset of Fig. 5.32, which shows the flat
surface and some terrace-like features. The structure of the crystals was first check
by a powder x-ray diffractometer, where the x-ray was incident on the ab-plane of
the crystal. The diffraction pattern is shown in Fig. 5.32. All the diffraction peaks
can be indexed to the tetragonal ZrCuSiAs-type structure. Only sharp peaks along
(001) orientation can be observed, suggesting a high c-axis orientation. The full

Fig. 5.32 X-ray diffraction
pattern measured on the
CaFeAsF single crystal with
the x-ray incident on the
ab-plane. The inset is SEM
picture of a CaFeAsF crystal
with the lateral size larger
than 1 mm [168]
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width at half maximum (FWHM) of the diffraction peaks is only about 0.10° after
deducting the K., contribution, indicating a rather fine crystalline quality.

At present, most of the 1111 type Ln(O/F)FePn can be grown in mm-sized single
crystal form by using flux method.

5.9 11111-Type (Li;-.Fe,)JOHFe;_,Se and Its Implication
for Iron-Based Family

5.9.1 Electronic Phase Diagram

Iron selenide and arsenide superconductors, as the two subgroups of iron-based
family, contain similar edge-sharing FeSe,- or FeAsy-tetrahedra layers as their
superconducting blocks, respectively. However, previous reports have shown that
the typical FeSe-based superconductors A,Fe, ,Se, (A=alkali metal ions) exhibit
quite different physical properties in the parent and normal states from the
FeAs-based ones, despite sharing the similar structural skeleton. In contrast to the
FeAs-based superconductors, A Fe, ,Se, compounds always manifest themselves
as a mixture of high-T, superconducting (SC) phase, strongly antiferromagnetic
(AFM) phase, and various cation/iron vacancy ordered phases [169-176]. For
example, the superconducting phase is always intergrown with a well-known
insulating 245 phase of a ¥5 X /5 Fe vacancy order accounting for a strong cluster
AFM order at about 500 K. Unlike a metallic background in iron arsenide mate-
rials, the electric resistivity of A,Fe, .Se, shows a broad hump between ~ 70 and
300 K, a signal of the mixed electronic states. Because of the phase separation in
the FeSe-based superconductors [107, 109, 172], a domelike doping dependence of
T. was not as commonly observed as in the FeAs-based superconductors. Another
important difference is that the correlated AFM SDW (spin density wave) ordering
temperature for FeAs-based parent compounds (100-150 K [51, 65, 177-179]) is
much lower than that for the FeSe-based counterparts (~500 K), owing to sig-
nificantly different magnetic coupling strengths in the two material systems. These
results seem to suggest different electronic ground states for the FeSe- and
FeAs-based materials. It thus raises the question of whether the iron-based family
would share a universal underlying physics for the high-T, superconductivity. To
resolve this issue is of fundamental importance for understanding the physical
mechanism of all classes of high-7. superconductors. But in A,Fe, ,Se,, the
presence of the insulating AFM 245 phase obstructs the experimental observation
on the intrinsic electronic properties of the normal and superconducting states. The
appearance of a new FeSe-based superconductor Li, gFe, ,OHFeSe [35], however,
where the troublesome v5 X 5 Fe vacancy ordered phase is absent [36], marks a
turning point in the experimental studies.

The new FeSe-based superconductor system, generalized by the chemical formula
(Li;_Fe,)OHFe_,Se (short for FeSel1111 here) and showing a 7. up to 40-43 K,
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have recently been synthesized by hydrothermal approaches [35, 36, 180, 181]. Based
on a series of powder samples prepared by the hydrothermal reactions, a complete
electronic phase diagram of FeSelll1ll (Fig. 5.33a) has been established, which
indicates that the physical properties of FeSel1111 in both the AFM-SDW and SC
regimes closely resemble those of FeAs-based superconductors [36]. Like the parent
compounds of FeAs-based superconductors, the non-SC FeSel1111 samples displays
an AFM-SDW order below 127 K, in the absence of the /5 X /5 superstructure and the
associated strong AFM order at ~ 500 K otherwise present in FeSe-based A, Fe,_,Se,.
Moreover, in the SC regime, an optimal 7, = 40 K and a dominant superstructure with
a unique modulation wave vector g = 1/2(1, 1, 0) (Fig. 5.33c) are very similar and
identical, respectively, to those reported for A Fe, ,Se, and K Fe, .Se, supercon-
ductors. Hence, the unusual (Li,_Fe,)JOHFe,_,Se system bridges the gap between iron
selenide and arsenide superconductors [36], and a commom mechanism for high-7,
superconductivity is thus expected.
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Fig. 5.33 a Phase diagram versus lattice parameter ¢ for (Li;_[Fe,JOHFe; Se. Similar to
FeAs-based superconductors, when the AFM SDW order is suppressed, an SC dome appears
concomitantly, with an optimal 7. = 40 K. b and ¢ are selected area diffraction patterns taken
along the [001] zone axis direction. The former is for the non-superconducting sample with the
AFM-SDW order at 127 K, showing only the basic tetragonal structure, and the latter is for the
optimal superconducting sample (7. = 40 K), showing evident satellite spots characterized by a
unique modulation wave vector of g = 1/2(1, 1, 0). From [36]
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5.9.2 Crystal Synthesis via Ion/Cluster Exchange
and Strong Two Dimensionality

The binary Fe,,sSe compound, structured with FeSey-tetrahedron layers of the
maximum interlayer compactness, exhibits superconductivity only at ~8 K under
ambient pressure [25, 124]. In contrast to that, in a highly two-dimensional single
unit-cell FeSe film on a SrTiO; substrate, the superconducting transition temperature
T, can be increased up to a value above 65 K [29, 129-131]. In other intercalated
FeSe-based superconductors with a larger interlayer spacing of the FeSe,-tetra-
hedron layers, the superconductivity of a higher 7, than the binary bulk Fe sSe is
always realized. In A Fe,_Se, compounds, for example, the intercalation of alkali
metal ions A into between the adjacent FeSey-tetrahedron layers expands the
interlayer separation and yields superconductivity at 7. ~ 30 K. It seems that the
superconductivity is enhanced with the degree of the structural and/or electronic two
dimensionalities. Since FeSe11111 has a larger interlayer spacing than that of A Fe,.
Se,, the correlation between the adjacent FeSe layers becomes even weaker. Such a
quasi-two-dimensional structure is propitious for unveiling the interplay of elec-
tronic anisotropy and high-7. superconductivity. For in-depth investigations on the
anisotropic, intrinsic electronic properties of FeSel1111, high-quality large crystal
samples are indispensable.

The common hydrothermal synthesis using commercially available reagents and
prepared FeSe as starting materials have produced only powder samples of
FeSellll1 [35, 36, 180, 181]. A development in the synthesis technique has
recently been made, and large and high quality single-phased crystals of FeSel1111
have been successfully prepared by using specially grown big crystals of
Ko gFe; ¢Se, (nominal 245 phase, KFS245 for short) as a kind of matrix for a
hydrothermal ion/cluster exchange reaction [182]. The KFS245 structure consists of
an alternative stacking of K-monolayers and Fe,gSe-monolayers similar to the
target compound, so as to be the best matrix for the ion/cluster exchange. The
cartoon in Fig. 5.34a illustrates such an ionic exchange process. The K ions in
KFS245 are completely released into solution after the ion-exchange reaction
process. Simultaneously, (Li/Fe)OH layers constructed by ions from the solution
are squashed into the matrix, linking the adjacent FeSe,-tetrahedra via a weak
hydrogen bonding. The separation between the neighboring FeSe,-tertahedron
layers is consequently enlarged by ~32 % (from ~7.067 to ~9.318 A), resulting
in an enhanced two dimensionality of the crystalline and electronic structures
compared to the bulk FeSe and A Fe,_,Se, superconductors. It is noted that a most
recent work [183] has shown that this ion/cluster exchange synthesis of FeSel1111
crystals is reproducible for precursor crystals of Rbg goFeq g1Se, and Csg goFe; g1Ses
besides K goFe; g1Se,, all showing similar matrix structures. Based on thus-derived
FeSellll11 crystals, an electronic phase diagram (Fig. 5.35) similar to previously
reported for poly-crystalline FeSel1111 samples (Fig. 5.33a) is obtained.



180 5 Crystal Growth and Characterization of Iron-Based Superconductor

(a)
o
~
[{s]
<
~
xch-a (Lio.saFeq 16)OHFeq ggSe
. P4/nmm
(b) _ ()
- o - ot
S 2 KFS245 i 3 S FeSe11111
® '= ©
~— ] —
2 8 2| g
7 = ® o ™ §
= = c I} =} ~
£ 3 8 7 (3 g 3 T ] 8
= 8 ¢ I E | 8 1
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
20 (degree) 20 (degree)

Fig. 5.34 a A schematic illustration of the hydrothermal ion-cluster exchange reaction using the
starting materials of big matrix crystals Ky gFe; ¢Se,, LIOHH,O, Fe, and CH4N,Se. For clarity, the
H-Se and K-Se bondings in the structures are not shown. b and ¢ are the (00/) type XRD patterns
for the precursor crystal KggFe;¢Se, and the derived end crystal (Ligg4Feq 16)OHFeqogSe,
respectively, with [ = 2n (n = integer) for the former and without the systematic extinction for the
latter. The insets in b and ¢ are the photographs for the typical precursor and end crystals,
respectively. Interestingly, the as-derived (Ligg4Feo 16)OHFeg0gSe crystal roughly inherits the
original shape of its precursor. From [182]

As-synthesized high-quality FeSe11111 crystals are of a size over 10 mm in length
and about 0.4 mm in thickness (inset of Fig. 5.34c). The structure refinement, per-
formed by single crystal XRD on the FeSelll11 sample in light of the reported
structure model [35, 181], yields the chemical formula of (Lig g4Fe 16)OHFeq 9gSe in
perfect agreement with the result of ICP-AES. No impurity phases are detectable by
powder XRD, and the least-squares refined unit cell dimensions are a = 3.7827(4) A
and ¢ =9.3184(7) A for (LiysgsFep16)OHFegosSe and a = 8.7248(6) A and



5.9 11111-Type (Li;-,Fe,)OHFe,_,Se and Its Implication for Iron-Based Family 181

140
i -
» PMcewen (Li, . Fe,)OHFeSe
120 T
r O K,.Fe,,S¢ precarsor
B O Rb,Fe,, Se, precursor
= 100f A Cs, Fe,,Se,precursor
e L
> L
® s
@ L AFM SDW
Q L PM,...
£ L
& e}
40 r m.m‘ﬁ...a%---e
sl oy e o, BN
9.18 9.20 9.22 9.24 9.26 9.28

Lattice constant c (Angstrom)

Fig. 5.35 Phase diagram of (Li;_Fe,)JOHFeSe single crystals. The values of Ts and Tc were
derived from the 4my—T curves [183]

c = 14.1339(12) A for KFS245. While the ¥5 X 5 ordered vacant Fe sites in the
Fe gSe-layers of K gFe| ¢Se, are of ~20 % in amount [184], most of them are
occupied by Fe introduced during the ionic exchange process, leaving over there only
2 % disordered Fe vacancies in the end crystal (Lig g4Feq.16)OHFe( ogSe.

Figure 5.36a displays the magnetic susceptibility data for the insulating KFS245
precursor crystal, showing an AFM phase transition at 538 K consistent with the

KFS245 FeSe11111
(8)3 s (b)
=l T,=538K e -
8 ;’— __.-j
76 30 ° |
o >~
E & -05¢
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25}
wé’ O zZFC
= T
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300 400 500 600 10 20 30 40 50
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Fig. 5.36 a Temperature dependence of the static magnetic susceptibility for the precursor crystal
Ko.gFeq ¢Se,, showing an AFM transition at 538 K. b The magnetic susceptibilities, corrected for
demagnetization factor, under zero-field cooling (ZFC) and field cooling (FC, 1 Oe along the
¢ axis) for (Ligpg4Feq 16)OHFegogSe crystal exhibit a sharp diamagnetic transition at 42 K.
The ZFC curve shows a 100 % superconducting shielding and the FC one a Meissner signal up to
~21 %. From [182]
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earlier reports [184]. By contrast, the ion-exchange synthesized (LiggsFeq 16)
OHFe( 9gSe crystal exhibits a bulk superconductivity, as evidenced by its magnetic
susceptibilities drop at 42 K (Fig. 5.36b), within a narrow temperature range
AT ~ 1 K between 10 and 90 % shielding signals. The sharp diamagnetic tran-
sition along with its 100 % diamagnetic shielding demonstrates a high quality of the
(Lig.g4Feo 16)OHFeq 9gSe crystal

Strong anisotropy in both the superconducting and normal states has been found
by electron transport and magnetic studies on (Ligg4Feq 6)OHFeqogSe crystal
samples. The zero-temperature upper critical field H., evaluated from the WHH
formula [185] for the field along the ¢ axis (79 T) is merely a quarter of the value
for the field along the ab plane (313 T). In the normal state, the ratio of out-of-plane
to in-plane electric resistivity, p/p.,, 18 found to increase with decreasing tem-
perature and to reach a high value of 2500 at 50 K (Fig. 5.37a). It is clear that, prior
to the superconducting transition, the normal state electronic interaction of
(Lig. 84Feo 16)OHFe ogSe is getting highly two dimensional. A common temperature
scale 7" = 120 K has been observed, which characterizes the prominent reduction
in the slope of the in-plane electric resistivity (Fig. 5.37a), the kink in the ratio
p/Pap (Fig. 5.37a), the dip in the in-plane Hall coefficient (Fig. 5.37b), and the
deviation in the static magnetic susceptibility from the Curie-Weiss law
(Fig. 5.37¢). Below this characteristic 7°, the two dimensional AFM spin fluctua-
tions in the FeSe layers set in, manifested by the anomalous linear in-plane electric
resistivity (inset of Fig. 5.37a) and nearly linear magnetic susceptibility deduced for
the FeSe layers (inset of Fig. 5.37c). The negative Hall coefficient (Fig. 5.37b)
indicates an electron-dominant charge transport. Its dip feature implies that above
T the mobility of holes is reduced with lowering temperature (1, < f1c) and below
T the electron carriers govern the charge transport (j, << o) with an enhanced
carrier density. Therefore, the prominent slope reduction in the p,,—7 curve around
T" is likely related to the additional scattering mechanism brought about by the
emergent two-dimensional AFM spin fluctuations and the vanishing mobility of
holes below 7. It is important to note that a most recent neutron scattering study on
large binary FeSe crystal samples strongly suggests a close relation between the
spin fluctuations and superconductivity [144], as introduced in Sect. 5.6.1.

The in-plane lattice constants a and b determined as ~3.78 A for (Lig.gsFeo 16)
OHFe ogSe are comparable to the primary bulk FeSe (~3.77 A) and A Fe, Se,
(~3.90 A) superconductors. In contrast, its FeSey-tetrahedron layers weakly bon-
ded to the (Li/Fe)OH layers via hydrogen ions have a larger interlayer spacing
(~9.32 A) compared to the bulk FeSe (~5.52 A) and A,Fe, Se, (~7.02 A)
superconductors. Consequently, (Lig g4Feq 16)OHFe( 9gSe exhibits an enhanced two
dimensionality of the electronic structure and a higher superconducting transition
temperature (42 K) than bulk FeSe (~ 8 K) and A,Fe;..Se, (~30 K). In partic-
ular, (Ligg4Fep16)OHFegogSe system is closely analogous to the strictly
tow-dimensional interface superconductor of single unit-cell FeSe film on SrTiO;
substrate, which shows a T, above 65 K. The two-dimensional electron-electron
interaction is crucial to the electron pairing of superconductivity, as commonly
believed in optimal iron arsenide [186—188] and copper-oxide high-T,
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Fig. 5.37 The electric resistivity, Hall coefficient, and magnetic susceptibility of (LiggsFeo 1)
OHFe( 9gSe crystal, showing a common characteristic temperature T" =120 K. a The in-plane
electric resistivity and the ratio of the out-of-plane resistivity to the in-plane one as functions of
temperature. The inset shows the linearly temperature dependent range from 80 K down to T for
pap- b The in-plane Hall coefficient Ry as a function of temperature exhibits a dip feature. The
black curve is a guide to the eye. ¢ The temperature dependencies of magnetic susceptibility
¥ = M/H under fields along the ¢ axis. The results slightly depend on the magnitude of the field.
The sudden drops in the magnetic susceptibility are due to the appearance of the superconduc-
tivity. At higher temperatures, all the data can be fitted to a modified Curie-Weiss law
Ym = Xo + Ycw- But a deviation is clearly visible below T~ = 120 K. Further lowering temperature,
the rest magnetic susceptibility in which the Curie-Weiss term is subtracted shows the nearly linear
temperature dependence (the inset). From [182]

superconductors [189-191], as well as in heavy fermion [192, 193] and organic
superconductors [194]. Hence the (LiggsFeq 16)OHFeq95Se superconductor falls
under the same universality class.
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5.9.3 Recent Results by ARPES and STS

So far the majority of iron-based superconductors show common electronic struc-
ture with hole-like bands near the Brillouin zone center (I" point) and electron-like
bands near the Brillouin zone corners (M point). The superconducting A,Fe, ,Se,
compounds and single-layer FeSe film on SrTiO; substrate are the only two
exceptions before the appearance of (Li;_JFe,)JOHFe, Se system. It has recently
been found by high-resolution ARPES measurements [195] that the (Lig g4Feq 16)
OHFe( 9gSe superconductor exhibits electronic behaviors closely analogous to the
superconducting single-layer FeSe/StTiOs film, in terms of the Fermi surface
topology, band structure and nearly isotropic superconducting gap without nodes.
The measured Fermi surface for (Lijg4Feq 16)OHFe( 9gSe contains only a nearly
circular electron-like Fermi surface around M points but shows no indication of
Fermi crossing around the I" (0, 0) point (Fig. 5.38d), very similar to that found in
the superconducting single-layer FeSe/SrTiO5 film (Fig. 5.38e). Similar ARPES
results have been observed on a (LigpgFey,)OHFeSe crystal sample [196]. These
observations are of important implications for the iron-based family, because
(Lig g4Fep.16)OHFe( 9gSe is a single-phased bulk high-T, superconductor, free from
the complications of phase separation and interface effect otherwise present in
superconducting bulk A,Fe,_,Se, and single-layer FeSe/SrTiO3 film.

W T Vg ¢

i o et 0
i o X L.
LifFe 3
| o> le

s it

SrTi0,

(Lij4Fe,JOHFe, ,Se, T~41K Single-layer FeSe/SrTiO;, T=65K
2, 2

o
ky (wfa)

Fig. 5.38 Fermi surface comparison between (Lig g4Feq 16)OHFeq ogSe, single-layer FeSe/SrTiO3
film and (TL,Rb),Fe, ,Se, superconductors. a The crystal structure of (Lig s4Feg 16)OHFe ogSe.
b Schematic structure of single-layer FeSe/SrTiO3 film ¢ Schematic structure of (T1,Rb),Fe,_,Se,.
d Fermi surface mapping of (Lig g4Feo 16)OHFe( 9gSe measured at 20 K. e, f Fermi surfaces of a
superconducting single-layer FeSe/SrTiO; film and (T1,Rb),Fe,o,Se,, respectively. From [195]
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On the other hand, a recent STS (scanning tunneling spectroscopy) study [197]
on (Li,_Fe,OH)FeSe crystal samples indicates the presence of double nodeless
superconducting gaps, each showing a significant anisotropy with a maximum
magnitude of A; ~ 14.3 meV and A, ~ 8.6 meV, respectively. This two-gap
feature is reminiscent of that reported for the monolayer FeSe film on SrTiO;
substrate.

5.10 Conclusion

Iron-based superconductors have been studied extensively for both theoretical and
practical reasons. The progress on single crystal growth has brought many
important achievements, which help to develop our physical understanding and
bring their applications closer. Many important superconducting properties are still
a mystery, however, and require further thorough investigation. Further experi-
mental studies performed on higher quality single crystals are still desperately
needed.

This chapter reviews the single crystal growth of iron-based superconductors and
the most recent developments in this family of materials, especially the large size
single crystal growth. The effects of crystal defects and post-treatments on the
physical properties are described.

Large single crystals can be grown by using the flux, Bridgman or floating zone
methods for most compounds except the 21311 type. Crystal growth study to
enhance the size and the compositional homogeneity remains much work to be
done in the future.
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Superconductivity, 47, 58, 182
Superconductor, 136, 143
Susceptibility, 108
Susceptibility measurements, 137
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196 Index

T Undoped, 49
Temperature-composition (T-C) diagram, 25 Uniaxial pressure, 34
Temperature oscillation method, 28 Unstable, 129
Tetragonal (HTT), 3

Tetragonal structure, 64 v
Thermoelectronic, 116 Vacuum, 92
Thermomechanical detwinning, 33

Three-layer, 131 X

TM doped, 154 XRD, 122, 129
Transition, 77

Transport, 170 Y
Traveling-solvent floating-zone, 167 Y-123, 27

TSFZ process, 6 Y-124, 41

TSSG method, 28 YBa,Cu;07 5, 23
Twin, 33 YBa2Cu408, 23
Two-layer, 118

11 type, 164 Z

1111 type, 174 Zn, 42

122 type, 145, 158 7r0,, 41

U

Underdoped, 108



	Preface
	Contents
	1 The K2NiF4-Type Cuprate Superconductors La2−xMxCuO4 (M=Ba, Sr, Ca)
	Abstract
	1.1 Introduction
	1.2 Phase Diagram and Distribution Coefficient of Dopants in La2CuO4
	1.3 Travelling-Solvent Floating-Zone (TSFZ) Technique
	1.4 TSFZ Growth and Characterization of La2−xMxCuO4
	1.5 Doping Effect on Superconductivity: 1/8 Anomaly in La2−xBaxCuO4 and Magic Doping Concentrations in La2−xSrxCuO4
	1.6 Concluding Remarks
	References

	2 YBCO and Some Other Rare Earth Cuprates
	Abstract
	2.1 Introduction
	2.2 Phase Diagram
	2.3 Centimeter-Sized Single Crystal Growth of Y-123 and RE-123
	2.4 Ferroelastic Detwinning
	2.5 Defects and Etch Pits in Y-123
	2.6 Flux Growth of Pure and Doped Y-124
	References

	3 Bi-Based High-Tc Superconductors
	Abstract
	3.1 Introduction
	3.2 Undoped Bi-2201 Compound
	3.2.1 Material Chemistry
	3.2.2 Phase Diagram
	3.2.3 Flux Growth
	3.2.4 Floating Zone (FZ) Growth of Large Crystals
	3.2.4.1 Crystal Growth and Characterization
	3.2.4.2 Superconductivity


	3.3 La-Doped Bi-2201
	3.3.1 Flux Growth
	3.3.2 FZ Growth
	3.3.3 Superconductivity

	3.4 Pb-Doped Bi-2201
	3.4.1 FZ Growth
	3.4.2 Post Growth Annealing and Superconductivity

	3.5 Bi-2212 Compound
	3.5.1 Flux Growth
	3.5.2 Bridgman Growth
	3.5.3 FZ Growth of Large-Size Crystals
	3.5.3.1 Growth Conditions and Sample Characterization
	3.5.3.2 Effect of Oxygen Annealing on Superconductivity


	3.6 Bi-2223 Compound
	3.6.1 Main Growth Difficulties
	3.6.2 Flux Growth
	3.6.3 FZ Growth
	3.6.3.1 Growth of Pure and Pb-Doped Samples
	3.6.3.2 Sample Characterization
	3.6.3.3 Effect of Post-growth Treatment on Superconductivity


	References

	4 Crystal Growth and Characterization of NaxCoO2 and NaxCoO2·yH2O
	Abstract
	4.1 Introduction
	4.2 Two-Layer NaxCoO2
	4.2.1 Single Crystal Growth
	4.2.1.1 Single Crystal Growth by the Flux Method
	4.2.1.2 Single Crystal Growth by Optical Floating Zone Method

	4.2.2 Melting Behavior of Two-Layer NaxCoO2
	4.2.2.1 Crystal Growth, Morphology, and Composition

	4.2.3 Sodium Extraction and Hydration
	4.2.4 Hydration Dynamics
	4.2.5 Deintercalation Process

	4.3 Three-Layer NaxCoO2
	4.3.1 Crystal Structure
	4.3.2 Single Crystal Growth

	4.4 Sodium Cobalt Oxyhydrates Superconductor
	4.4.1 Crystal Structure
	4.4.2 Superconductivity and Phase Diagram

	4.5 Conclusion
	References

	5 Crystal Growth and Characterization of Iron-Based Superconductor
	Abstract
	5.1 Introduction
	5.2 122 Type AFe2As2 (A=Ba, Sr)
	5.2.1 Single Crystal Growth by the Flux Method
	5.2.2 Features of K Doped Crystals Grown from Sn Flux and Self-flux
	5.2.2.1 Crystal Morphology and Crystal Structure
	5.2.2.2 Transport and Magnetic Properties
	5.2.2.3 Sn in the Crystal Structure and Dopant Distribution
	5.2.2.4 Relationship Between Antiferromagnetic Order and Superconductivity


	5.3 Electron/Hole-Doped BaFe2−xMxAs2 (M=Mn, Cr, Co, and Ni)
	5.3.1 Crystal Structure and Segregation Coefficient
	5.3.2 Annealing Effect on the Superconductivity

	5.4 Isovalently Doped BaFe2(As1−XPx)2 Single Crystals Grown by the Bridgman Method
	5.5 122 Type Iron Chalcogenides AxFe2−ySe2 (A=K, Rb and Cs)
	5.5.1 Single Crystal Growth
	5.5.1.1 Self-flux Method
	5.5.1.2 Floating Zone Method

	5.5.2 Microstructure and Phase Separation

	5.6 11 Type Iron Chalcogenides
	5.6.1 Binary FeSe Crystal Growth by Flux and TSFZ Methods
	5.6.2 Fe1−δTe1−xSex Crystals Grown by the Bridgman and Self-flux Method

	5.7 111 Type of AFePn (A=Li and Na; Pn=P and As)
	5.8 1111 Type of Ln(O/F)FePn (Ln=Rare Earth Elements; Pn=P and As)
	5.9 11111-Type (Li1−xFex)OHFe1–ySe and Its Implication for Iron-Based Family
	5.9.1 Electronic Phase Diagram
	5.9.2 Crystal Synthesis via Ion/Cluster Exchange and Strong Two Dimensionality
	5.9.3 Recent Results by ARPES and STS

	5.10 Conclusion
	References

	Index



