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Preface

The famous paper in which the later Nobel Prize laureate Percy W. Bridgman, among
other things, suggested his well-known crystal-growth method starts with the sen-
tences: The importance of a knowledge of the physical properties of single crystals of the
metals requires no argument. Very little is known of the subject, however.! Nowadays,
with respect to intermetallic phases, this can be repeated if we look at the discrep-
ancy between the huge field of various intermetallic systems and the relatively small
number of binary and ternary phases investigated so far. In their recently published
book on the statistics of intermetallic structures, Steurer and Dshemuchadse? noted
that less than eight percent of ternary phase diagrams have been studied of a total of
approx. 80,000 that can be formed from about 80 metallic elements in the periodic
table.

Similar to Bridgman’s starting point with the pure metals, single crystals of in-
termetallic compounds are the necessary prerequisite for any study of their intrinsic
properties. Crystal structure information or some thermodynamic knowledge may be
obtained from relatively small (tens of pm in size) single crystals or even polycrys-
talline materials. In contrast, typical measurements of anisotropic magnetic, electri-
cal and thermal properties, as well as structural studies of crystalline surfaces, nowa-
days desperately need bulky single crystals of appropriate size, although there are very
recent developments of techniques for the measurement of pm-sized specimens. The
need for single crystals even holds in those cases where possible future applications
will be based on polycrystalline materials or nanoparticles, e. g., for catalytic purposes
or thermoelectric devices. This is why single-crystal growth should be regarded as the
basis of any experimental research in the exciting field of intermetallic compounds
and, consequently, as a scientific issue of its own. If this is neglected, even sophisti-
cated physics and materials science using highly developed methods will fail due to
badly prepared samples.

As distinguished from semiconductor physics, among intermetallic phases there
is no such cornerstone like silicon, but rather, instead, it is the huge variety of com-
binations of metallic elements that make this group of materials so interesting and
different. The crystal structures of intermetallic compounds are often quite complex
and not as simple as in the typical, tetrahedrally-bonded semiconductor compounds.
Due to the fact that intermetallic compounds are formed by elements located to the left
of the Zintl line in the periodic table of elements, the average number of valence elec-
trons per atom is normally less than four. This distinguishes these materials from the
normal-valence inorganic compounds. As a consequence, their compositions cannot

1 Bridgman PW. Proc Amer Acad Arts Sci. 1925, 60, 303-83.
2 Steurer W, Dshemuchadse J. Intermetallics. Structures, Properties, and Statistics, Oxford University
Press, 2016.

https://doi.org/10.1515/9783110496789-201
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be described by applying the usual valence rules. The common feature of the bond-
ing in this family of inorganic substances is the formation of multi-center and multi-
atomic bonds. This leads to the tiny influences on the total energy of such structures
and opens up a possibility of the local deviations in the crystallographic ordering.
Study of all such phenomena often requires materials preparation under closer-to-
equilibrium conditions, e. g., by single-crystal growth.

This book consists of three chapters (1, 2, and 11) that form a frame by treating
the general aspects of all intermetallic materials, and four chapters that focus on the
most important crystal growth methods used nowadays for intermetallics. After these
method-driven parts, the subsequent chapters address some groups of intermetallic
materials. Here, the material creates the focus, and the reader can learn how an in-
termetallic compound constrains the preparation method to be used and its special
conditions. Looking for the most interesting case studies, we have chosen some espe-
cially exiting examples and present, e. g., the just arising field of high-entropy alloys,
but not the intermetallic quasicrystals that have already been the subject of other re-
views.

The book has been written primarily for senior undergraduate and postgraduate
students already doing research in the field of solid-state physics or chemistry and
interested in intermetallic alloys or compounds. It should lead them to have a closer
look at the preparation conditions of their samples to be studied and, hopefully, to
encourage them to start their own crystal growth activities. Anyway, after having read
this book, the reader will be aware how much crystal growth conditions do influence
the properties of the samples under investigation.

We are indebted to the editorial and production staff of de Gruyter. Special thanks
go to Kristin Berber-Nerlinger who had the idea for this book project and convinced
the editors. Particularly we are grateful to our colleagues who instantly agreed to con-
tribute to this book when we put them on our wish list. All of them are the experts
in the specific fields that are presented in the individual chapters. Finally, we would
like to express many thanks to Nadja Schedensack of de Gruyter for her considerable
amount of patience.

Miinchen and Dresden, October 2018 Peter Gille, Yuri Grin
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Yuri Grin
Intermetallic compounds and their single
crystals

1 Introduction

The (single) crystals have attracted attention of humans since hundreds—not to say
thousands—of years despite any knowledge about their origin and structure. The main
reasons for that are the extreme stability of some natural crystalline minerals and
their aesthetically appealing shapes (Figure 1). One should mention here at a mini-
mum the use of single crystals as jewels. Recently, there have even been attempts to
consider mineral crystals in several countries as a gold-replacing equivalent of value,
and so they are discussed as a subject of investment. This clearly overstated approach
exemplifies nonetheless another value of single crystals, namely their informational
content, i. e., they carry information about the formation, crystal structure and—most
important—intrinsic properties of substances. The property issue is especially a key
one in respect of the study and the development of materials based on intermetallic
compounds.

Figure 1: Crystals of cuprostibite Cu,Sb (cour-
tesy Dr. R. Cardoso-Gil) [1].

https://doi.org/10.1515/9783110496789-001
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2 Chemical bonding in intermetallic compounds

2.1 Definition and the Zintl concept

Intermetallic compounds form the family of inorganic substances which—despite
decades of research—still fascinate and challenge working scientists, both experi-
mentally and theoretically. Composed of elements that are located in the periodic
table around the Zintl border and on its left side, intermetallic compounds form and
exist under the conditions of valence-electron demand. The available amount of elec-
trons (e. g., expressed as an average valence electron concentration) is not sufficient
to fulfil the octet rule [2] in the simple way. In consequence, these materials do not
follow the usual valence rules and require special concepts for the understanding
of their chemical composition and crystal structure [3]. So, if the electronic demand
is not very large and the difference between the electronegativities of the compo-
nents is large enough, the materials can be understood by the so-called Zintl-Klemm
concept [4]. The modern variant of the latter assumes charge transfer from the elec-
tropositive (cationic) part of the crystal structure to the anionic one and requires that
the number of homonuclear (two-centre-two-electron) bonds per atom within the
anionic part is defined by the general Pearson rule [5]. This special group of materials
within the field of intermetallic compounds is called the ‘Zintl phases’ (this term was
introduced by F. Laves [6]) because the first representatives of this family—phases
with a crystal structure of the NaTl type—were discovered by E. Zintl [7]. Usually, they
contain alkali, alkaline-earth, or, sometimes, rare-earth metals such as cations, and
elements of the groups 13-15 form the anionic part of the crystal structure. For ex-
ample, the composition and crystal structure of calcium monosilicide CaSi (structure
type a-IT1) can be understood assuming the charge transfer from Ca to silicon. In order
to obey the octet rule, each silicon atom forms two covalent homonuclear Si-Si bonds
within a zig-zag-chain-shaped one-dimensional polyanion Si*". The latter interact
electrostatically (ionic bonding) with the embedded in-between calcium cations:

CaSi = [Ca*"][(2b)Si*].

The Zintl-Klemm concept enables chemical understanding of a large family of inter-
metallic phases as a combination of ionic and covalent interactions in the same struc-
ture. But already for the compounds of boron, the condition of 2c-2e bonds in the
polyanion cannot be fulfilled more, and only inter-cluster bonds in the polyanion are
required to be 2c—2e interactions, within the homonuclear cluster, the 3c—2e bonds are
allowed. As an example, the crystal structure of CaB, contains calcium cations embed-
ded within cavities of the anionic boron network, which is formed by six-connected
Bg octahedrons. In the structure one recognizes one Ca and six boron atoms, forming
one B, octahedron, as well as three inter-cluster bonds per crystallographic unit cell.
According to the Wade—Mingos rules [8-11], stabilization of such a closo-cluster re-
quires 14 electrons. Together with the six electrons for the three inter-cluster bonds,
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this yields 20 electrons necessary for stabilization, which is exactly the amount of va-
lence electrons contributed by one Ca and six B atoms:

CaBg = [Ca”"][(6b)BZ .

Following this line, further reducing the number of valence electrons per atoms con-
sequently should lead to the formation of multi-centre bonds with three and more
atoms participating in the bonding interaction, e. g. in gamma-brass phases. In terms
of the electronic band structure, the formation and filling of the ‘bands’ is introduced.
The stabilization of the structural motif is attributed to the Hume—Rothery mecha-
nism via interaction of the Fermi surface with the Brillouin zone [12, 13]. Within this
mechanism, a decreasing valence electron concentration, e. g., from CuZn; to CuZn,
allows for narrowing the Brillouin zone to accommodate the valence electrons and
is therefore accompanied by a structural change at a critical value. More generally,
such a concept results in electron numbers that are sufficient for the stabilization of
structural units. However, on the basis of the electronic band structure, it is difficult
to interpret the composition of the compound and the coordination behaviour of all
atoms within the crystal structure.

2.2 Bonding model in real space

In order to obtain a more general picture of the atomic interactions in intermetallic
compounds, a concept is necessary that would allow interpretation of multi-centre
interactions maintaining access to their covalency, ionicity and polarity. Recent in-
vestigations show that this kind of information can be (also quantitatively) obtained
that apply to bonding analysis of quantum chemical techniques in real space. A use
of the Quantum Theory of Atoms in Molecules (QTAIM [14]) on the crystal structures
of intermetallic compounds yields the effective charges of the atomic species inside.
Application of the electron-localizability approach [15], e. g., combining the electron-
localizability indicator [16] and QTAIM, enables establishing the number of atoms par-
ticipating in the bonding interaction, distinguishing between ionic and covalent inter-
actions and quantizing the polarity of the bonds.

The study of the chemical bonding in the family of intermetallic compounds called
Laves phases (chemical composition MN,) by the electron-localizability approach re-
vealed that the diversity of the phases may be understood in terms of the electronega-
tivity difference between M and N atoms (Figure 2). When this difference is small and
the charge transfer from M to N is not strong, the corresponding Laves phases are char-
acterized by multi-center (multi-atomic) bonding. In contrast, when N is much more
electronegative than M, the charge transfer from M to N is larger, the analysis of chem-
ical bonding indicates the formation of three-dimensional polyanions (N2)5" and ionic
interaction between M and the polyanion [17].

The Madelung energies based on the QTAIM charges and the nearest-neighbour-
sharing index, based on the delocalization indices, were introduced as measures for
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S-S

KGaA. Reproduced with permission.

ionic and covalent interactions, respectively, in the MgAgAs-type intermetallic com-
pounds (the so-called half-Heusler phases [18]). Due to the low-valence electron con-
centration, the synapticity of the bonds in these compounds (the number of the con-
tributing atoms) is two and/or five, i. e., the bonding is mostly a multi-center one [19]
(Figure 3). The analysis of the bonding characteristics reveals the formation of two
chemically different atomic arrangements, either with the late transition metal or with
the late main-group element occupying the position with the heterocubic coordina-
tion (the other two sites have tetrahedral environment). The increased covalency of
interactions are the main “driving force” for the formation of the first type of atomic
arrangement. The sequence of the total energies usually matches the sequence of the
nearest-neighbour-sharing indices. Ionic interactions in this group of compounds are

Figure 3: Atomic interactions in
MgAgAs-type compounds LiMgP
(left) and LilnSn (right): (top) Iso-
surfaces of the distribution of the
Electron-Localizability-Indicator (yel-
low and orange) the covalent bonds.
(bottom) Basins (B) of the two- and
five-center interactions with their
populations [19]. Reprinted from
Bende D, Grin Yu, Wagner FR. Chem-
ical Bonding in MgAgAs-Type Com-
pounds. Felser C, Hirohata A, Eds.
Heusler Alloys. 2016, 133ff, Copy-
right (2016), with permission from
Springer International Publishing.
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comparably weak. The MgAgAs-type phases with the main-group element in hete-
rocubic coordination show large QTAIM Madelung energies and reveal—as a rule—
small covalency. The energetic sequence of such compounds is caused by the decrease
of both ionic and covalent interactions. The compounds containing the late transi-
tion metals and the main-group elements realize two different atomic arrangements
because two opposing “driving forces” compete with each other. The late transition
metal pushes into the heterocubic site in order to optimize its covalent interactions.
The ionic interaction, however, becomes maximized, when the late main-group ele-
ment, which is always anionic, has the heterocubic coordination [20]. The tools de-
veloped during these studies enabled quantification of the polarity of the bonds in
intermetallic compounds of the half-Heusler family [21] and, furthermore, even pre-
diction of the new MgAgAs-type phases LT-HfPtGe and VIrGe [22].

Application of electron-localizability approach to the intermetallic clathrates con-
firmed first the usual interpretation in terms of the Zintl-Klemm model. The crystal
structure consists of the three-dimensional framework formed by four-bonded atoms
of main-group elements (group 13-15 of the periodic table) with two types of cavities
filled by alkali, earth-alkali or rare-earth metals. The main-group elements may be
partially substituted either by late transition metals or by low-valent main-group el-
ements. QTAIM analysis of the BagT3Ge,, compounds (T — late transition metal, Li,
Mg, Al, Ga or Ge) revealed the charge transfer from Ba to the framework (Figure 4,
left). The effective charges of barium species are independent on the choice of T and
vary between +1.2 and +1.3. The germanium species with homoatomic coordination
carry only small negative charge (-0.1 to —0.2). The charges of the germanium species
having T ligands vary strongly from —0.05 to —0.60 depending on the polarity of the
Ge-T bonds. The T species reveal large variety of the charges between -1.1 (Pt) and
+1.5 (Al) for the same reasons. All Ge-Ge and Ge-T interactions have two-centre na-
ture; the contribution of barium here is negligible [23]. On top of these findings which
are in agreement with the Zintl-Klemm model, new covalent interactions between Ba
and Pt, Ag, Au and Cd were detected by analysis of the distribution of the electron-
localizability indicator (Figure 4, right [23, 24]). Presence or absence of such bonds
play an important role in the formation of real structure of clathrates, as well as in the
physical and chemical behaviour (cf. below).

Recent studies reveal that even for the intermetallic compounds with practically
constant composition (‘line compounds’) the crystal structures often show crystallo-
graphic disorder of various kinds caused by special bonding features. As an example,
one may mention the local ordering of Au and Ir in Al;Aulr, the ternary ‘substitution’
variant of the AL;Ni, type [25]. In the real structure, this ordering is reflected by dif-
ferent positions of the aluminium atoms adjusted to Au or to Ir by multi-centre polar
bonds within a close-packed crystal structure. Investigation of such structural details
is sometimes possible even using the standard data, but—as a rule—it requires single
crystals of high crystallographic quality. In particular, the diffraction experiments up
to high-diffraction angles (sin 8/A > 1) are necessary to obtain sufficient resolution in
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Au-Ba2 interaction Au-Ge interaction

GO =
Bal =~ T Ba2

0.05 145
ELI-D

Figure 4: Chemical bonding in intermetallic clathrates BagT¢Ge,o from real-space analysis: (left)
QTAIM atomic basins, for charges, cf. text; (right) Distribution of the Electron-Localizability-Indicator
(ELI-D) in the (200) plane with maxima visualizing Ge-Ge, Ge-T and T-Ba2 interactions [23].
Adapted from [23].

the difference density maps, enabling extraction of information about the real struc-
ture of intermetallic compounds.

3 Single crystals of intermetallic compounds

3.1 Why the single crystals are on demand?

While the natural crystals are mostly obtained for inorganic substances like oxides,
sulphides, tellurides, silicates etc., the intermetallic compounds and—in particular—
their single crystalline specimens are rather rare in the nature. The huge crystals of
cuprostibite (Figure 1) are rather an exception, and the natural origin of this specimen
is under discussion. The reason for such a situation is the higher thermodynamic sta-
bility, e. g., of oxides or chalcogenides, in comparison with metal-only compounds.
Strictly intermetallic minerals, e. g., khatyrkite Al,Cu [26], cupalite AlCu [26] or icosa-
hedrite Alg;Cu,, Fey; [27], are known only as polycrystalline matrix or small inclusions
therein. One of the reasons for that is the rather complex phase diagrams of inter-
metallic compounds, which make growth of single crystals a challenge. The next pos-
sible reason is the lower thermodynamic stability of the intermetallic compounds in
respect of, e. g., oxides or chalcogenides. Thus, the single crystal growth of this mate-
rials family requires special precautions and techniques to ensure the size and quality
sufficient for the selected application.
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In this way, an unusual and sometimes contradictory situation emerges. On the
one hand, the single crystals of intermetallic compounds and similar metallic-like
substances are required to obtain information about the intrinsic properties of ma-
terials. On the other hand, analysis of the literature data in the experimental solid-
state physics and chemistry often reveals the specimen’s dependence on the proper-
ties, and the community accordingly needs time to evaluate the quality experimentally
and manufacture the best materials. In other words, the quantification of quality is a
crucial issue.

3.2 Criteria for single crystals’ quality: residual resistivity

As an important criterion for this purpose, the residual resistivity or residual resistivity
ratio RRR is used.

Residual resistivity value is usually obtained by extrapolation of the tempera-
ture dependence of electrical resistivity p(T) to T = 0, e.g., as p(T) = pyes + AT?
[28, 29]. Using this technique, the superconducting transition of the oxide supercon-
ductor Sr,Ru0, was studied. The single crystals were grown by many runs in a floating-
zone image furnace using the feed rods, containing 15 % excess Ru serving as flux, in
the mixture of 10 % O, and 90 % Ar with a total pressure of 3 bar [30, 31]. The supercon-
ducting transition temperature reveals a quite clear dependence on the residual resis-
tivity of the materials (Figure 5). The main explanation of this effect was given by the
impurities level (mainly aluminium found by EPMA analysis) [30]. The authors of [31]
suggest that the deviation from this trend (point A in Figure 5) are actually coming from
the inhomogeneity of defects in crystals. These defects were likely to be tiny amounts
of inclusions of SrRuO; and possibly Sr;Ru,0,, but they should not appear to be con-
nected to the defects and impurities that may control residual resistivity and T [30].

Sr,RuO, 1

oA

T, (K)

Figure 5: Superconducting transition tempera-

ture of Sr,RuQ, vs the residual resistivity: filled

symbols [30], open symbols [31]. Reprinted

. L with permission from Mao ZQ, Mori Y, Maeno Y.

0 1 2 3 PhysRev B, 60, 609, 1999. Copyright (1999) by
Po (1€2 cm) the American Physical Society.
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3.3 Criteria for single crystals’ quality: residual resistivity
ratio (RRR)

The RRR value is usually calculated as p(300 K)/p(2 K). Developed first for the descrip-
tion of the influence of the point defects on the electronic transport of elemental met-
als, RRR is currently intensively used as a control parameter for the description of the
electronic and phononic transport behaviour of single crystals of intermetallic com-
pounds. The following are some examples.

In case of the layered iron germanide YFe,Ge, revealing a non-conventional frag-
ile, non-bulk superconductivity, the application of the RRR does not yield a clear pic-
ture on the quality of single crystals. For the polycrystalline non-single-phase samples
(obtained from elements by radio-frequency induction melting on a water-cooled cop-
per boat in an argon atmosphere), the superconducting temperature seems to corre-
late with RRR and achieves the maximum value at RRR = 75 (Figure 6, left) [32]. For the
single-crystalline specimens (grown from the tin melt), the RRR values vary between
35 and 65 with, on average, no systematic change in T value, indicating that the sys-
tematic changes in RRR do not lead to comparable changes in T (Figure 6, right [33]).
In case of the polycrystalline samples, the RRR is also influenced by the presence of
impurity phases, in case of the single-crystalline specimens, the silicon-by-iron sub-
stitution is most probably the main control factor [32].

Single crystals of the intermetallic compound UCoGe—a ferromagnetic supercon-
ductor—were grown by a modified Czochralski technique [34, 35] (Figure 7, top panel).
The as-grown crystals reveal only an onset of the superconducting transition at 0.33 K

1 T T T T ° 1.5 T T T T
® 3 LA 4 . g YFe,Ge,
- = ~
s ...!. = 1} B ce ®® g
~ |*8°® YFe,Ge L 5B © °
= i % o 4 & (’ @
~ 1F k + &
< i [ ]
™ o® Eoost r
=~ o
0.5 '.. @® annealed - T ® ® O aS-Zrown non-sc|
@ unannealed & O as-grown sc
(1] SN )] .amlealtd LT
t —a— . : L L L L )
1] 50 100 150 200 250 30 40 50 60
Residual resistivity ratio RRR Residual resistivity ratio RRR

Figure 6: Superconducting transition temperature of YFe,Ge, vs the residual resistivity ratio RRR
p(300K)/p(2 K) (left) and p(300 K)/p(1.8 K) (right) for the polycrystalline samples (left [32]) and sin-
gle crystals (right [33]). Figure 6, left is reprinted with permission from Chen J, Semeniuk K, Feng

Zh, Reiss P, Brown Ph, Zou Y, Logg PW, Lampronti Gl, Grosche FM. Phys Rev Lett, 116, 127001, 2016.
Copyright (2016) by the American Physical Society. Figure 6, right is reprinted from Kim H, Rana S,
Mun ED, Hodovanets H, Tanatara MA, Prozorova R, Bud’ko SL, Canfield PC, Crystal growth and an-
nealing study of fragile, non-bulk superconductivity in YFe,Ge,. Philos Mag 2015, 95, 804 by permis-
sion of the Taylor & Francis Ltd.
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Figure 7: Single crystal (top panel) and temperature dependence of resistivity (middle panels) and
magnetization (bottom panels) of UCoGe in correlation to RRR [34]. Reprinted from ] Magn Magn
Mater 3212009 Huy NT, Huang YK, de Visser A. Effect of annealing on the magnetic and supercon-

ducting properties of single-crystalline UCoGe, 2691-2693, Copyright (2009), with permission from
Elsevier.

and indicate a possible magnetic transition below 3 K (Figure 7, bottom left). The RRR
value of 5 for the measured crystal was low. The additional annealing at 880 °C (21 d,
in analogy with the ferromagnetic superconductor URhGe) improved the RRR value
of the single-crystalline material up to 30. These singles crystals revealed a clear mag-
netic transition at 2.8 K and are superconducting already below 0.65K (Figure 7, bot-
tom right, [34]). Later, on the single crystals with RRR = 30, even the first observation
of quantum oscillations was made [35]. The change in the RRR and other physical be-
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haviours was assumed to be caused by disordered occupation of Co and Ge positions
in the crystal structure of the TiNiSi type. On the contrary, all three known crystal-
structure determinations of UCoGe using single-crystal X-ray diffraction data did not
report any disorder at Co and Ge positions [36—38] despite the crystal growth in Ref.
[38] was made by Czochralski technique similar to [34, 35].

Resistivity and specific-heat measurements of the low-carrier unconventional su-
perconductor URu,Si, were performed on various single-crystalline specimens with
very different qualities [39]. Single crystals were grown using the Czochralski method
in a tetra-arc furnace under an argon-gas atmosphere. The uranium ingot was purified
using the solid-state electro-transport (SSE) method under ultrahigh vacuum, which
was found to be extremely effective in removing in particular transition metals as im-
purities in the uranium ingot. The SSE techniques removes the impurities in three
ways: sweeping out Fe and Ni by DC electrical current, Mg and Al by diffusion and Mn
by evaporation [40]. The crystals with the highest RRR were not obtained in the cen-
tral core of the crystals but near the surface (Figure 8, bottom left). Both transitions—
superconducting and ‘hidden’—show clear correlation with the RRR value if evaluated
by the specific-heat measurements (Figure 8, top). On the contrary, the superconduct-
ing temperature practically does not change with RRR if evaluated by the resistivity

I " . I h ”, = I I ]
—3 s =}
g URI.IFSI1 2 600
7, 100 4%
4 L ,a
g | ] E400
g | - -
50 o =
I # —~C— RRR =53 i 200
I —~/— RRR =46
L -+ RRR=35
0 TP TR U 0 I I L 1
1 2 16 17 18
Temperature (K) Temperature (K)

RRR Tec

C 95 145K
A B 64 145K st
v D 33 14K G
O A 36 145K 4

- 0 0.5 1 1.5
4 mm Temperature (K)

Figure 8: Specific heat vs temperature for single crystals of URu,Si, with various RRR around super-
conducting (top left) and hidden-order transition (top right) as well as resistivity around the super-
conducting transition (bottom right) depending on the position of the specimen within the single
crystal (bottom left) [39]. Adapted from [39] with permission of the Physical Society of Japan.
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Figure 9: Temperatures of superconducting (left) and hidden-order (right) transitions vs RRR for
single crystals of URu,Si, obtained by different techniques [42].

measurements (Figure 8, bottom). The fact that the highest RRR value is obtained on y
obtained from the outer side of the grown crystal indicates that, in the case of URu,Si,,
the RRR value may be induced by the—most probably—substitution by impurities on
the transition-metal or p-element sites. In the case of YbRh,Si,, such a substitution
results even in a formation of a homogeneity range YbRh,,,Si,_, (0.00 < x < 0.01)
as was shown in Ref [41]. The authors of Ref. [42] obtained mm-sized single crystals
of URu,Si, by the many-pass Bridgman technique from the stoichiometric starting
mixture of elements and—despite the presence of point ‘surface’ inclusions of binary
phase RuSi (up to 15 pm)—the measured RRR values were above 100. The tempera-
tures for both transitions—semiconducting and ‘hidden’—were found to be very close
to that of Ref. [39]. In general, the transition temperatures show quite a low RRR de-
pendence which diminishes for RRR > 100 (Figure 9).

The heavy-fermion superconductor UPt; forms congruently around 1,700 °C and
crystallizes in the hexagonal structure type Mg;Cd. The single crystals of this sub-
stance were grown in a vertical float-zone refining system that operates with electron-
beam heating in an ultra-high vacuum (1071 torr) employing high-purity elemental
metals as starting materials (total amount of impurities 23 ppm [43]). This was inde-
pendent proof for the absence of chemical impurities. The superconducting tempera-
ture was found to clearly correlate to residual resistivity (Figure 10, left). Using trans-
mission electron microscopy, planar defects were identified as principally responsible
for the scattering. Somewhere unexpectedly, RRR was reduced by increasing the an-
nealing temperature (Figure 10, right), in particular because the latter was far from
the melting point (800-1,250 °C being less than 70 % of the melting temperature).

Summarizing the previous examples, the residual resistivity and residual resistiv-
ity ratio RRR are important parameters used for the characterisation of the electronic
transport behaviour in single crystals of the intermetallic and metal-like materials. Be-
side the point defects as basic reasons, also substitution by minority components on
selected sites in the crystal structure (URu,Si,, single-crystalline YFe,Si,), planar de-
fects, most likely stacking defects (UPt;), inclusions of SrRuO; and possibly Sr;Ru,0,
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Figure 10: Single crystals of UPt5: suppressing of the temperature of superconducting transition vs
residual resistance for various current directions (left) and decreasing of RRR vs annealing temper-
ature (right) [43]. Reprinted with permission from Kycia JB, Hong JI, Graf MJ, Sauls JA, Seidman DN,
Halperin WP. Phys Rev B 58, R603 1998. Copyright (1998) by the American Physical Society.

in Sr,Ru0,, partial substitutional disorder (UCoGe), and even impurity phases (poly-
crystalline YFe,Si,) were introduced as reasons regarding atomic resolution for the
reduction of RRR.

3.4 Quality of single crystals, structure-property relation and
chemical bonding

The proof of such suggestions is a complex task, which can be realized only by combi-
nation of several experimental techniques. One of the consequently realized studies
of this kind is the investigation of the magnetism of a-TmAIB,,. The material was si-
multaneously synthesized and the mm-sized single crystals of were grown from the
aluminium flux according to the reaction

Tm,05 + 4Al + 8B — 2TmAIB, + AL,0s.

In the crystal structure of the YCrB, type, there is only one crystallographic position
for the magnetic component—thulium. Despite that, the magnetic specific heat did
not show the expected clear lambda-like peak, but rather suggested several differ-
ent magnetic interactions in the single crystal (Figure 11, top, green crosses). Precise
crystal structure determination revealed residual electron density in the structure
that was successfully interpreted by the presence of two different structural motifs in
the same single crystal—the majority one from the YCrB, type and minority one from
the ThMoB,, type (Figure 11, middle). This was also confirmed by investigation by the
transmission electron microscopy. In the course of the study, a successful growth of a
single crystal without such structural variation (Figure 11, bottom) yields the expected
clear picture of the magnetic specific heat (Figure 11, top, filled circles). From the point
of view of the crystal’s symmetry, its translational part is violated. In this case, the
violation is relatively week (1.5 % of the minority pattern) and happens only along one
direction.
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Figure 11: Magnetism and real structure of the single crystal of a—TmAIB,: (top) magnetic specific
heat vs temperature (green crosses — single crystal with two structural motifs, points — single crystal
without variation in structural pattern); (middle) intergrowth of the structural patterns of YCrB, and
ThMoB, types in one crystal; (bottom) HRTEM image in the [001] direction of the single crystal with-
out structural variation [44, 45]. Top and right panels reproduced from Mori T, Kuzmych-lanchuk I,
Yubuta K, Shishido T, Okada S, Kudou K, Grin Yu. ] Appl Phys 2012, 111, 07E127, with the permission
of AIP Publishing.

The ytterbium analogue of the later compound YbAIB, also exists in two modifica-
tions with the crystal structures of the YCrB, (a) and ThMoB,, (8) types. The second
modification of this material 8-YbAIB,, is known as the first ytterbium-containing am-
bient pressure heavy-fermion superconductor [47]. The single crystals of both mod-
ifications were obtained by the two-step reaction of Yb,0; with elemental boron to
the precursor ‘YbB,’ (1 < x < 3) with the subsequent treatment with the molten alu-
minium and grown from the excess-aluminium flux [47]. Also in this case, the precise
crystal structure determination of the a-YbAIB, revealed residual electron density in
the (001) plane (Figure 12, top left). Contrary to the thulium compound, the overlap of
three structural patterns (Figure 12, top right) is necessary to describe this density dis-
tribution. The presence of these patterns in the single crystal investigated is confirmed
by the HRTEM image ([001] zone, Figure 12, bottom left), revealing the violation of the
translational symmetry in the [100] direction. In the case of 8-YbAIB,, the violation
is more pronounced—it appears already in two directions (Figure 12, bottom right).
The reasons for the local deviations from the translational symmetry can be found in
the chemical bonding in the crystal structures of YCrB, and ThMoB, types. The cova-
lent bonds between the boron, as well as between boron and aluminium atoms (red
and green in Figure 11, middle), lead to the formation of the three-dimensional frame-
work bearing the ytterbium cations in the channel-like cavities (blue in Figure 11, mid-
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Figure 12: Real structure of single
crystal of a-YbAIB,: (top left) dis-
tribution of the residual electron
density in the (001) plane; (top
right) three structural motifs re-
quired for the interpretation of the
residual electron density; (bottom)
HRTEM images in the [001] direction
of the a- (left) and B-YbAIB, (right)
single crystals with one- and two-
dimensional violation of the transla-
tional symmetry, respectively [46].
Reprinted from Yubuta K, Mori T,
Okada S, Prots Yu, Borrmann H, Grin
Yu, Shishido T. High-resolution elec-
tron microscopy and X-ray diffrac-
tion study of intergrowth structures
in a- and B-type YbAIB, single crys-
tals. Philos. Mag 2013, 93, 1054 by
permission of the Taylor & Francis
Ltd.

dle [44]). The relative positions of these channels that cause the difference between the
YCrB, and ThMoB, patterns change only the ionic interactions in the outer coordina-
tion shells and thus do not influence strongly the total energy of the structure. Thus
may be the reason that crystals with either type of structure can be obtained by the
same growth experiment from the aluminium flux and that both atomic arrangements
can co-exist in the same crystal, although in different ratios.

The ternary compounds with the crystal structure of HoCoGas type [48] attract the
attention of the solid-state physicists since the discovery of heavy-fermion supercon-
ductivity in PuCoGas [49]. In particular, the CeTIns compounds (T — transition metal)
offer a wide playground for investigation of the interplay of heavy-fermion supercon-
ductivity and magnetism [50, 51]. The underlying crystal structure is rather simple
and contains seven atoms in the unit cell (Figure 13, top right). In an attempt to di-
rectly visualise the crystal structure of CelrIn;, the topography measurements by STM
were conducted [52]. Rather unexpectedly, the image in the (113) plane revealed two

EBSCChost - printed on 2/13/2023 8:11 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Intermetallic compounds and their single crystals =— 15

[110]
oooooooo/ooo;o’
[001], >

37.2°
[110] ¢ 60 A 6.60 A
Q@ Irl @ e —® mi
[332] 12.43 Al
*—o—of1o—o—o
Irl ® ® o I

Figure 13: Real structure of sin-
® ©® @®oIn ® © o Irl gle crystal of Celns|r: (top left)
distribution of the residual elec-
tron density in the (002) plane;
(top right) two structural motifs
required for the interpretation
. . of the residual electron density;

(middle) projection of the crys-
. " ﬂ . tal structure along [1-10] and

with two atomic arrangements
in the plane (113) forming the

’@..

13.7 + 0.8°A

6.‘711’?3;-? . . . 2 4
. 2‘? o ‘% ‘3 _. surface found in the STEM exper-

™ g ES iments (bottom) [52]. Reprinted
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Physical Society of Japan.

different patterns instead of the one possible if the pristine crystal structure of the
HoCoGas type (Figure 13, bottom) is assumed. Precise crystal-structure determination
of the same single crystal of CelrIn; revealed Ir atoms in two different positions (in the
ratio 98.5:1.5 and the total occupancy of 1), which reflect the structure types HoCoGas
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and T1AsPd; (Figure 13, top left). This finding reveals the coexistence of two similar but
different structural motifs in one-and-the same single crystal (Figure 13, middle). The
reason for that feature is the similar total energies of both structural patterns which
differ only slightly in bonding interactions. While, in the HoCoGa;-type motif, the di-
rect Ce-Ir bonding was found, it is not present in the T1AsPd; one.

The most impressive current example of the violation of translational symmetry
in a single crystal is represented by the intermetallic clathrate Ba;g;Ge g ;AU 33 [53].
Based on the detailed study of the phase diagram of the ternary system Ba—Ge—-Au, the
cm-sized single crystal of the clathrate phase with remarkable crystallinity (mosaicity
of 0.01°) was grown by the Bridgman technique (Figure 14, top).

Figure 14: Violation of the translational
symmetry in of the intermetallic clathrate

Bay g1Ge40.67AUs5 33: (top) cm-sized single crys-
tal grown by Bridgman method; (middle) off-
center positions of Ba and Au atoms in the crys-
tal structure from the single-crystal diffraction
experiment; (bottom) atomic-resolution TEM
image showing the real atomic structure [53].
Middle and bottom panels are reproduced from
Ba‘!.ﬂlGedl].ﬁTAus.JS [53]. Top photo courtesy Prof. Dr. C. Krellner.
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Detailed investigation of the crystal structure made on a small piece of the large spec-
imen revealed marked local displacements of the Ba and Au atoms from the ideal
crystallographic positions caused by the special bonding feature—a direct dative Au-—
Ba interaction [24] (Figure 14, middle). Atomic-resolution TEM study confirmed very
clearly the violations of the translational symmetry in the crystal structure (Figure 14,
bottom). Inelastic neutron-scattering experiments reveal the very unusual behaviour
of such pseudo-translational system: surprisingly, the thermal transport in this sub-
stance in dominated by phonons with long lifetimes. These results challenge the cur-
rent picture of thermal transport in clathrates, underline the inability of the modern
theoretical techniques to reproduce the experimental data and represent crucial ex-
perimental contribution to theoretical developments [53].

4 How much a single crystal may be a single crystal?

The findings described in the previous paragraphs exemplify the various expectations
of single crystals of intermetallic compounds from the crystallographic point of view
and from the point of view of the study of their physical and chemical behaviours. For
high-quality investigation of the crystal structure usually only very small specimens
(um-size) are required. The experience shows that the small size should preferably
have a natural origin, i.e., the really suitable single crystals for structure analysis
seldom can be obtained by reducing the size of the pristine specimen by cutting,
crushing etc. For the studies of properties, the single crystals should be larger and
normally have a mm-size. Only recently, the measurement technologies have been
developed to perform property studies on mm-sized single crystals [54]. In order to
establish the often target structure-property relation for the large crystals, the crystal-
lographic characterisation should be made on the same crystal that was used for the
property investigation. The precise crystal structure determinations revealed already
for very small single crystals of intermetallic compounds local violations of point
and—crucial—translational symmetry caused obviously by the presence of covalent
bonding in these materials, which allows variation of local atomic arrangements.
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Herbert Ipser
Phase diagrams for crystal growth of
intermetallics

1 Introduction

1.1 What is a phase diagram?

When a single crystal of an intermetallic compound, or better, of an intermetallic
phase,1 is grown out of a melt by the so-called Czochralski method [1, 2], it is crucial
to know which of its particular compositions is in thermodynamic equilibrium with
the corresponding liquid phase at the selected temperature and pressure. Of course,
the same is true for crystals that are grown by the self-flux technique [3, 4], and, even
in the Bridgman method, one has to consider the equilibrium between a liquid phase
and the growing crystal [5]. In order to find out, one needs to know the relevant phase
diagram of the materials system under consideration.

By definition, a phase diagram describes the state of a materials system in ther-
modynamic equilibrium as a function of temperature, pressure and composition. In
other words, phase diagrams are maps of the equilibrium phases associated with
various combinations of temperature, pressure, and composition. Here it is impor-
tant to note that a phase diagram a priori always refers to a state of thermodynamic
equilibrium. Of course, one can include metastable phases in the diagram, but this
has to be made explicitly clear in the representation. On the other hand, equilib-
rium phase diagrams can still be used to understand non-equilibrium situations that
may develop during various metallurgical reactions, as long as local equilibria are
maintained.

A two-dimensional representation of the phase equilibria as a function of temper-
ature and pressure is only possible for a one-component, or unary, system. Probably
all of the readers will have seen such a one-component phase diagram, e. g., the one
of pure water. For a full representation of the phase equilibria in a two-component,
or binary, system, one already requires three dimensions: pressure, temperature and
composition. Therefore, it is quite common to keep the pressure constant and depict
a two-dimensional temperature-composition diagram. The situation becomes even
more complicated for three-component, i. e., ternary, and higher-order systems. A full
representation of a ternary system as a function of composition, temperature and pres-
sure would require a four-dimensional diagram, and, even if the pressure is kept con-

1 Since the term “compound” frequently suggests a material with a strictly stoichiometric composi-
tion, the term “intermetallic phase”, or for short “intermetallic”, is preferred here.

https://doi.org/10.1515/9783110496789-002
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stant, we still need three dimensions. Thus, it is quite common to show ternary phase
equilibria in two dimensions, i. e., as isothermal sections, isopleths,? or liquidus pro-
jections, as will be discussed in detail in subchapter 4. A so-called Scheil diagram [6, 7]
may additionally help to understand the sequence of invariant reactions in a ternary
or higher-order system.

Many books or book chapters on phase diagrams and their interpretation have
been published over recent decades. The references [8—13] serve as a few examples of
which the book by Rhines [9] is the author’s personal favorite.

1.2 Why do we need phase diagrams?

A striking example of the importance of knowing the phase equilibria is the case of
the ternary phase “YbInCu,”, which shows a valence transition for Yb. In a study by
Kindler et al. [14], a transition temperature of 66.9 K was reported, whereas earlier in-
vestigations had found a temperature of 45K [15] or temperatures between about 40
and 80K depending on the value of x in Yb,,In,,,Cu, [16]. This latter paper shows
already the importance of knowing the phase diagram since obviously this ternary
phase is highly nonstoichiometric with a possible exchange of Yb and In ions on the
corresponding lattice sites. Consequently, the valence transition temperature of Yb
varies with its concentration in the phase, a fact that had apparently not been clear to
all investigators.

The Cr-Te binary system may serve as another example of the importance of know-
ing the phase diagram when synthesizing intermetallic phases and studying their
properties. Up to the 1970s, there were many reports of the magnetic properties of the
NiAs-type compound “CrTe” (see, for example [17, 18]), and single crystals of “CrTe”
were even grown by the Bridgman method [19]. A few years later, it became clear that
exactly stoichiometric CrTe does not exist in reality. Instead, a two-phase mixture of
a non-stoichiometric phase Cr,_,Te (showing various superstructures depending on
composition) with Cr is stable at 50 % Te at all temperatures up to 1,180 °C [20]. There-
fore, magnetic properties have been measured either of heterogeneous samples or of
a homogeneous single-phase sample, though with a different composition.

1.3 The phase rule

The so-called phase rule, or Gibbs’ phase rule, is a useful tool to check for the cor-
rectness and consistency of a phase diagram. A derivation can be found in many text-

2 An isopleth is a vertical section through a three-dimensional temperature-composition space dia-
gram of a ternary system, frequently keeping the composition of one component or the ratio of the
compositions of two components constant.
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books on physical chemistry (see, e. g., Ref. [21]). It gives the “degrees of freedom” F,
i. e., the number of variables that can be varied independently in a system composed
of C components and containing P phases, without changing its equilibrium. On the
other hand, it tells us also the maximum number of phases P that can co-exist in a
system composed of C components.

F=C-P+2 @

An application of the phase rule will be subsequently demonstrated for unary and
binary systems.

2 One-component (unary) systems

The art of crystal growth by the Czochralski method has been perfected for elemental
Si in the electronics industry where huge single crystals of extremely high purity, two
meters long and 30 cm in diameter, are the standard today. Nevertheless, as this book
deals with crystal growth of intermetallics, phase diagrams of unary systems will be
treated only briefly, mostly in order to demonstrate a few principles.

2.1 Pressure-composition phase diagrams of unary systems

Figure 1 shows a typical pressure-composition phase diagram of a one-component
system. It shows us which phase, or which combination of phases, is stable at a cer-
tain pressure-temperature combination. In Figure 1 there are one solid, one liquid and
one gas phase, however, many substances exist in more than one solid modification,
which means that for each of them a corresponding phase field must appear in the
diagram. The boundary line between the solid and liquid phases is usually called the
melting curve, the one between the solid and gas phases is the sublimation curve and

T Liquid

Figure 1: Unary p-T phase diagram; Tris the
T — triple point.
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the one between the liquid and gas phases is the boiling curve. The latter one ends in
a so-called critical point (not shown in Figure 1) where the liquid phase and gas phase
become undistinguishable since their densities become equal.

Applying the phase rule to one of the single-phase fields in Figure 1, one has C = 1
(one component) and P = 1 (one phase). According to eq. (1), this resultsin F = 2, i.e.,
one has two degrees of freedom, one can vary both the pressure and the temperature
independently without changing the equilibrium (one phase). For any point on one
of the phase boundaries along which two phases are in equilibrium, we have now
P =2whichresultsin F = 1. One can vary only one of the two variables independently
without changing the equilibrium: if one changes, e. g., the temperature, one has to
change the pressure correspondingly, or vice versa; otherwise one of the two phases
disappears. The triple point Tr (see Figure 1) is a very special case where the three
phases are in equilibrium. Applying the phase rule, one obtains F = 0, and one has
a so-called invariant equilibrium. With zero degrees of freedom, both variables are
fixed, i.e., only at a well-defined temperature and pressure can three phases be in
equilibrium. In other words, three phases are the maximum number that can be in
equilibrium in a one-component system.

2.2 Thermodynamic background

As just pointed out, a phase diagram represents the state of a materials system in ther-
modynamic equilibrium or, in other words, it is itself a representation of the thermo-
dynamic situation in the system. It is well-known that the thermodynamic equilibrium
is characterised by a minimum of the Gibbs energy of the system. Thus, it will always
be the case that the most stable phase, or the most stable combination of phases, at a
given temperature and pressure will be the one with the lowest Gibbs energy.

In a one-component system, the Gibbs energy is a function of temperature and
pressure only:

G=fT) @

Thus, this produces a surface in a corresponding diagram where G is plotted as a func-
tion of p and T. In a one-component system, there is a Gibbs-energy surface for each
phase, the vapor phase, the liquid phase and one or more solid phases. These surfaces
intersect each other and that portion of each surface that is the lowest of all surfaces in
any region gives the p-T range in which the corresponding phase is stable. If the inter-
section lines of the Gibbs-energy surfaces are projected on the p-T plane, one obtains
the unary phase diagram as it is usually shown (Figure 1).

If in eq. (2) the pressure is kept constant, the three-dimensional G-p-T representa-
tion reduces to two dimensions, and, from the intersection of the Gibbs energy curves,
one can clearly see the temperature where the phase transition takes place at the given

printed on 2/13/2023 8:11 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



Phase diagrams for crystal growth of intermetallics = 25

Figure 2: Gibbs-energy curves of the solid and the
liquid phase as a function of temperature at con-
stant pressure. The intersection of the two curves
defines the melting point (at this particular pres-
T — sure).

pressure. This is shown for the melting process in Figure 2. Of course, there is the
possibility that the substance exists in two or more solid modifications depending on
temperature (just think of pure iron which exists in three modifications depending
of temperature, a-, y-, and 6-Fe). Then it is the relative position of the correspond-
ing Gibbs-energy curves that will tell if all of the modifications are stable or if some
are metastable. Consider the situation that there exist two solid forms of a pure sub-
stance, a and B. Figure 3(a) shows the case where both of these modifications are sta-
ble, depending on temperature. In Figure 3(b), one can see that the Gibbs energy of
modification  is at no temperature lower than that of a or the liquid. Consequently,
B is metastable over the entire temperature range at the selected pressure. (However,
it may still crystallize as metastable S out of the melt if the crystallization of a is sup-
pressed for any reason.)
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Figure 3: Gibbs-energy curves of two solid phases and the liquid phase as a function of temperature
at constant pressure; (a) B is stable over a certain temperature interval; (b) B is metastable over the
entire temperature interval (curvature of the Gibbs-energy curves neglected). 7,,, = melting tempera-
ture; Ty, = transition temperature; (met) = metastable.
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3 Two-component (binary) systems

In a two-component, or binary, system, three variables are necessary for a full de-
scription, i. e., the temperature, the pressure and the composition, which necessitates
a three-dimensional diagram. As this is not very practical, the usual representation is
a two-dimensional diagram temperature vs. composition where the pressure is kept
constant.

Very frequently, the pressure is not even accurately defined. This is a minor prob-
lem as long as only equilibria between condensed phases are considered since their
pressure dependence is usually rather small if not negligible. The situation changes,
of course, drastically if equilibria with the gas phase come into play, and this may be
the reason why the gas phase is excluded in many of the traditional binary phase di-
agrams, although one of the components has a high vapor pressure (see, as just one
example, the system Ni-Se [22, 23]). That the pressure can play a significant role may
be demonstrated by the Ni—-P system where the phase equilibria change drastically
when the pressure is varied [24].

Nevertheless, the following discussion will be restricted to the usual representa-
tion of binary phase diagrams in the form of temperature-composition diagrams for
which the pressure is assumed to be constant.

3.1 The lever rule

A useful tool for the interpretation of binary phase diagrams is the so-called lever rule.
It enables calculating an estimate of the relative amounts of the two phases in equi-
librium in a two-phase field. A derivation of it can be found in some of the books on
phase diagrams [8—13]. Figure 4 shows schematically a two-phase field between a lig-
uid phase L and a solid phase f. At the temperature T}, there is a tie line connecting
phase L of composition x{g with phase 8 of composition xﬁ. For an alloy with the gross

T
L
L+B
N>
B
Lo b
— N Figure 4: Demonstration of the application of the
A xg* xg  xP B lever rule (see text).
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composition xg, the molar ratio n; /ng of the two phases at T, is given by

L o
noa xg-xt
B~ %B

If the gross composition is not given in mole fractions (atomic percent) but in mass
percent, then one would obtain the mass ratio of the two phases instead of the molar
ratio.

3.2 Binary isomorphous systems

Figure 5 shows the temperature-composition diagram of an isomorphous binary sys-
tem consisting of the components A and B, meaning that the two components show
complete mutual solubility in the liquid and the solid state. If we want to apply the
phase rule in this case, we have to modify eq. (1) because we have already fixed the
pressure and thus used one of the degrees of freedom:

F'=C-P+1 (4)

where F' is now the degrees of freedom after fixing the pressure. For any temperature-
composition combination in one of the single-phase fields L or a, we have C = 2 (two
components) and P = 1 (one phase) which results in F’ = 2. That proves that both the
temperature and the composition can be varied independently without changing the
equilibrium (one single phase). Within the two-phase field (L + a), we have P = 2 (two
phases) which resultsin F’ = 1. This indicates that we have only one degree of freedom
left: either one can choose the temperature independently, then the compositions of
the two phases L and a are fixed by the corresponding tie line; or one can choose the
composition of one of the two phases in equilibrium, but then the temperature as well
as the composition of the other phase are automatically fixed.

Figure 5: Isomorphous binary temperature-
A xg* Xg — Xg° B composition phase diagram.
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In a binary system, the Gibbs-energy function of each phase is a function of pres-
sure, temperature and composition, resulting in a four-dimensional diagram, which
is clearly impossible to visualise. To reduce this to two dimensions, it is customary to
show the Gibbs energy as a function of composition at constant pressure and temper-
ature. Therefore, it is necessary to investigate the corresponding Gibbs-energy curves
at various temperatures to arrive at the usual binary temperature-composition phase
diagram.

Let us, as an example, investigate the competition between the solid and the liquid
phases in the isomorphous binary system shown in Figure 5. Instead of the absolute
Gibbs energy (which is difficult to calculate), we will use the Gibbs energy of mixing
AG® of each phase ®:

AG® = G® - x,G; - X536y, (5)

where G2 is the (absolute) Gibbs energy of the phase @, and G and Gy, are the (abso-
lute) Gibbs energies of the two pure components in their reference states. As reference
state, we select the pure component in its stable state at the given pressure and tem-
perature. Thus, if for example the component A is solid at the temperature under
consideration, then solid A is the corresponding reference state; if it is liquid, then
liquid A is the reference state. With this definition, the Gibbs energies of mixing of the
liquid and the solid phases a (where a defines a certain crystal structure) are given by:

AG" = G" - x,G}, - x3G}, (6a)
AGa = Ga - XAG; - XBGE (6b)

Considering the situation at the temperature T;, both components are solid at this
temperature, thus, according to the definition above, the reference states for both the
liquid and the solid phase are the pure solid components in the crystal structure a.
With this, egs. (6) become:

AG" = G* - x, G4 — x3G& (7a)
AGa = Ga - XAGX - XBGg (7b)

For pure A where x, = 1and xg = 0, AG* becomes equal to the Gibbs energy of
melting of pure A, A,,G,, at the temperature T;:

AG*=G"-1-G%-0-G% = G" - G§ = A,Gy (8a)
and AG" becomes zero:
AG"=G"-1-Gy-0-G5=G"-G4=0 (8b)

since G* and G} are identical at this composition. Identical arguments are valid for
pure B where x, = O and xz = 1, i.e., AG* = A,Gg and AG* = 0. This situation
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Figure 6: Gibbs energy of mixing of the liquid phase and the solid phase a in the binary system A-B
at the three temperatures T, T, and T; (see Figure 5).

is shown schematically in Figure 6(a). One can see that over the entire composition
range AG® has the most negative value, indicating that at T, the solid phase a is stable
for all compositions (see Figure 5).

At the temperature T,, component A is liquid and component B is solid; therefore,
these are also the corresponding reference states. The curve for the Gibbs energy of
mixing of the liquid phase, AG", starts at a value of zero on the side of pure A (xg =0)
and ends at a positive value on the side of pure B (x; = 1) which corresponds again
to the Gibbs energy of melting of pure B at T,. On the other hand, the curve for the
Gibbs energy of mixing of the solid phase a, AG*, starts at a positive value at x = 0
and ends at zero for xg = 1. The two curves intersect at a certain composition xj, (see
Figure 6(b)), thus for 0 < xg < xj the Gibbs energy of mixing of the liquid phase has
the most negative value whereas for xj; < xg < 1it is the Gibbs energy of mixing of
solid a which exhibits the most negative value.

However, one has to keep in mind that one can draw a common tangent to the
two curves touching at the compositions xllg and xj. This tangent signifies the Gibbs
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energy of a mechanical mixture of the two phases L and a with concentrations xlé and
xg, respectively. It is obvious that in this composition range the mixture of L and a has
a lower Gibbs energy than either one of the two phases alone, with the consequence
that a two-phase field shows up in the phase diagram at the temperature T,, where its
phase boundaries x, and x are defined by the contact points of the tangent.

At the temperature T3, both components are liquid which means that the curve for
the Gibbs energy of mixing of the liquid, AGL, starts at zero at xg = 0 and ends at zero
at xg = 1. The curve for AG*, on the other hand, starts at a positive value on both sides.
Furthermore, AG" is more negative than AG* over the entire composition range, indi-
cating that the system A-B is a homogeneous liquid phase for all compositions at T5.

It should be pointed out that the curve of the Gibbs energy of mixing for any phase
starts with a slope of minus infinity on either side. This is caused by the entropy term
in the equation

AG® = AH® — T - AS® )
where the Gibbs entropy of mixing consists of the ideal term AS® and the excess term
AS®*S,

AS® = ASPH 4 ASPXS (10)
with

AS®4 = _R. (xa Inx, + x5 1nxg) 11)

It is this latter function, which ends with a slope of minus infinity on either side of
the binary system. Thus, the curve of AG® starts always with a negative slope on ei-
ther side, even in the case of a miscibility gap, which means that there is always some
solubility, be it extremely small. Thus, thermodynamics dictates that absolute insolu-
bility, or immiscibility, is not possible.

3.3 Eutectic, peritectic and monotectic systems

If in a binary system the two components exhibit complete mutual solubility in the lig-
uid phase but not in the solid, then this can result either in a eutectic- or in a peritectic-
type phase diagram. A eutectic system is characterised by a minimum in the melting
temperature at some intermediate composition (Figure 7), whereas the temperature of
the peritectic reaction is usually between the melting points of the two pure compo-
nents (Figure 8). If the liquid phase shows some extent of immiscibility too, then one
obtains a monotectic system (Figure 9).

Very similar arguments as those outlined in Figure 6, as well as egs. (5)—(8), can be
used to describe these more complicated binary systems by their Gibbs-energy curves.
If we take the example of the eutectic system in Figure 7, there are now three different
phases competing in stability, i. e., we have to consider three different Gibbs-energy
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A Xg —> B Figure 7: Example of a eutectic phase diagram.
t 1
T

a+l
L+
a a+f
B
A Xg —> B Figure 8: Example of a peritectic phase diagram.

Figure 9: Example of a monotectic phase diagram,
completed by a eutectic reaction at lower temper-
atures; T is the critical point where the two liquid
phases become undistinguishable on heating.

curves, one for each of the solid phases a and B (assuming that they have different
crystal structures), and one for the liquid phase. Figure 10 shows the special situation
of the exact eutectic temperature where we have now a common tangent to all three
curves, indicating that three different phases with exactly defined compositions are
in equilibrium with each other.

Application of the Gibbs phase rule (eq. (3)) at the eutectic temperature Tg, with
C = 2and P = 3, results in F’ = 0, i. e., we have zero degrees of freedom. For three
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AG
AGH
‘\‘ \ L ’l
AG* \\ /’ AGP
....... el el Figure 10: Gibbs energy of mixing of the liquid
Xs X5 xgP phase and of the solid phases a and S in the bi-
nary eutectic system A-B (see Figure 7) at the
A Xg —> B exact eutectic temperature (schematic).

phases to be in equilibrium in a binary system at defined pressure, this is only possible
at one particular temperature with exactly defined compositions of the three phases.
No variables are left that could be changed independently. Therefore, such an equi-
librium is called invariant, or the eutectic reaction (which is usually written for the
cooling process), L < a + 3, is called an invariant reaction, respectively.

3.4 Binary systems with intermetallic phases

If intermetallic phases exist in binary systems, then there are two possibilities how
a phase can be in equilibrium with the liquid phase. Either a phase shows a congru-
ent melting point, i. e., there is a temperature (usually a maximum) where solid and
liquid phase have the same composition, or the phase melts incongruently, i. e., it de-
composes on heating into a liquid and another solid phase, both having different com-
positions. There are yet other possibilities how a phase can disappear on heating. The
phase can decompose into two other solid phases with different compositions (with-
out ever being in equilibrium with a liquid), a reaction that is called a peritectoid; or
the phase can transform congruently into another solid phase. It is clear that in both
cases it will be impossible to grow a single crystal out of the melt.

Let us start with the simple case of one congruently melting intermetallic phase in
a binary system A-B, as shown in Figure 11. When using the Gibbs energies of mixing
to understand such a diagram, one has to keep in mind that for each phase appearing
in the phase diagram one Gibbs-energy curve of mixing has to exist. Assuming that
the pure components A and B have different crystal structures, there are now four
different curves for the Gibbs energies of mixing of the four phases involved: liquid, a,
the intermetallic phase y and S. Very frequently, the Gibbs energy of mixing of a solid
intermetallic phase is called the Gibbs energy of formation. However, when comparing
with tabulated values, one has to be careful to consider the corresponding reference
states used.

Similarly, as in the case of the systems discussed above, it is the competition be-
tween the stabilities of the four phases that is reflected in the T —x phase diagram. This
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Figure 11: Binary system A-B with a congruently
melting intermetallic phase y.

is discussed briefly for the three temperatures marked in Figure 11. At temperature T;,
both A and B are solid, i. e., the Gibbs energy of mixing curve for the phase a starts at
zero for xg = 0 and ends at some positive value for x5 = 1 where it is not stable; and it
is exactly the opposite for the phase . In addition, there is a corresponding curve for
the intermetallic phase y that starts at some positive values on either side since neither
pure A nor pure B are stable in the crystal structure of y at T;. The contact points of the
common tangents for the curves of AG* and AGY, as well as for AG” and AG, will de-
fine the phase boundaries of the two-phase fields (a + y) and (y + ). The Gibbs-energy
curve of the liquid does not interfere at all at this temperature.

At temperature T,, there are again three phases that compete in the phase dia-
gram, but now it is solid phase a and intermetallic phase y, as well as the liquid. The
situation is somewhat special, as T is exactly the temperature of the eutectic between
aand y, i. e., we have a three-phase equilibrium which is indicated by a common tan-
gent to the three Gibbs-energy curves AG%, AG* and AG” where the contact points de-
fine the compositions of the three phases in equilibrium. For B-rich compositions, the
two-phase field (y + L) is defined by the contact points of the common tangent to the
Gibbs-energy curves AG” and AG", as shown in Figure 12.

AG
AGY
?G“ | /
S AG,’
ol . ="°’__‘::.
~~~~~~~ Figure 12: Gibbs-energy curves (schematic) of the
solid phase a, the intermetallic phase y and the
A Xg —> B liquid competing at temperature T, (see Figure 11).
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The situation is rather simple for the temperature T; where only two phases compete,
the liquid and the intermetallic phase y; the two-phase fields (L + y) on either side are
defined by the common tangents to the curves of AG” and AG" where the curve for AGY
will be lower over a certain composition range around xg = 0.5.

When growing a single crystal of the intermetallic phase y out of the liquid phase,
the ideal temperature and composition would be the congruent melting point where
the solid and the liquid phase have exactly the same composition. This should result
in a single crystal with a well-defined composition and no composition gradients. If
this is not possible for experimental reasons (e. g., the temperature is too high), then
single crystals can be grown at lower temperatures on bhoth sides of the maximum.
However, it is clear that the composition of the solid crystal will be defined by the tie
line between the intermetallic phase y and the liquid at this particular temperature.
Since in the process of crystal growing from the liquid the temperature is frequently
lowered very slowly during the growth process [25], this causes also a concentration
gradient in the single crystal because the phase boundary shifts noticeably with the
temperature in most cases.

Figure 13 shows the situation of an intermetallic phase f that melts incongruently,
i.e., it decomposes on heating in an invariant peritectic reaction. The principles are
very much the same as shown in Figures 11 and 12: there is the same number of Gibbs-
energy curves as in Figure 12; it is just the different relative positions of these curves
that leads to a different phase diagram. It is clear that, in the case of incongruent melt-
ing as in Figure 13, a single crystal can only be grown out of a melt that is richer in
component B. The temperature window, within which crystal growth from the melt
is possible, is limited by the points a and b, i. e., it is only possible at temperatures
below the peritectic reaction and above the temperature of the eutectic between the
intermetallic phase 8 and the solid solution y. Depending on the particular phase dia-
gram, this range can become quite narrow. The problem of a composition gradient in
the single crystal will be the same as in the case of a congruent melting phase where
a temperature lower than the congruent melting point has been selected.

L+a L
2
HE a
£
[ L+f
< y
a+f b
Figure 13: Binary system with an intermetallic phase
Bty . S
B that melts incongruently, i. e., it decomposes
on heating in a peritectic reaction (from Ref. [9];
A Composition B8 copyright McGraw-Hill).
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Figure 14: Binary Fe—Mo phase diagram showing two intermetallic phases (A and ) which decom-
pose in peritectoid reactions into two other solid phases; none of them is ever in equilibrium with
the liquid (from Ref. [26]; copyright Springer).

Of course, in many binary systems more than just one intermetallic phases exist. In
this case, one has to consider the competition between all the corresponding Gibbs-
energy curves in order to define the phase boundaries at various temperatures.

As mentioned above, a special case is the peritectoid reaction where a phase de-
composes on heating into two other solid phases. Figure 14 shows the Fe—Mo phase
diagram where both the phase A and the phase y are never in equilibrium with the
liquid phase; on heating, A decomposes at about 1,200 K into the solid solution (a-Fe)
and the phase u which itself decomposes at 1,643 K into the two solid phases R and o.
Thus, it is impossible to grow bulk single crystals of A or u from a binary liquid. One
would have to resort to other methods, which, however, would result in much smaller
single crystals.

3.5 Non-stoichiometry

It is a fact that the majority of intermetallic phases exhibits some noticeable non-
stoichiometry, i.e., the phases are stable over a certain composition range, which

printed on 2/13/2023 8:11 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



36 —— H.lpser

is usually dependent on temperature. Although some intermetallics may appear as
so-called line compounds in the corresponding phase diagrams, non-stoichiometry
is rather the rule than the exception. On closer look, even these so-called line com-
pounds are usually stable over a narrow, but still appreciable, composition range.

Non-stoichiometry can be caused by various mechanisms, i. e., by various types
of defects in the crystal structure. In most cases, it is point defects that are responsible
for the deviation from the exact stoichiometric composition. Point defects can be sub-
stitutional defects and interstitial defects, as well as vacancies. (There are also some
cases where two-dimensional defects, e. g., shearing of blocks of crystal planes, can
be responsible for non-stoichiometry.)

Take the example of the B'~AgMg phase in the Ag-Mg binary system (Figure 15):
B'-AgMg crystallizes in the simple CsCl structure, with Ag atoms on one type of lattice
sites and Mg atoms on the other one. Non-stoichiometry is caused by mutual substi-
tution of the two types of atoms. (Defects that are responsible for non-stoichiometry
are usually called constitutional defects. In addition to these constitutional defects,
there are also so-called thermal defects present in the lattice at finite temperatures,
i. e., even at the exactly stoichiometric composition, some of the Ag and Mg atoms ex-
change places, and their number increases with temperature.) Growing a single crystal
of B'~AgMg would theoretically be possible within a wide composition range between

Mg
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K
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Figure 15: Binary Ag-Mg phase diagram showing an intermetallic phase, B’ ~AgMg with a wide ho-
mogeneity range; in addition, there appears a'~Ag;Mg which transforms congruently into the solid
solution of fcc (Ag) as well as e-AgMg5 which decomposes in a peritectic reaction (from Ref. [27];
copyright Springer).
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35.5 and about 65.5 at% Mg, out of melts containing between 33.4 and 77.4 at% Mg.
However, the composition of the single crystal will be strongly dependent on the tem-
perature since it is fixed by the corresponding tie line between the liquid and solid
B'-AgMg. Any change in temperature during the experiment will result in a consider-
able concentration inhomogeneity of the crystal.

A more complicated mechanism of non-stoichiometry is operative in the inter-
metallic phase 8’ -GaNi (Figure 16) although it crystallizes basically in the same struc-
ture (CsCl-type) as B'-AgMg. Whereas a deviation from the exactly stoichiometric 1:1
composition to the Ni-rich side is caused by substitution, i. e., by Ni atoms on Ga lat-
tice sites, a deviation to the Ga-rich side is caused by Ni vacancies. As can be seen
from the phase diagram, a wide composition (between about 22 and 68 at% Ni ac-
cording to Figure 16) and temperature range could be utilized to grow single crystals
from the melt. However, the composition of the single crystal will again be defined by
the corresponding tie line between liquid and solid GaNi phase at the experimental
temperature [28].
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Figure 16: Binary Ga-Ni phase diagram (from Ref. [29]; copyright Springer).

Yet another mechanism of non-stoichiometry can be observed for the intermetallic
phase NiSb (Figure 17) which crystallizes in the NiAs structure type: the deviation to
the Sb-rich side is caused by vacancies on the Ni sublattice whereas interstitial Ni
atoms (in the trigonal-bipyramidal or double-tetrahedral sites) are responsible for a
Ni surplus. Again, there is a wide temperature and composition range available for
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Figure 17: Binary Ni-Sb phase diagram (from Ref. [30]; copyright Springer).

growing single crystals of NiSb but the composition of the crystal will always be de-
fined by the tie line between melt and solid NiSb at the corresponding temperature.

These three examples should suffice to demonstrate that non-stoichiometry is a
nearly ubiquitous phenomenon in intermetallic phases. Growing a single crystal with
a well-defined composition from the liquid will not be simple since the composition
will always be given by the phase boundary of the phase in equilibrium with the lig-
uid. As the phase boundary usually shifts with temperature, any variation of the tem-
perature during the growth process will consequently lead to concentration inhomo-
geneities in the crystal.

4 Three-component (ternary) systems

For the complete representation of the phase diagram of a ternary system A-B-C,
one would need four dimensions: two composition variables, the temperature and
the pressure. Thus, it is customary to keep at least the pressure constant, which al-
lows showing a three-dimensional composition-temperature space diagram based on
a Gibbs triangle for the representation of the composition. This is shown for a simple
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isomorphous ternary system A-B—C in Figure 18. However, even this is rather difficult
to visualise, especially if there are many phases and reactions in the system, there-
fore, one tends to further reduce the representation to two dimensions: isothermal
sections (where the temperature is kept constant) or so-called isopleths (which are ver-
tical sections through the ternary space diagram). These two possibilities are shown
in Figure 19, representing the corresponding sections through the space diagram in
Figure 18. Frequently, isopleths are shown for the special cases where the concentra-
tion of one component is kept constant or where the concentration ratio x;/x; of two
of the three components is kept constant.

Another possible representation in two dimensions are the so-called liquidus pro-
jections which could be described as maps of the liquidus landscape, showing hills
and valleys (especially if isothermal lines are added for regular temperature intervals),
and showing also all invariant reactions in which the liquid phase is involved. A very
simple liquidus projection for the ternary isomorphous system in Figure 18 is shown in

Figure 19: Isothermal section through
ST o 5 the ternary isomorphous system A-
B-Cin Figure 18 at a temperature
above the melting point of compo-
nent C and below the melting points
of components A and B (a); isopleth
through the ternary system at a con-
(b) stant concentration of x, = 0.3 (b)
Ao3Cos AosBo;  (from Ref. [9], copyright McGraw-Hill).
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Figure 20 indicating isothermal lines at regular temperature intervals, which enables
seeing the slope of the surface.

Any isothermal section shows exactly the phase equilibria at the given temper-
ature, especially if the tie lines for the two-phase fields are given, as can be seen in
Figure 19(a). On the other hand, the isopleths show, in the normal case, only phase
fields but not the phase equilibria. Since the tie lines are usually not in the plane of
representation (except in the special case of a quasi-binary system), one knows that in
a certain temperature-composition range two or three phases are in equilibrium with
each other; however, one knows nothing about the compositions of the phases that
are in equilibrium (see Figure 19(b)).

For single crystal growth, one has to consider ternary systems with a ternary in-
termetallic. Figure 21 shows, as an example, two isothermal sections of such a system
with a phase § that melts congruently; it has the nominal composition ABC, however
with a noticeable homogeneity range. The three binary systems A-B, A-C, and B-C

Figure 20: Liquidus projection of the ternary
isomorphous system in Figure 18; T; is the
highest and T, the lowest temperature (from
Ref. [9], copyright McGraw-Hill).

__asp  Lipes

Figure 21: Isothermal sections through a ternary system with a ternary intermetallic phase d (nom-
inal composition ABC) at two temperatures T; and T,; quasi-binary sections A-8, B-0 and C-¢ are
indicated by dotted lines (adapted from Ref. [9], copyright McGraw-Hill).
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form simple eutectics. T; is a temperature above the melting point of component C
and above all eutectic temperatures but below the melting points of A and B; T, is be-
low the melting points of all three components and below the eutectic in the system
A-B but still above the eutectics in A-C and B-C. (In addition, it is indicated by dot-
ted lines that there are also three quasi-binary sections A-§, B-6 and C-6 where all tie
lines are within these particular section so that they can be treated like binary phase
diagrams.)

One can see that at temperature T;, the phase § is in equilibrium with liquid only,
and the inset shows a magnification of the equilibrium between the phase § and the
liquid including a few of the tie lines. Thus, for growing a single crystal of § by the
Czochralski method, one can start with liquid of any composition along the liquidus
line. However, the composition of the crystal that starts growing is fixed by the con-
jugate phase boundary of the solid phase, and there will be slight differences in the
composition depending on the concentration of the starting liquid. At temperature T,
the intermetallic phase is in equilibrium with the liquid phase as well as with the solid
solution B, which restricts the choice of compositions of the liquid from which a single
crystal could be grown.

As in the case of binary intermetallic phases, ternary intermetallics may also be
formed by a ternary peritectic reaction. In this case, the liquid reacts with two different
solid phases (a and ) to form a third solid phase y: L + a + 8 = y. The conditions for
growing single crystals out of the melt will depend on the shape of the liquidus surface
in equilibrium with the solid phase y.

5 Experimental methods

The experimental methods for the determination of phase diagrams can be roughly di-
vided into two groups: dynamic methods (thermal analysis) and static or non-dynamic
methods. According to IUPAC, thermal analysis is defined as “a group of techniques
in which a physical property of a substance and/or its reaction product is measured
as a function of temperature while the substance is subjected to a controlled temper-
ature program” [31]. Thus, the well-known experimental methods like the observa-
tion of cooling (or heating) curves, DTA (differential thermal analysis) and DSC (dif-
ferential scanning calorimetry) would fall into this category (where DSC is usually a
DTA method with the possibility to derive quantitative information). Although these
are the standard methods for determining phase transformations in metallic multi-
component systems, there exist many more experimental methods where a property
is measured as a function of temperature in order to derive information about phase

3 IUPAC: International Union of Pure and Applied Chemistry.
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transitions: this can be the volume (thermodilatometry), the lattice parameter (dy-
namic high-temperature X-ray diffraction) and the electrical conductivity, as well as
several others.

The group of non-dynamic—or static—methods comprises all those experiments
where samples with a well-known composition are brought into thermodynamic equi-
librium at a defined temperature and are then investigated for their phase composi-
tion. This can happen at the temperature of equilibration, which is usually experi-
mentally more difficult, or the samples are quenched and studied at room tempera-
ture, assuming that the high-temperature equilibrium can be frozen in. Unfortunately,
this is not always the case as some transformations are too fast to be suppressed by
quenching. The standard methods for the investigation of equilibrated samples are
powder X-ray diffraction (XRD), optical microscopy and scanning electron microscopy
(SEM) coupled with EDX (Energy-Dispersive X-ray spectroscopy) or WDS (Wavelength-
Dispersive X-ray Spectroscopy). Whereas powder XRD in combination with modern
evaluation software enables identification of the phases present in the sample, as well
as estimating their relative amounts, SEM gives also quite accurate information on the
elemental composition of the various phases.

The best results in phase-diagram investigation are obtained by a combination of
dynamic and static methods.

5.1 Dynamic methods

Several books have been published on the topic of thermal analysis within the past
decades [32-36]. Probably one of the most popular methods in the investigation of
phase diagrams is DTA or its more quantitative version, DSC. A sample and a refer-
ence substance are heated or cooled with a defined heating rate (mostly in the range
between 1and 20 K/min), and both the temperature (of the sample or of the reference),
as well as the temperature difference between them, are registered, usually by thermo-
couples. A substance that does not show any transformation within the investigated
temperature range usually serves as a reference. For accurate temperature measure-
ments, it is important to standardise the thermocouples, which is done by measuring
the melting temperatures of various standard substances.

The evaluation and interpretation of the corresponding DTA curves for binary sys-
tems is relatively straightforward, although one has to follow a number of well-defined
rules [37, 38]. As a rule of thumb, invariant reactions are evaluated as the peak on-
set, both on heating and on cooling. For non-invariant reactions, e. g., the transition
through a two-phase field, peak onset and maximum indicate beginning and end of
the two-phase field. Generally, the heating curve is the more reliable one as supercool-
ing may be significant on cooling, and the temperatures evaluated from the cooling
curves can be significantly too low.
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On the other hand, the evaluation of the DTA curves for ternary or higher-order
systems can become quite tricky and requires a good understanding of the method,
as well as of the principles of phase equilibria in these systems. Whereas invariant
reactions are again evaluated from the peak onset as in the case of binary systems,
the interpretation of the non-invariant effects becomes much more involved since one
has to consider the additional existence of three-phase fields in the case of ternary
systems, four-phase fields in quaternary systems and so on.

The quality of the DTA curves can be influenced by many external parameters
depending on the particular instrument and the characteristics of the sample. One
important parameter is the heating rate: A fast heating rate will nearly always induce a
temperature gradient in the sample leading to apparent transformation temperatures
that can be off by several degrees. For very accurate studies, the same transformation
should actually be measured at various heating rates, and the correct value of the
transition temperature is obtained by extrapolation to a zero heating rate. Of course,
in most cases this will not be possible but, at least, measurement and standardization
of the instrument should be made at the same, not too high, heating rate.

In addition, asymmetries in the furnace and the atmosphere in the furnace can
play a significant role for the quality of the DTA curves, as can the size and the form
of the sample (powder, bulk piece) and the type of crucible containing the sample.

For more details on DTA and DSC, the reader is referred to the corresponding lit-
erature.

5.2 Static methods

As pointed out above, a sample with well-defined composition is equilibrated by an-
nealing at a given temperature and is afterwards investigated for its phase composition
by XRD and/or SEM. It is clear that the annealing time will depend on the (relative)
temperature, i. e., the lower the temperature the more difficult will it be to establish
thermodynamic equilibrium. Therefore, many phase diagrams in literature are shown
by dashed lines at low temperatures, and many homogeneity ranges of intermetallic
phases at room temperature are probably too wide as they are indicated in the litera-
ture.

Modern methods of powder XRD and the corresponding software for evaluation
enable a good estimate of the relative amounts of phases that are present in a sample,
at the same time giving information on their crystal structures. Quite accurate homo-
geneity ranges for binary intermetallic phases at a given temperature can be obtained
by following their lattice parameters as a function of composition: Since these have to
remain constant in two-phase regions, kinks in their composition dependence clearly
indicate the phase boundaries. As this is mostly done at room temperature, one has to
rely on quenching the samples from higher temperatures, assuming that the correct
phase equilibrium can be frozen in (which may not always be the case).
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SEM methods, in combination with EDX or WDS, also provide the compositions of
the phases that are present, giving again valuable information on phase boundaries in
the case of samples containing two or more equilibrium phases in binary and higher-
order systems.

A very elegant method, especially for binary systems, are the so-called diffusion
couples. In principle, the two pure elements are brought into intimate contact with
each other and are annealed at a selected temperature where diffusion is fast enough.
After a certain time, the diffusion couple is quenched and investigated for the compo-
sition of the reaction products, mostly by a so-called line scan using SEM. In the ideal
case, all intermetallic phases that are stable in the binary system at the equilibration
temperature should have formed, and the phase boundaries at the annealing temper-
ature can be determined from the compositions of the phases in contact with each
other. In reality, the amount of any phase formed in a diffusion couple will depend on
the (relative) diffusion rates of the two elements within it, and it may happen that one
or the other phase appears only as a very thin layer that could easily be overlooked.

Of course, a diffusion couple must not necessarily start with the pure elements.
It is also possible to bring two intermediate phases in a binary system into close con-
tact with each other and anneal this couple at a defined temperature. In this case, all
phases with compositions in between the two starting phases should be formed.

Diffusion couples in ternary and higher order systems can also be used but the
interpretation of the results may be more complicated [39]. As an example, one can
start in a ternary system with a binary phase in one of the limiting binary systems and
anneal it at a defined temperature in contact with the third element. After quench-
ing the diffusion couple, the change of composition along the couple is analysed by
SEM. However, due to the one more degree of freedom compared to a binary system,
one will find both single-phase and two-phase fields. In addition, in most cases the
diffusion path in a ternary system will not be a straight line connecting the starting
compositions, which makes the interpretation of the results even more complicated.

In the literature, diffusion multiples have also been proposed for higher order sys-
tems [40], but the interpretation becomes still more complicated, and the information
on the phase diagram may be limited.

6 Phase-diagram calculation

As pointed out at the beginning of this chapter, a phase diagram describes the state
of a materials system in thermodynamic equilibrium as a function of temperature,
pressure and composition. That is, if one knows the Gibbs energy of all phases in a
system as a function of temperature, pressure, and composition, one can calculate
the phase diagram. The principle is exactly the same as demonstrated in Figures 6, 10,
and 12 where the composition dependence of the Gibbs energy of different phases at
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constant pressure and temperature was used to derive the phase equilibria in a binary
system at this particular temperature. On the other hand, a phase diagram will also
provide some information on the (relative) stability of the different existing phases
and enable some conclusions with respect to the thermodynamic properties.

This was realised nearly 50 years ago when Kaufman and Bernstein published
their book “Computer Calculation of Phase Diagrams” [41]. Their approach, which has
been further developed by Kaufmann and many other scientists, came to be known as
the CALPHAD method (where CALPHAD stands for CALculation of PHAse Diagrams).
Whereas in the 1970s it was simple and homemade computer codes that were used
for these calculations, a number of commercial software packages are available to-
day for calculating phase diagrams [42-45]. Together with these software packages,
one can buy various types of databases that contain the thermodynamic properties of
the elements and of many known intermediate phases in parametric form. The cor-
responding data can serve as immediate input in these software packages. The most
recent book on the CALPHAD method and its application is by Lukas et al. [46].

For the preparation of the databases, it is necessary to convert the thermodynamic
properties into equations that provide them as functions of temperature, pressure and
composition (although the pressure is frequently neglected if calculations are to be
performed for ambient pressure). To arrive at such equations, various thermodynamic
models are used, i. e., Dilute Solution Models, Ideal Solution Models and various Non-
ideal Solution Models. This enables the storage of parameters in the databases rather
than listing the numerical values of properties. Of additional interest for scientists is
the availahility of a so-called optimiser that is included in most of the software pack-
ages. In simple words, such a program enables optimising the phase diagram based on
input of experimental thermodynamic data, as well as experimental phase-diagram
information. The result is the best possible agreement between phase diagram and
thermodynamics of a system. (It should be noted that the process of optimisation fre-
quently requires a critical judgement of the reliability of experimental literature data,
especially if differing data are available from different sources. This necessitates, of
course, a good knowledge of the thermodynamic background as well as of phase equi-
libria in binary and higher-order systems.)

The process of phase-diagram calculation itself is fully automated today, i. e., the
user can withdraw the necessary parameters from the database, use them as input
into the particular software, and calculate the phase equilibria in the concentration,
temperature and pressure ranges of interest. Moreover, the calculations provide addi-
tional information, as for example, a so-called phase fraction diagram [47] that gives
the relative amounts of various phases as a function of temperature, both under equi-
librium and non-equilibrium conditions. All this is of particular value for users from
industry.

Although the phase diagrams of most binary metallic systems are known today
(at least, to some extent), knowledge of ternary metallic phase diagrams is much more
limited, and the phase equilibria in quaternary and higher-order metallic systems are,
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with very few exceptions, mostly unknown. For these cases, the CALPHAD method
provides the possibility to extrapolate the phase equilibria from binary to ternary and
higher-order systems, based on proper thermodynamic models, always considering
the (limited) experimental information available in the literature. It is clear that the
obtained higher-order phase diagrams may not be fully correct, but it is at least pos-
sible to arrive at an estimate, which enables planning and performing well-directed
experiments to verify the results of the calculations.
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Flux methods for growth of intermetallic single
crystals

1 Introduction

The flux growth of intermetallics from solution is but one aspect of the solution growth
of crystals, a subject with a long history and an activity wonderfully present in the nat-
ural world. Quartz—one of the thermodynamically stable crystalline forms of silica
(Si0,) and one of the most common minerals in the Earth’s crust—grows from solu-
tion when molten magma cools slowly. Pure quartz crystals are transparent, but the
presence of natural impurities in the crystal structure leads to beautiful colored gems,
including amethyst and agate.

Advances in materials characterization have made the study of intermetallics in
single-crystal form the accepted norm and, among the techniques for producing sin-
gle crystals, flux methods are particularly attractive for their simplicity and low im-
plementation cost. Good reviews of the techniques exist in the literature [1]. The pur-
pose here is to present an introduction to the technique useful for those interested in
actively pursuing it, along with some tricks of the trade that have arisen from experi-
ence. This chapter is not meant to be an exhaustive treatment, but rather a presenta-
tion through specific examples along with a view to where one goes in thinking about
directions to investigate.

2 Typical growth

The simple principles involved in flux growth are easily appreciated by considering
examples of the so-called self-flux growth, in which crystals are grown from melts con-
taining only the elements present in the grown crystal. The simplest case to consider
is a binary phase diagram, for example the La—Sn phase diagram (Figure 1). LaSn; is
the most Sn-rich compound in the phase diagram, and this is a compound that can be
readily grown from Sn-rich solution.

LaSn; seems to be congruently melting in the phase diagram, so one could at-
tempt to grow single crystals of it by the Bridgman technique, i. e., slow cooling a
stoichiometric melt. Slow cooling of a melt richer in Sn than 1:3, however, allows the
growth of separated single crystals as the melt composition slides down the liquidus
with cooling and precipitation of LaSn;. More specifically, one obtains cubic single
crystals of LaSn; by heating a mixture of La pieces and Sn shots with ratio La:Sn =
1:10 to 1150 °C, followed by slow cooling to 400 °C.

https://doi.org/10.1515/9783110496789-003
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Figure 1: La—Sn binary phase diagram adapted from Ref. [2].

An important point here is that the crystals that precipitate from this melt will have a
composition corresponding to the stoichiometry on the Sn-rich boundary of the LaSn;
phase at the temperature of growth. Many materials have considerable range of stoi-
chiometry over which they exist, and this range of stoichiometry generally varies with
temperature. This can result in grown crystals from a given melt composition having
a range of stoichiometry. A good example of this is found in the material YbIn, Cu;_,
which crystallizes in the cubic Laves phase structure with generic formula AB,. In this
structure, the A-atoms form a cubic diamond lattice, which can be regarded as consist-
ing of two fcc lattices shifted by 1/4 of the cube diagonal. It is possible to form chem-
ically ordered compounds in which each of these fcc lattices is occupied by only one
atomic species, forming a compound with formula AA’B,,. In the case of YbIn, Cus_,,
one can look at the compound as YbIn,Cu,_,Cu,, with a mixture of In and Cu on the
second fcc lattice. It proved possible to find an In-Cu self-flux composition for this
compound which resulted in crystals with stoichiometry YbInCu, [3] (Figure 2). This
compound exhibits a first order valence transition near 42 K which has a width in sto-
ichiometric crystals of approximately 1K [4], whereas this transition becomes spread
over tens of K when the 1:4 In:Cu stoichiometry is not precise. It is worth noting that
the compound exists all the way to stoichiometry YbCus. The isostructural ferromag-
net YbInNi, forms stoichiometrically at the 1:4 In:Ni ratio and can be grown from an
In—-Ni flux.
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Figure 2: YbInCu, crystal structure.

Occasionally, it is also possible to tune the self-flux ratio as a means to change the
stoichiometry and the structure of the resulting crystal. An example of this is found in
the ternary phase diagram Eu-In-Sb using a combination of In and Sb as the self-flux.
Ataratio Eu:In:Sb = 1:5:1.2, the In-rich growth provides sizeable crystals of Eu;InSh,
an orthorhombic compound without inversion symmetry [5]. As the In concentration
is increased, needle-like orthorhombic crystals of inversion-symmetric Eu;In,Sbhy are
favored and a ratio of 1:16:1.8 provides millimeter-long needles as the main phase. This
compound is an antiferromagnetic insulator recently synthesized in single crystalline
form [6]. There are several ternary phase diagrams that have been mapped out, but
Eu-In-Sb is not one of them. Due to the increased complexity of ternary diagrams
compared to binary ones, researchers often have to make educated guesses and learn
from trial-and-error.

3 Containers

In any flux growth, it is necessary to have the melt heated in a container that is not
attacked, or at least not strongly attacked, by the melt. Further, an environment that
is inert relative to the melt is needed. An inert environment is often easily provided by
sealing the elements of the melt at the desired relative concentrations in a quartz glass
(also known as fused silica) tube, either in a vacuum or a partial pressure of argon or
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other inert gas. Pure quartz glass can be heated to approximately 1200 °C without soft-
ening and used at somewhat higher temperatures by sealing the quartz glass off with
an inert gas partial pressure that produces approximately 1 atm at the working tem-
perature. Given the difficulty in exactly controlling this during sealing, short working
times at temperatures above the softening point of quartz glass are prudent. To further
protect the tube, a thin coating layer of carbon may be deposited on the quartz glass in-
ner walls. Carbon not only protects the quartz tube against reactive elements but also
reacts with oxygen and water impurities [7]. To check whether the inert atmosphere
survived the growth, a useful trick is to write with a pencil the sample identification
(e. g., batch number) on the crucible holding the elements. If oxygen is present, it will
react with the graphite from the pencil, and the sample identification will no longer
be visible at the end of the growth.

It is usual to place the melt ingredients in an appropriate crucible which is then
sealed in quartz glass. This is not always necessary, and there are some advantages
when the quartz tube itself can serve as a crucible. Clearly one does not want the flux
to attack the tube, and, in many melts at not too high temperatures, the activities of
the melt constituents are sufficiently reduced within the melt that chemical attack of
the quartz glass does not occur. For example, CeColn; crystals can be grown from In-
rich melts using quartz glass as the container [8]. The idea here is that quartz has a
smooth surface which perhaps provides fewer nucleation sites than a sintered ceramic
crucible. Another example of crystals readily grown in quartz glass without crucibles
are the 3-4-13 Remeika phase stannides, such as Ce;Rh,Sn;; [9]. Experience shows,
however, that rare-earth-rich melts cannot be heated directly in quartz glass.

In a majority of cases, one needs to contain the melt in an appropriate crucible.
Alumina crucibles are generally used if possible. These are available commercially
and made from 99.8 % purity Al,0; in many sizes, 2 ml and 5 ml being the most pop-
ular ones. They have very good thermal shock resistance and can be used up to quite
high temperatures. Rare-earth tetra- and hexaborides, for example, have been grown
from Al in alumina crucibles from temperatures as high as 1600 °C in a tube furnace
in an argon inert atmosphere. Yttria-stabilized zirconia is a more chemically inert
crucible than alumina, but its thermal shock resistance is poor and its use requires a
more careful heating protocol. Graphite crucibles are relatively easy to machine and
have good thermal shock resistance, but they require pre-firing in vacuum to remove
absorbed water vapor. Beryllia crucibles also require pre-firing to remove absorbed
water vapor, a problem alumina crucibles do not have. Further, beryllia crucibles
are more inert than alumina ones, but the health risks associated with beryllia make
their use problematic. It is worth noting that some combinations of elements have
extremely exothermic interactions that are sufficient to crack even alumina crucibles
during heating. Fluxes containing early rare-earth elements and platinum are an ex-
ample. An important point to consider when using crucibles sealed in quartz glass is
the extremely low thermal expansion of quartz glass relative to that of other materi-
als. A crucible that is essentially wedged into the bottom of a quartz tube, however
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slightly, will crack the quartz tube upon heating. This cracking can be prevented by
supporting the crucible off the bottom of the tube with either small pieces of quartz
or quartz wool, or flattening the bottom of the quartz tube that has been heated to the
softening point against a metal flat.

In some cases unexpected interaction with the crucible occurs. In an attempt to
prepare Ce—Co—Pb intermetallics from molten Pb as a flux, a new tetragonal com-
pound was grown with composition Ce;Pb;0 [10]. No Co was found in the crystals.
The source of the oxygen appears to have been the alumina crucible used to contain
the melt in the growth cooling down from 1150 °C. This serendipitously found new ma-
terial was interesting in having one of the highest known magnetic ordering tempera-
tures for a Ce intermetallic, ordering ferrimagnetically at 46 K. Another example of re-
actions with the crucible was found in an attempt to prepare Ca—Fe—Si intermetallics.
After the growth, crystals of Ca;Al,_, Fe, [SiO,]; were found on the walls of the crucible
as a result of the reaction with Al,0;. Ca;Al,_,Fe,[SiO,]5, also known as hessonite, is
a naturally occurring garnet found in ore deposits in China, Brazil and the Alps.

4 Separation of crystals from the flux

A typical flux growth is from fairly dilute solution, several percent concentration of
product relative to the dominant metal making up the flux. This tends to yield sep-
arated crystals when the residual flux is removed, as illustrated in Figure 3. While
chemical leaching of flux is often possible, it is not always trivial to find a chemical
etch that removes the flux without attacking the crystals.

A very effective way to separate grown crystals from a growth melt is via filtration
at the end of the growth cycle, while the melt is still liquid. This can in many cases be
accomplished by inserting a quartz wool plug into the quartz tube above the crucible
holding the melt. After quickly removing the quartz tube from the furnace using a
stainless steel tong, while the melt is still liquid, and inverting it into a simple chemical

Figure 3: a) Initial elements used in the growth of CeRhins: an arc-melted button of Cerium, Indium
pieces, and Rhodium powder. b) Encapsulated alumina crucible holding the elements. A picture of
the obtained crystal is shown on the right. c) Internal arrangement of a typical box furnace.
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centrifuge, a short spin will push the liquid through the quartz wool plug, leaving
grown crystals behind. To prevent the quartz tube from shattering during the spin, an
appropriate refractory cushion should be placed in the centrifuge cup and care should
be taken when the quartz tube is sealed to provide a reasonably robust end nub. It is
also possible to load the quartz tube with the filter plug against a flattened end, then
to support the crucible in the tube with a second plug below the crucible to hold it in
place while sealing off the quartz tube below it. The flattened end is generally more
resistant to breaking than a pointed nub, but experience usually teaches one how to
prepare a robust nub on a quartz tube.

5 General considerations

As another example, consider the Al-La phase diagram shown in Figure 4. To grow
the most Al-rich phase in this system (La;Al;;) using a quartz encapsulated alumina
crucible, the composition of the melt needs to be such that the liquidus temperature
is below 1200 °C, a composition more Al-rich than approximately La, y5Al o5. Another
consideration comes into play here, namely that hot Al attacks quartz glass. This has
two aspects. The first is that during the growth, the Al vapor pressure, while fairly
small below 1200 °C, is still enough to slowly attack the quartz. This can be slightly
ameliorated by sealing the quartz tube off with a partial pressure of argon inside, but
with Al-rich melts one generally carries out the growths with ramp down times of a few
days rather than weeks. The second point is that when spinning off the melt, the hot
Al will often crack the quartz, exposing the hot crystals to oxidation. One approach
to dealing with this is to load the tube with an inverted alumina crucible containing
the quartz wool plug above the crucible containing the melt, so that the spun melt
is contained in the second crucible. In this case, one also can place a second quartz
wool plug above the catch crucible to cushion the force of the catch crucible against
the quartz tube during the spin. A more elaborate procedure is to have commercially
fabricated a fitted catch crucible which can be manufactured containing a frit that acts
as the filter for the melt.

When inserting the quartz wool plug above the growth crucible in the quartz con-
taining tube, it invariably happens that some small amount of quartz wool dust con-
taminates the growth load. This of course introduces an unwanted impurity into the
melt that often has little effect on the product, but it acts as well to provide extra nu-
cleation sites for crystallization. This problem can be avoided by carrying through the
crystal growth to full solidification, reloading the solidified growth in its crucible into
a fresh quartz tube with a quartz wool plug, and then heating this up to a liquid stage
and spinning.

The self-flux growth is a common one, but in many cases it is not applicable for
the growth of the crystals one might be interested in. Often one can find an appropri-
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Figure 4: Al-La binary phase diagram adapted from Ref. [11].

ate flux that allows growth of crystals at much lower temperature than possible with
a self-flux. This is particularly true for very refractory materials. An example is the
growth of borides from molten Al, for instance the light rare earth hexaborides. Here
the solubility of the hexaborides in molten Al is quite low, and the melts typically have
concentration of the hexaboride of order 10~ molar. The growths from Al have been
from temperatures of 1500 °C in tube furnaces with the protective atmosphere pro-
vided by a mullite or alumina tube through which ultra-high-purity argon is flowing
at a slow rate. Typically 50-ml alumina crucibles hold the melts, and it is inconvenient
to try to seal these afterwards into quartz glass for spinning, so chemical etching with
NaOH solution is used to remove the Al. This does not attack the hexaboride. Al im-
purities do not substitute into the hexaboride lattice, but in larger grown crystals one
often finds Al lamellae coherently growing with the hexaborides, which can be me-
chanically removed by polishing. A more benign leaching can be accomplished by
growing from an Al-Ga melt, which can be leached using H,O0.

Besides the case of refractory materials, there are examples in which self-flux is
not applicable because either a more stable ternary compound forms or self-flux in-
volves more risks and perhaps yields off-stoichiometry crystals. An example of the
former is found in the tetragonal compound ThCo,_,Sn,. Attempts to grow this ma-
terial via Sn-rich melts yields the growth of cubic Th;Co,Sn;3, but Indium-flux pro-
vides plate-like crystals of ThCo,_,Sn, that enable the determination of the magnetic
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anisotropy below the antiferromagnetic transition at Ty, = 78 K[12]. An example of the
latter is found in the tetragonal compound BaFe,As,. This material can be grown via
self-flux (FeAs), which requires a substantial amount of Arsenic in each growth and
may lead to off-stoichiometry crystals. Another approach is to use Sn-flux, which leads
to Sn incorporation in the structure and extrinsic physical properties. A successful
route to solve these issues is, again, to use Indium as the flux. BaFe,As, single crystals
grown with Indium display the lowest residual resistivity among all known growth
methods and yield the highest superconducting transition temperatures when Fe is
substituted with Co, Ni, or Cu [13].

In cases where one is able to grow a compound from a flux that does not incor-
porate into the grown crystal, it is often the case that the congruently melting com-
pounds in the phase diagram containing the crystal grow rather than the incongru-
ently melting ones. In the case of rare earth borides, this results in the hexaborides
coming down in Al melts for the light rare earths and the tetraborides for the rare
earths Gd and beyond [14]. With the growth of rare earth tetraborides, a further inter-
esting complication in flux growth from Al is a competition between the growth of the
simple rare earth tetraboride and the growth of the phase RAIB, (R being a heavy rare
earth element). The precise growth conditions favoring one or the other phase have
not been completely worked out, although very high temperature growth appears to
favor the pure tetraboride. There is even a further aspect to the RAIB, growth, namely,
two possible different crystallographic arrangements of the planar boron sheets in the
structure exist and intergrowths of the two types are known, as well as the pure end
types [15]. These high temperature growths from Al flux can be carried out in open-
top alumina crucibles or with lids (in an inert atmosphere), taking advantage of the
fact that molten Al is generally covered by a very thin layer of its oxide which restricts
evaporation of Al (at 1500 °C, the vapor pressure of Al is 1 mbar). At temperatures over
approximately 1600 °C, Al will dissolve its oxide covering, resulting in the growth of
sapphire needles and significant Al evaporation.

A variant of the simple Al-flux growth of rare earth hexaborides has been used to
grow GdBg, which does not grow from Al-flux as usually carried out. Instead, an arc
melted pill of GdB, was placed in an alumina crucible containing a flux of composition
Gagg5Alg o5. Ga does not dissolve B significantly at temperatures below 1500 °C, and
GdBg has a lower density than this flux so that it will float on the surface of the flux in
which GdB¢ will be only sparingly soluble at temperatures near 1500 °C. By establish-
ing a temperature gradient such that the bottom of the crucible is at a lower tempera-
ture than the top, GdBg crystals grew in the lower part of the crucible. This particular
growth was carried out using an induction heating coil in an evacuated bell jar.

Other borides such as ZrB, can be grown from Al flux. This particular compound
is only sparingly soluble in Al presumably due to its extremely high melting temper-
ature, requiring similarly high temperatures (1500 °C) as in the growth of rare earth
hexaborides [16]. Some early rare earth tetraborides can be grown from rare-earth-
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rich eutectics with Co or Ni at temperatures below 1200 °C. Such eutectics are readily
attacked by dilute HCI which can be used to isolate the crystals grown from them.

Al flux has also been used to grow UBe,; single crystals, the original choice of
flux partly motivated by the simple binary Al-Be phase diagram containing no binary
phases. While originally carried out in beryllia crucibles, it was subsequently found
that the Al melt containing Be did not attack alumina, and so use of beryllia was not
necessary. Here it turned out that some Al is incorporated into the UBe,5 structure,
resulting in a higher superconducting transition temperature than material not con-
taining Al [17].

Indium is an attractive flux for many systems, most notably for the growth of very
high quality crystals of CeTIn; (T = Co, Rh and Ir). Isostructural rare earth and actinide
phases with Ga similarly grow from Ga [18]. Indium and Ga are easy to deal with be-
cause of their low melting points, making centrifuging off of the molten flux possible
at low temperatures. This also is the case with the slightly higher melting metals Bi,
Sn and Pb. Additionally, very high-quality crystals of UPt; grow from Bi flux [19].

Indium-rich growths have been carried out at temperatures up to 1500 °C for the
refractory compounds YbRh,Si, and URu,Si, [20, 21]. The vapor pressure of In at
1500 °C is near 13 torr, making evaporation of In a problem. In these cases, Ta tubing
sealed off in an argon arc furnace was used as a container and the grown crystals
subsequently leached out from the solidified growth melt with dilute HCI. Ta is easy
to use as a container because the ductility of the metal tubing allows crimping the
ends in a vice which can then be melted shut. W and Mo are more chemically inert
than Ta, but much less ductile. For these, premade crucibles are necessary with fitting
lids that can be e-beamed shut. It is possible to make a jig that can be mounted in an
arc furnace to hold such crucibles in a cold clamp making possible fusing the lid to
the crucible body with the arc melter stinger.

In addition to the advantage flux growth has in producing crystals grown at tem-
peratures often well below their melting points, flux growth also can provide an effec-
tive way to prepare crystals whose component elements have high vapor pressures
at the compound’s melting temperature. The divalent rare earths and the alkaline
earth elements are examples of this. Sulfur and phosphorus also have very high vapor
pressures at the melting points of phosphide and sulfide compounds of interest. The
filled Skutterudite phosphides have been nicely grown from Sn flux. Canfield and co-
workers have found transition metal-S fluxes containing surprising concentration of
S with low vapor pressures, as well as Bi-S fluxes that can be safely used with high S
content [22].

Cu can also be a useful flux but has the dual problems of high melting tempera-
ture, making spinning off the flux somewhat problematic, plus being chemically fairly
robust so that etching out crystals from solidified melts where it was used as a flux re-
quires some care to avoid dissolving the crystals. Nice crystals of Tmlr, and YblIr, have
been grown from Cu [23]. These were leached out using HNOs, the TmIr, and Yblr, not
being attacked by this acid. The growth was not possible in a simple Ta tube, the Ir
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in the melt attacking Ta at high temperature. In this case, an yttria-stabilized zirconia
crucible was used to hold the melt.

In situations where it is desired to grow doped crystals or mixed crystals such as
CeRh,_,Co,In; or Yb,_,Sm,Bg, it is necessary to examine the actual composition of
the grown crystals since even in a given batch large variations in x within the grown
crystals can be found. In cases where one can pre-melt (via arc melting for example),
the elements to be mixed prior to loading the growth, better uniformity of the grown
product is generally found. Holding the melt at a high soak temperature before the
growth ramp down helps, but good mixing is not always achieved. Occasionally, the
actual concentration in a crystal may differ substantially from the nominal concentra-
tion, even when the overall concentration in a crystal is homogeneous. This is the case
of CeRhIn;_,Sn, in which the actual Sn concentration is 60 % of the nominal one.

Although the focus of this chapter is on the growth of bulk single crystals, we
end it with a remark on recent efforts to synthesize intermetallic nanowires with di-
ameters ranging from 25 to 250 nm [24]. The so-called metallic-flux nanonucleation
technique is based on the conventional flux-growth technique discussed here, but is
performed in a nanometric template that mediates the preferential nucleation of the
single crystals in the desired geometry. This template is an Al,0; membrane fabricated
by a hard-anodization process, and fixed on the base of an alumina crucible enclos-
ing the initial metals. It has been shown that simple binary materials, such as the
RIn; (R = rare-earth) compounds discussed in the very beginning of this chapter, can
be synthesized using this technique.

6 Conclusion

The study of materials in the form of single crystals is now the norm in solid state
chemistry and condensed matter physics. Flux growth is a very cost effective technique
for producing single crystals, as well as being a worthwhile route in the search for
new materials. In a certain sense, finding a useful flux for the growth of particular
crystals amounts to exploring parts of the corresponding phase diagrams, and this is
an on-going activity that is not well explored in multi-component systems. The use of
simple mechanical methods for separating crystals from their growth melts has greatly
expanded the use of the technique and made available high-quality materials to an
expanded community.
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Peter Gille
Single crystal growth of intermetallics by the
Czochralski method

1 Introduction

Today, the Czochralski method may be regarded to be the most prominent technique
for single-crystal growth due to its use for the production of huge amounts of large-
scale silicon crystals for semiconductor devices and photovoltaics. In both cases, the
productivity of the large companies is measured in thousands of tons of single crystals
per year, each of them in the typical size of eight to twelve inches in diameter and about
two metres in length.

Contrary to this, nobody is interested in really large single crystals of intermetallic
phases, and to the best of the author’s knowledge, so far there has been no initiative
for any device to be industrially produced from single-crystalline intermetallics. In-
termetallic compounds grown nowadays are the subject of basic research in order to
study their intrinsic properties. Thus, the goals in Czochralski growth of intermetallics
cannot be compared with those in industrial use for semiconductors or oxides. In-
stead, a phase-pure material with structural perfection as high as possible is usually
the main target and single crystals of a few cm’ are considered to be “large samples”
in the research community of intermetallic compounds. A lot of exciting physics can
be done with really tiny samples; and the most challenging needs with respect to the
size of crystals come from suggested studies that use neutrons for the investigation
of bulk single crystals and from surface physics and chemistry or surface crystallog-
raphy where typically well-oriented crystallographic faces of about one cm? will be
sufficient.

Although laboratory apparatuses for Czochralski crystal growth of intermetallics
look much different compared to their industrial counterparts, research can very much
benefit from the knowledge about Czochralski technology that has been gained over
decades of industrial development. For example, with respect to technical issues, hy-
drodynamics of the melt and segregation effects in the growing crystals, the Czochral-
ski method is the best studied technique for bulk single-crystal growth.

2 Czochralski method

In 1916, Jan Czochralski observed that a part of a metallic melt wetting a thin-diameter
glass carrier can be pulled above the average level of the melt surface. By increasing
the distance to the level of the hot melt, it was crystallized and could be further pulled
upwards without losing contact to the meniscus of the extended melt. Moreover, he

https://doi.org/10.1515/9783110496789-004
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found that the pulling rate of the thin single-crystalline wires can be increased only up
to some limit. He concluded that this limit is given by the maximum crystallization ve-
locity of the individual metals. These observations were published to suggest “A new
technique for measuring the crystallization rate of metals” which is the translated title
of the first paper that appeared in the German language in 1918 [1]. Soon, this princi-
ple was used to grow the first metallic single crystals for basic research, enabling, e. g.,
the determination of elastic constants, thermal expansion coefficients and electrical
conductivity. The real breakthrough of the Czochralski method was not earlier than at
the end of the 1940s when Teal and Little at Bell Labs started to apply the Czochralski
method to semiconductor single-crystal growth, at first to grow germanium crystals
[2]. A comprehensive description of the interesting history of developing the Czochral-
ski method until the present status has been written recently by Uecker [3].

2.1 Principle of the method

Crystal growth using the Czochralski method means pulling a single-crystalline ingot
from an appropriate melt that is close to thermodynamic equilibrium with the growing
solid. Instead of Czochralski’s glass carrier that was taken to initiate heterogeneous
nucleation, nowadays a well-oriented native seed from a former growth run is used
to be wetted by the melt and to start crystal growth. The melt is stored in a crucible
that should be inert with respect to the melt. During the whole process, the growing
crystal has no contact to the crucible or some other material except the melt. This is
regarded one of the main advantages because any contact to a container could cause
thermomechanical stress to the crystal upon cooling due to differences in the thermal
expansion. Usually, slow rotation of the crystal and counter-rotation of the crucible is
part of the typical conditions, e. g., in order to ensure rotational symmetry of the tem-
perature field in the crystal as well as in the melt. Often, crystal rotation is also used
to assist materials transport in the melt adjacent to the growing interface. A sketch of
the typical crystal growth setup of the Czochralski method is shown in Figure 1.
There have been other single-crystal growth techniques that look similar to the
Czochralski method, e. g., the Kyropoulos method and top-seeded solution growth
(TSSG) [4, 5], that use a seed crystal that is brought into contact to the top of the
liquid and crystal growth occurs under the melt surface. The decisive feature of the
Czochralski method is that during the whole process crystal growth proceeds at the
three-phase coexistence line where the growing crystal is in contact to the melt menis-
cus and the surrounding gas atmosphere. The liquid phase wetting the growing crys-
tal is held by capillary forces which was already mentioned in Czochralski’s original
paper [1]. Thus, the shape of the crystal, i. e., the diameter of the actually crystalliz-
ing layer, is determined by the curvature of the meniscus. Therefore, it is well-known
that diameter control can be done either by slight changes in the absolute tempera-
ture of the melt or by slightly varying the pulling rate of the crystal. Both parameters
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Figure 1: Schematic sketch of a Czochralski growth
LJ > crucible rotation .
setup in a vacuum chamber.

cause the same result: Increasing the heating power or the pulling rate, both to a small
extent, shifts the solid/liquid interface to a slightly higher position which forces the
meniscus to change its shape (see Figure 2). The latter is a consequence of the limited
mass of liquid that can be held by capillary forces against gravity. In industrial crystal
growth processes with large volumes of the melt, diameter control by varying pulling
rates is the preferred measure because of its faster response. This is no longer an ar-
gument when dealing with small amounts of the melt in the growth of intermetallics.
And, what is more important, when in any case using slow pulling for reasons that
are explained later, a change in this rate would hardly influence the diameter since
this effect is simply driven by the changed yield of latent heat at the growth interface.

increased heating power constant heating power reduced heating power

Tppor Ty - ¢
i AT TworT; .
: _/ : i
i |
i i
i i
growth with decreasing diameter constant-diameter growth growth with increasing diameter

Figure 2: Diameter control by various heights of the meniscus. The actual diameter is determined
by the three-phase coexistence line at the solid/liquid interface at equilibrium temperature of Ty,
(melting point) or 7; (liquidus temperature).
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Growing at rates of less than one mm/h (instead of, e. g., approx. 50 mm/h in silicon
crystal growth), latent-heat release can be neglected compared to the total heating
power. Thus, in Czochralski growth of intermetallics, diameter control can be effec-
tively done by slight changes of the total heat supply.

2.2 Technicalissues

Among the crystal growth techniques used for intermetallic compounds, the Czochral-
ski method is considered to be the most complicated with respect to the necessary
technical effort which is as high as that for advanced systems in the floating-zone
technology. None of the commercially available crystal growth apparatuses is well-
adapted to all requirements of the various intermetallic compounds that are in the
focus of basic research.

2.2.1 Crucibles

In classic Czochralski growth, the starting melt is stored in a crucible. Compared to
crucible-free growth methods like the floating-zone method (see Chap. 5), this is often
considered as a drawback. Chemical corrosion of the crucible may pollute the melt.
Consequently, the choice of an appropriate crucible material is an important issue.
Most of the liquid metals do react with fused silica and with graphite, but, for a large
variety of metallic melts, crucibles made of simple oxides like corundum or stabilized
zirconia are quite inert. These crucibles are offered in suitable shapes from various
suppliers. For example, sintered Al,O5 crucibles that are available in 99.7 % purity
(with MgO being the additional phase) have been used by the author for all Al-, Ga-,
and In-based solutions of a large number of intermetallic phases. Due to the low price
of these crucibles, single-use is no problem. Prior to use, Al,0; crucibles should be
cleaned in diluted nitric acid, carefully rinsed in distilled water and baked in oxidic
atmosphere at temperatures exceeding 1000 °C.

An interesting approach to solving the contact problem between melt and crucible
is the so-called cold-crucible technique that can be used with RF-heated systems and
will be treated in the next paragraph.

2.2.2 Heating systems
The appropriate choice of the technique for heating the melt is the most pivotal deci-

sion and cannot easily be changed later in an established crystal growth setup. The
simplest type is a cylindrical resistance heater made from a metallic heating element
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Figure 3: High-current resistance heater for
2cm Czochralski growth made from high-purity
graphite.

or from a meander-shaped graphite element, which can be manufactured from a thin-
wall graphite tube. The graphite heater shown in Figure 3 is a small version of those
used in industry for silicon crystal growth in large Czochralski apparatuses.

Such resistance heater elements can easily be operated using commercial temper-
ature controllers and thermocouples. Operating temperatures can be controlled at a
very high accuracy of + 0.1 K provided that the temperature sensor is in close thermal
contact with the heating element.

Electromagnetic induction heating systems using RF coils are usually installed in
commercial Czochralski pullers available for research purposes. For handling metallic
materials, electromagnetic induction directly heats the melt rather than a conductive
crucible which would be the case with non-conductive melts like oxides. RF heating
has at least two interesting advantages: (i) Due to the interaction between the RF field
and electrically conductive melts (Lorentz force), there is an additional contribution to
convective stirring of the melt that is highly beneficial if crystal growth is done under
off-stoichiometric conditions. (ii) When very sophisticated RF coils are used, melt lev-
itation can be achieved. Such levitating melts are limited to a few grams of the whole
charge. So-called cold crucible made from water-cooled copper segments have proved
to be extremely useful in those cases where no crucible material is available that is
inert with respect to the melt [6, 7].

Unfortunately, in RF-heated systems, temperature control can be more difficult
due to heat induction into metallic thermocouples. In that case, optical pyrometers are
used instead. Since they can be affected by changing surface conditions and emissivity
on top of the melt, temperature accuracy is usually less when compared to resistance-
heated systems.
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Electric-arc heating has not so often been used for Czochralski growth but is quite
popular in alloy preparation and homogenization of the elements. The material to be
molten rests on a water-cooled metal hearth that acts as the anode. A sharp tung-
sten cathode is brought very close to the sample surface and almost touches it from
the top, and an arc forms at the tip of the cathode thus heating the sample. The ap-
proximately spherical melt is hold by capillary forces and has almost no contact with
the cold copper hearth. For single-crystal growth, more uniform heating is necessary
and, at the minimum, tri-arc furnaces are used [8]. In quite sophisticated systems, the
water-cooled crucible carrying the metallic sample can rotate in order to improve the
homogeneity of the temperature field [9]. This type of heating device is most beneficial
with highly reactive melts when no crucible material is available (see Chap. 9).

2.2.3 Atmosphere

With the only exception of a few noble metals, oxygen should be considered to be the
most critical enemy of all metals at least at elevated temperatures. That is why crystal
growth of intermetallic phases has to be done in closed vacuum chambers reducing
the oxygen content as much as possible. Fully metal-sealed vacuum vessels are better
suited than Viton®-sealed systems, but make the apparatuses as well as the operation
more expensive. Depending on the vapor pressure of the intermetallics to be grown
and the initial melts, very often inert gases like high-purity Ar or N,, both in 5.0-grade
quality, are used instead of a vacuum. Of course, inert gas filling does not change the
vapor pressure of the molten metals, but it effectively reduces evaporation rates into
the cold environment within a typical Czochralski growth chamber.

2.2.4 Example of a Czochralski apparatus

Commercially available Czochralski apparatuses hardly meet all the technical require-
ments that can be derived from specific intermetallic phases that should be grown.
Moreover, usually they are oversized keeping in mind that crystals of a few cm? in
size are regarded to be sufficient for basic research. Instead of adopting a commer-
cial machine to the needs of single-crystal growth of intermetallics, the author of this
chapter decided to construct his own Czochralski apparatuses that, as much as possi-
ble, follow the specific requirements of intermetallics (see Figure 4). Having in mind
that extremely low pulling rates result in individual growth experiments that may last
some weeks instead of hours or a few days, a very tight vacuum chamber was con-
sidered to be the most important prerequisite. Thus, a fully metal-sealed system was
constructed with ultra-high-vacuum (UHV) components only, including all electrical
feedthroughs and those for crystal pulling and the two rotations of crystal and cru-
cible. This decision was simply made in order to reduce the leakage of the vacuum
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Figure 4: Photograph and scale sketch of a Czochralski apparatus used by the author for growing
intermetallics in a fully metal-sealed vacuum chamber.

system to the lowest possible rate. It is not the ultra-high vacuum that is needed since
crystal growth occurs under an argon atmosphere at approximately ambient pressure.
But, the absence of any traces of oxygen is decisive in intermetallic growth, which is
even more important in Czochralski growth where seeding occurs at the surface of the
melt instead of at the bottom of the crucible such as, e. g., in Bridgman growth. All
traces of oxides form a thin layer or sometimes isolated islands on top of the melt or
solution and may, in severe cases, hinder seeding or even make it impossible.

The decision concerning the heating system was not as easy. Advantages and
disadvantages of the various types of heating have been discussed already in para-
graph 2.2.2. Since the chance of choosing extremely constant temperatures, as well as
very low cooling rates in the order of a few 0.01 K/h was considered necessary, a resis-
tance heater made from meander-shaped high-purity graphite was installed that can
be easily operated using suitable temperature controllers. The control thermocouple
being in close thermal contact with the heating element is important for the stability
of temperature, but the exact temperature of the melt is not measured. Instead, a cer-
tain off-set between the temperature at the growth interface and that indicated by the
temperature controller has to be considered.

With the exception only of the graphite heater, there is no porous material within
the vacuum chamber in order to avoid that traces of oxygen can be trapped in open
pores. This is the reason why thermal insulation is done by a system of radiation
shields made from molybdenum instead of using porous carbon-based insulating ma-
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terials. The 10-mL alumina crucible is held by a support crucible made from nickel that
is connected to the rotation feedthrough. Heating of the vacuum chamber under dy-
namic vacuum for a couple of days is necessary prior to each experiment as this is the
usual procedure with UHV technique.

Crystal and crucible rotations are driven by DC motors. For a smooth crystal
pulling that enables rates sometimes as low as a few dozens of pm/hour, a reduction-
gear unit operated by a step motor is extremely important.

3 Melt growth versus solution growth

In Chap. 2, the thermodynamic background of a crystal growth experiment was ex-
plained, and the typical phase diagrams of intermetallic systems were derived. Fo-
cusing on binary systems that can be more easily visualized than higher-component
phase diagrams, two qualitatively different types of solid/liquid equilibria have been
compared, which are once again summarized in the schematic diagram shown in Fig-
ure 5. Apart from the almost pure components A and B, i. e., phases a and f3, there
are two intermetallic compounds, y and §, showing a rather narrow existence region
with respect to their exact stoichiometry AB and A,B;, respectively. Whereas phase
y can be crystallized either from a congruent melt or under incongruent conditions,
i. e., from an A- or B-rich solution with tunable liquidus temperatures, the §-phase can
only be grown from a B-rich solution at temperatures lower than its peritectic temper-
ature T,. Since the different conditions of congruently or incongruently crystallizing
liquids cause extremely different problems, they should be treated separately. Addi-

temperature T

Tp

Te

A —_— B
mole fraction xg

Figure 5: Schematic binary phase diagram of an intermetallic A-B system with two intermediate
phases y and d (T¢: eutectic temperatures, Tp: peritectic temperature).
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tionally, they even require sometimes different experimental parameters, which were
already mentioned in paragraph 2.2.

Independent of these differences, crystal growth with the technique described
here always occurs from a liquid phase that wets the growing crystal and, thus, is
elevated with respect to the average level of the liquid that might be called a melt or a
high-temperature solution. What is common in these two cases is that crystallization
proceeds at the three-phase equilibrium line (solid/liquid/vapor) where the actual di-
ameter of the growing crystal is determined by capillary forces. As we have defined
this to be the decisive feature of the specific method, this is clearly the Czochralski
method—independent of whether the liquid is a congruent melt or a high-temperature
solution.

3.1 Growth from congruent melts

If thermodynamics allows congruent crystallization from a melt, this is always the eas-
iest way to run the crystal growth experiment. Apart from the problem that it might be
difficult to exactly establish congruent growth conditions, in principle we can assume
that the melt simply has to solidify. This needs to take into account well-defined ther-
mal conditions. But, with the only exception of re-arranging the atoms on an atomic
scale, there is almost no materials transport problem and, accordingly, no such re-
quirement that has to be fulfilled. Having a closer look at the congruent melting point
in the phase diagram shown in Figure 6, it seems to be realistic that we will never
exactly meet the composition of congruent crystallization.

Additionally, we have to distinguish between the congruent melting point that co-
incides with the local maximum of the liquidus curve, Tyj,x, the melting temperature
of the stoichiometric solid, TE’T, and the actual liquidus temperature of the melt, T,
which usually deviates to some extent, e. g., T; and T; as shown in Figure 6. Among
the many reasons for any deviation are: (i) inaccurate knowledge of the thermody-
namic data; (ii) deviation in preparation of the starting melt; and (iii) later changes
due to, e. g., evaporation of one of the components. Very often it is preferred to start
an experiment from a melt composition that slightly deviates from exact stoichiom-
etry in a well-defined manner instead of trying to meet exact stoichiometry that may
result in unknown deviations that can either be A-rich or B-rich. Anyway, under near-
congruent conditions, materials transport in the melt adjacent to the interface of the
growing crystal does not play that dominant a role like in solution growth experi-
ments which will be treated in more detail in the next paragraph. Liquid and solid
phases under more or less congruent conditions of crystal growth have very similar
compositions and only a very small amount of an excess component is rejected from
the growing interface. Limits with respect to the growth rate in these cases come from
thermal balance conditions and limited rates of crystal growth kinetics rather than
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Figure 6: Schematic binary phase diagram of an intermetallic A-B system with an AB compound
allowing slight deviations +0 from exact 1:1 stoichiometric composition (Tyax: congruent melting
point; T, : various liquidus temperatures).

from materials transport. Thus, crystal growth rates, i. e., pulling rates with the near-
congruent Czochralski method, can be much higher compared to growth conditions
from high-temperature solution.

3.2 Growth from high-temperature solutions

The ultimate goal of any solution growth experiment is a remarkable decrease of the
liquidus temperature T;. Thus, not only slight deviations from the congruent compo-
sition as sketched in Figure 6, but a high amount of an excess component that consid-
erably decreases the growth temperature is in the focus of this paragraph. Reasons for
doing so may vary: (i) too high temperatures at congruent composition with respect
to the limits of the crystal growth apparatus; (ii) too high vapor pressure of a compo-
nent at the congruent melting point; and (iii) very often in intermetallic systems, no
congruent melting behavior at all, i. e., decomposition of the compound to be grown
at its peritectic temperature (see, e. g., -phase in Figure 5).

Independent of the specific reasons for high-temperature solution growth, materi-
als transport conditions are much different from those in near-congruent growth. The
composition of the high-temperature solution now strongly deviates from that of the
solid in equilibrium. Very often the total amount of the excess component that plays
the role of the solvent is comparable to the quantity of the solute to be crystallized.

The differences in the compositions of the solid and liquid phases being in equi-
librium are determined by thermodynamics and occur as the jump (C;—Cg) at the in-
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Cifz)

Figure 7: Schematic of the axial concen-
tration profile in the liquid in front of a
growth interface (a) with C; being the
concentration of the excess component,
and the corresponding liquidus tem-
peratures T, according to the phase di-
agram (b). Two different experimental
temperature gradients are plotted that
are critical (red) or noncritical (blue) with
respect to constitutional supercooling.

terface. If we allow the interface at position z = 0 in Figure 7 to move with the linear
crystallization rate v, an excess of the rejected component (solvent) is accumulated
in front of the phase boundary and has to be redistributed into the bulk of the liquid
phase. But, next to the interface, there is no other transport mechanism than diffusion
that leads to a so-called diffusion boundary layer of thickness & (see Figure 7(a)). It is
not a rigid layer of thickness 8, but a smooth transition between regions where either
slow diffusion or the much more effective convection dominate the materials trans-
port. This explains why solution growth is a very slow process limited by diffusion.
Thus, at the solid/liquid interface, the continuity equation (1% Fick’s law) holds:

_Cav= - ﬂ)
(C, - Cov D( 2 W
with D being the diffusion coefficient and z the distance from the solid/liquid interface
that moves with velocity v. Already at this point, it should be noticed that according
to eq. (1), the axial gradient of concentration at the interface is always proportional to
the crystal growth rate. It is this concentration gradient that causes the effect of con-
stitutional supercooling which has been described by Tiller et al. [10]. Due to limited
materials transport next to the moving solid/liquid interface, there can be a region
where the liquid is constitutionally supercooled, although the absolute temperature is
higher than at the interface. This means the actual temperature is too low compared to
the liquidus temperature that changes with the changing composition and can be cal-
culated from the slope of the liquidus curve. In order to prevent the liquid adjacent to
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the growth interface from being constitutionally supercooled, the experimental tem-
perature gradient has to be as high as the slope of the T; (z) curve at the interface (blue
line in Figure 7(b)). With a too low temperature gradient (red line in Figure 7(b)), the
entire region that intersects with the liquid phase has a temperature lower than its
liquidus T} and could crystallize, at least in principle. Unfortunately, due to relatively
high thermal conductivities of metallic melts or solutions, low temperature gradients
in front of the growing crystal are the usual condition. Violating the constitutional
supercooling criterion to a large extent causes the crystal to grow into the supersat-
urated region and traps droplets of the liquid, thus forming fluid inclusions. Indeed,
liquid inclusion formation is regarded as the most severe problem in crystal growth
from high-temperature solutions. Going back to the reasons for the strange T; (z) curve
next to the crystal (Figure 7), it is the rate of the moving interface v that determines
the amount of the rejected excess component and the corresponding concentration
gradient. Therefore, the pulling rate of a Czochralski growth experiment from a high-
temperature solution has to be much lower than under near-congruent conditions and
is typically limited to a few mm/day.

3.3 Role of hydrodynamics

In Czochralski growth, good mixing of the liquid phase would always be the best case
that is, to some extent, achieved by heating the crucible from a surrounding heater
and sometimes additionally from the bottom. Thus, radial temperature gradients are
always present and allow buoyancy-driven convection without any threshold. Unfor-
tunately, in metallic melts or solutions the thermal conductivity is relatively high, mak-
ing temperature gradients rather low and natural convection weak. In Czochralski
growth from congruent melts, this is not a severe problem, but, with high-temperature
solution growth, materials transport becomes a decisive factor as explained in para-
graph 3.2.

Dimensionless numbers have often been used in order to characterize hydrody-
namic problems. The Prandtl number is defined as Pr = v/x and describes the amount
of heat transport driven by convection or conduction, with v being the kinematic vis-
cosity of the melt and « its thermal diffusivity. Due to the high thermal conductivity
of all metallic melts and solutions, there are always Prandtl numbers Pr « 1, and
the temperature distribution in the liquid is barely affected by convective motion in
Czochralski growth of intermetallics.

Since buoyancy-driven convection is weak, forced convection using other driv-
ing forces than density gradients can play an important role. To some extent, already
the counter rotations of the growing crystal and the crucible do assist mixing of the
melt, especially next to the interface. As shown in Figure 7(a) and given by eq. (1), it
is the concentration gradient and the §-layer thickness that cause the constitutional
supercooling problem and, thus, liquid inclusion formation. A better mixing by some
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kind of forced convection would reduce the thickness of the diffusion boundary layer
6 and would minimize the risk to trap liquid droplets. For Czochralski growth of inter-
metallics, little is known about attempts to use techniques of forced convection that
are otherwise quite common in crystal growth, e. g., accelerated crucible rotation tech-
nique (ACRT) [11] or rotating magnetic fields [12]. Among the earlier discussed various
heating systems, RF heating has a very good side effect with respect to magnetic stir-
ring. Even the otherwise not really preferred local heating by multiple arcs (see para-
graph 2.2.2) causes, due to higher local temperature gradients, a stronger convection
compared to that at the more uniform resistance heating principle.

Severe hydrodynamic problems may arise from mass density gradients that result
from the crystallization process itself. With intermetallics, the growing crystal has oc-
casionally a concavely curved solid/liquid interface. This is especially pronounced in
the growth of semiconducting crystals from melts that have metallic properties, e. g.,
in FeGa; growth from a Ga-rich solution. If the excess component that is accumulated
at the growing interface reduces the density of the solution compared to the average
one, it will be trapped in the concave shape beneath the crystal. In these cases, a suffi-
cient removal of the excess component is hard to achieve, and extremely slow pulling
is sometimes the only way to avoid constitutional supercooling, i. e., liquid-inclusion
formation. Forced convection using centrifugal forces resulting from very high rota-
tion rates of the crystal (a few hundred rpm) have been studied [13].

4 Examples

The examples of successful growth of intermetallic alloys and compounds presented
in the next paragraphs are those from our own projects during almost 20 years us-
ing the Czochralski method. Personal experience with a large number of various in-
termetallic phases is regarded as a useful prerequisite to describe the various prob-
lems and approaches required by the individual materials. Starting with decagonal
quasicrystals from Al-rich solutions, we focused on intermetallics containing at least
one low-melting element, such as Al, Ga, and In. This means we exclusively used the
Czochralski technique from high-temperature solutions.

A much broader overview on crystal growth of intermetallic alloys and com-
pounds by the Czochralski method is summarized in Table 1 which is far from com-
plete.

4.1 Quasicrystals

The first thermodynamically stable quasicrystalline phases were discovered in the Al-
based ternary systems Al-Cu-Li and Al-Pd—Mn (icosahedral quasicrystals) [48] and
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Table 1: Intermetallic alloys and compounds grown by the Czochralski method.

Czochralski growth from congruent melt

YBge Oliver etal. 1972 [14]
YB,, TbB,, ErB, Bressel etal. 1979 [15]
V3Si Wernick etal. 1979 [16]
CePd; Takke etal. 1980 [6]
CeSi,, Ho,Co,7, UGe,, UPt;3 Menovsky etal. 1983 [17]
MosSis Ngrlund Christiansen 1983 [18]
MoSi, Thomas etal. 1985 [19]
RAL, (R = Pr, Nd, Gd, Tb) Abell etal. 1986 [20]
Nd,Fe,,B Tenaud etal. 1987 [21]
MnSi Brown etal. 1990 [22]
R3Ni, (R =Y, Gd, Tb, Dy, Ho, Er) Talik etal. 1993 [23]
UPt3, UgFe, CeRu,, UPd,Al;, URu,Si, Hagaetal.1998 [24]
Gd;Rhs, Gd,Pd; Talik etal. 2005 [25]
AlsMg, Lipinska-Chwatek et al. 2007  [26]
Gd;_,Y,Pd3 Talik et al. 2008 [27]
Mg, (ALZn) 49 Feuerbacher etal. 2008 [28]
UNiSi, Szlawska etal. 2013 [9]
Czochralski growth from incongruent melt/solution

Nd,Fe,,B Swets 1986 [29]
Al Ti Norby etal. 1986 [30]
i-Al;oPdyoMnyg Yokoyama etal. 1992 [31]
i-AlggPd,3Mng Boudard etal. 1995 [32]
TiAl Bietal. 1997 [33]
d-Al;1CoqgNiy4 Gille etal. 1999 [34]
i-Alg4Cuy3Feq3 Yokoyama et al. 2000 [35]
d-AlggCoq9Cuy3 Gille etal. 2002 [36]
d-Al;,CogNiyg Bauer etal. 2006 [37]
d-AlggCo,oCuy, Meisterernst et al. 2006 [38]
Aly3Co,, Aly3Fe, Gille etal. 2008 [39]
GaPd Gille etal. 2010 [40]
Al,(Cr,Fe), Al 5(Fe,Cr), Bauer etal. 2011 [41]
Al;3(Co,Ni),, Aly3Ruy, Gille etal. 2011 [42]
GaPd, GaPd,, Ga;Pds Schwerin etal. 2014 [13]
InPd Hahne etal. 2014 [43]
FeGas Wagner-Reetz etal. 2014 [44]
YbNi,P, Kliemt etal. 2016 [45]
GasNi, Wencka etal. 2016 [46]
LaPd,Al, Dolezal etal. 2017 [47]
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Al-Co-Ni and Al-Co-Cu (decagonal quasicrystals) [49-51]. All these quasicrystals
contain Al as the major component and can be grown under near-equilibrium con-
ditions from an Al-rich liquid at temperatures of approx. 1000 °C or slightly higher.
Single-crystal growth using other than trial-and-error approaches greatly benefitted
from the excellent phase diagram studies published in the 1990s [52-54]. The first
large single crystals were grown in the Al-Pd—Mn system by Boudard et al. [32] using
the Czochralski method. These icosahedral quasicrystals were used for extended stud-
ies of the intrinsic physical properties of well-ordered solids that lack periodicity in all
three spatial dimensions. Looking for unique physical effects, e. g., surface studies re-
vealed special features with respect to surprisingly low surface energies. But, reports
on the process of crystal growth did not contain much detail.

By far the best studied system containing a stable decagonal phase is the Al-Co-
Ni system with an extended existence region of the quasicrystalline solid that corre-
sponds approximately to Al;,C0;0,,Niyy_, (0 < x < 15). In Figure 8, a part of the ternary
phase diagram according to Godecke [53] is shown, including some tie-lines that mark
the liquid-solid equilibria with Al-rich high-temperature solutions at liquidus temper-
atures of 1050 °C.

Based on these phase diagram studies, crystal growth by the Czochralski method
was done using the above described fully metal-sealed growth chamber. Starting melt
compositions according to the end point of a specific tie-line were synthesized ex-situ
under an Ar atmosphere using bulk pieces of the pure elements in a RF-heated alumina
crucible that was held in a graphite susceptor. During the synthesis, the high content

Figure 8: Part of the Al-rich region in the ternary Al-Co—-Ni phase diagram showing liquidus projec-
tion and stability field of the decagonal AlCoNi phase at 1050 °C according to [53] and experimentally
determined tie-lines from [55]. (Courtesy of Wiley-VCH.)
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of Al served as the solvent, i. e., the high-melting point elements Co and Ni were dis-
solved in Al rather than molten. That is why there is no need to reach the individual
melting points, but magnetic stirring due to RF heating is an important tool in order to
sustain a homogeneous liquid at temperatures exceeding the liquidus temperature by
not more than approximately 100 K for one hour. This minimized any evaporation loss.
Once homogenization was considered to be complete, the high-temperature solution
was quenched by simply switching off the heating power. Due to the small amount of
material, crystallization occurs within less than a minute. Even the fast solidification
follows the whole crystallization path according to the phase diagram and results in
a multi-phase mixture. But, the fine-grained structure with very short distances be-
tween the individual phases can be easily homogenized in the next step after having
transferred the ingot into the 10-mL alumina growth crucible and installed within the
Czochralski apparatus. Performing the synthesis from the bulky elements right in the
Czochralski growth chamber in-situ would require much more time to achieve a fully
homogenized melt because of the poorer mixing conditions.

With all the fundamentally new phases to grow, a very special problem is how
to start a Czochralski experiment without having an appropriate seed crystal. With
AlCoNi quasicrystals, good results were obtained with spontaneous nucleation at a
tapered alumina rod, as described in more detail for intermetallic approximants [39].
But, once a large enough single crystal of a new phase is available, a well-oriented
seed crystal is by far the best choice to start a growth experiment. A full-ceramic seed
holder that has been constructed for a 10° wedge-shaped single crystalline seed is
shown in Figure 9.

Performing a quasicrystal growth experiment from an Al-rich high-temperature
solution, there is nothing special to do compared to the growth of periodic crystals
of intermetallics. What is a unique feature with AICoNi and AlCoCu quasicrystals is

TN
N

O

SN/

seed

@\' Figure 9: Full-scale sketch of the seed holder made from
alumina ceramics. The nine-mm long intermetallic seed

is hold in a dovetail and fixed within ceramic jaws using a
wire. (Courtesy from Crystal Research & Technology.)
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the pronounced anisotropy of the decagonal phases that are quasiperiodic (i. e., non-
periodic) in two dimensions, whereas, perpendicular to the quasiperiodic layer, there
is a periodic direction showing much faster growth rates. Thus, the natural morphol-
ogy of a decagonal phase is a needle-like crystal with the long length parallel to the
periodic direction which is the 10-fold axis. Using the Czochralski method, free growth
along the periodic direction is hindered by the temperature field in the crucible, and
the single crystal can be forced to grow into a well-defined shape that is determined by
the three-phase equilibrium line at the melt meniscus. Figure 10 gives an impression
how Czochralski-grown AICoNi quasicrystals look. Their cross sections always reflect
the symmetry of the crystal perpendicular to the pulling direction, i. e., being either
almost circular if the crystal grows along its decagonal direction (a) or elliptic if pulled
parallel to one of the two-fold axis (b).

[00001]

a b

Figure 10: Photographs through the viewport during Czochralski growth of decagonal AlCoNi qua-
sicrystals. Whereas pulling along the 10-fold [00001] axis results in an almost circular cross section
of the growing crystal (a), crystal growth parallel to one of the 2-fold axes, i. e., perpendicular to
[00001], occurs via an elliptical solid/liquid interface (b).

As in all high-temperature-solution growth experiments, crystallization is accompa-
nied by a change of the composition of the remaining melt, i. e., an accumulation of the
solvent Al that lowers the liquidus temperature. This has to be compensated by slowly
decreasing the heating power. Low pulling rates have to be used for two different rea-
sons: (i) to avoid liquid-phase inclusions caused by constitutional supercooling; and
(ii) to meet the requirements of low growth kinetics along the non-periodic directions.
The latter argument was even more decisive in crystal growth of decagonal AlCuCo.
A very slow pulling along the two-fold directions was the only way to produce large
single crystals [38].

As already indicated in the phase diagram shown in Figure 8, quasicrystalline
phases often have a broad existence range, e. g., in the Al-Co—Ni system, they allow
Co/Ni substitution between approx. 5-20 at.% Ni and accordingly 10-25 at.% Co. Thus,
crystallization is not only accompanied by a change in the Al composition of the melt
and the crystal, but also with respect to the Co/Ni content. For example, a growth
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experiment starting from a pre-synthesized Al;;CogNi;; melt resulted in a quasicrystal
of an average composition Al Co;oNi,;o with only weak axial segregation.

4.2 Approximants to quasicrystals

Crystalline phases that have similar local structures like quasicrystals but being peri-
odic in all three dimensions are called approximants to quasicrystals. These approxi-
mant phases often occur in the compositional neighborhood of the quasicrystals and
are characterized by very large unit cells, sometimes containing more than a thou-
sand atoms. Table 2 gives some examples of periodic phases being approximants to
the decagonal AlCoNi quasicrystal. The stacked-layer description refers to the struc-
tures’ periodicity parallel to that direction that corresponds to the ten-fold axis of the
decagonal quasicrystal.

Very similar to the above described procedure of the synthesis and Czochralski
growth of Al-based quasicrystals, we have grown a number of these approximant
phases for basic research on thermal, electronic and magnetic properties, as well
as for surface science studies including those for the use as heterogeneous catalysts
[59, 62-67]. There have been only a few specific problems and challenges that should
be mentioned here.

Among all the metallic elements used so far in our growth experiments, ruthe-
nium has the highest melting point (T,, = 2334 °C). In synthesizing the starting solu-
tion for Al;3Ru, growth, evaporation loss of Al at very high temperatures and, accord-
ingly, inaccurate information about the exact composition of the starting charge have
been frequently reported in the literature. But, melting temperatures of the individual
components are not the decisive issue in solution growth. Instead, during the synthe-
sis, Ru or any other high-melting point metal can be slowly dissolved in the solvent
(here Al). The liquidus temperature of the final solution is the only important crite-
rion and exceeding this limit by not much more than approx. 100 K in order to achieve
homogenization within a reasonable time is good enough.

In all Cr-containing intermetallic phases, i. e., 0-Al,(Cr,Fe) [41], we faced severe
problems resulting from the formation of native oxides. Any contact with ambient air
in one of the necessary preparation steps (etching of the elements, weighing, synthe-
sis and transfer to the crystal growth apparatus) leads to a stable film of Cr,03, which
can only be avoided or minimized if everything can be done under glove-box condi-
tions. Not having this capability, we always started Czochralski growth with some thin
islands of oxides on top of the melt and, more severely, with a native seed covered by a
stable oxide layer that prevents wetting by the melt. The only solution to this problem
that we found was to re-crystallize the surface of the melt and to carefully scratch with
the rotating seed along this hard surface, thus forming tiny parts of fresh material at
the tip of the seed. After re-melting the starting charge, a microscopic contact between
the seed and the melt is enough for wetting, and after a short time the oxide cover of
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the seed is removed by undermining the thin layer. Once wetting and seeding have
been successful, all the islands of oxides swim to the periphery of the melt surface
due to the curvature of the melt meniscus. They accumulate at the rim of the melt,
i. e., at the lowest surface level of the melt that is at the contact to the crucible wall,
and do not affect the growth process any longer.

Many phase diagrams of intermetallic systems show a series of peritectically melt-
ing compounds, e. g., in the Al-rich region of the binary Al-Co system, see Figure 11.
When growing o-Al;3Co, from an Al-rich solution, excess Al release at the growing
interface leads to a permanently changing composition of the melt that has to be
compensated by an appropriate temperature decrease. The primary crystallization of
0-Al;3Co, ends with an interface temperature of 974 °C which is the peritectic temper-
ature of the neighboring phase m-AlgCo,. In a classic discussion of the crystallization
path in a peritectic system, one would argue that primary o0-Al;;Co, reacts with the
melt to form m-AlyCo,, which cannot be distinguished from polycrystalline m-AlyCo,
solidification onto 0-Al;3Co,. Any solid/solid interface of different lattices leads to
high thermomechanical stress upon cooling that not only destroys the new phase but
may also increase the defect density in a part of the primarily grown crystal. That is
why crystal growth of the primary phase has to be stopped early enough by detaching
the crystal from the rest of the solution prior to the onset of m-AlyCo, crystallization.
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4.3 Other intermetallic compounds

The above-mentioned intermetallics are characterized by quite complex crystal struc-
tures that are often measured in terms of number of atoms per unit cell. Quasicrystals,
per definition, do not have a unit cell. Thus, it may be regarded as infinitely large, and
some of their approximants have really large lattice constants containing hundreds,
if not thousands, of atoms in a cell volume. But, unit cells are not at all an impor-
tant issue in crystal growth kinetics. Assuming that individual atoms or, more realis-
tically, preformed groups of atoms act as building units in the dynamic process of at-
tachment and detachment kinetics, it is not surprising that intermetallic compounds
with much simpler crystal structure do not behave differently in crystal growth when
compared with complex metallic alloys and compounds. Again, thermodynamics de-
fines the properties that are relevant for crystal growth. Some of the typical problems
shall be treated here using examples of successfully grown intermetallic compounds
of quite simple structures. Using the term “simple structure”, one should keep in mind
that sometimes even these phases may have a rather complicated real structure given,
e. g., by a slight off-stoichiometry, stacking faults, multi twinning etc. as has been dis-
cussed in Chap. 1.

Evaporation

Studying crystal growth in other than Al-based intermetallic systems, various low-
melting point metals, e. g., Ga, In, and Sn, can serve as solvents for solution growth. In
the usual Czochralski growth mode, i. e., without liquid encapsulation (LEC = liquid-
encapsulated Czochralski [69]), the partial vapor pressures of the constituents define
the limits. There are always “cold” walls in the vacuum chamber where vapor may
condense. Inert-gas filling does not change the metals’ vapor pressure but drastically
reduces the rate of evaporation. Nevertheless, even with rather “low-vapor pressure el-
ements” of the 13" group, at high temperatures there is a considerably increasing ma-
terial loss by evaporation when going from aluminum via gallium to indium. Whereas
aluminum evaporation can almost completely be avoided, gallium as a solvent in the
growth of GaPd, at temperatures exceeding 1200 °C [13] slowly evaporates and cov-
ers the viewport glass. Indium that has been used as a native solvent for InPd crystal
growth [43] at these temperatures results in measureable material loss that has to be
compensated by the temperature vs. time program.

Materials transport

Whereas a very high growth temperature required per the specific phase diagram may
cause some trouble with respect to vapor pressures and radiation loss, really low tem-
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peratures are often detrimental for materials transport conditions. Keeping in mind
the role of diffusional transport within the boundary layer, transport of the excess ele-
ment that is rejected from the growth interface becomes the limiting parameter. A very
difficult-to-solve problem was the growth of the Ga,Pd; phase which decomposes at
its peritectic temperature of Tp = 460 °C [70] and, therefore, has to be grown from a
Ga-rich solution at T < 460 °C where diffusion is very slow. The only way to improve
materials transport conditions seems to reduce the boundary layer thickness, i. e., to
increase convective motion of the melt. Due to the low Prandtl numbers of all metallic
melts, buoyancy-driven convection is too weak (see paragraph 3.3), and forced convec-
tion has been considered to be the only available tool. With respect to hydrodynamics,
the growing crystal in a Czochralski growth experiment may be described as a rotat-
ing plate that is wetted by a liquid. For a flat plate, this model has been well-described
long ago [71] and later on adapted to crystal growth problems in Czochralski geome-
try by Hurle [72]. In these models, the diffusive boundary-layer thickness § is called
the Ekman layer thickness and depends on the plate’s rotation rate w according to
8 ~ (v/w)? with v being the kinematic viscosity of the melt. With unusually high
crystal rotation rates of w > 250 rpm, we succeeded in growing inclusion-free Ga;Pd;
single crystals even at rather low growth temperatures of T < 450 °C [13].

Diameter control

In industrial crystal growth by the Czochralski technique, various methods of auto-
matic diameter control are well-established. None of these tools can be easily adapted
to the growth of small-scale single crystals of intermetallics using very low pulling
rates. Because an exactly constant crystal diameter is not an important issue for ba-
sic research purposes, there is only the need to establish conditions that are stable in
time, i. e., to avoid sudden changes of the diameter that would result in a too fast lat-
eral growth and—the worst case—in touching the crucible wall by the counter-rotating
crystal. Usually, it is sufficient to observe the current diameter of the crystal from time
to time and accordingly to slightly change the temperature vs. time program to com-
pensate for the decrease of the liquidus temperature. But, there are some specific
phase diagrams that make it hard to achieve stable growth conditions in the stage
of forming the crystal’s shoulder, i. e., to achieve a slow diameter increase. One exam-
ple is the Fe—Ga system with an extremely unusual liquidus line in the vicinity of the
peritectic temperature of FeGa; which is 824 °C (see Figure 12).

When crystallizing FeGas, which is an interesting material for thermoelectric ap-
plications [44, 74], growth can be started from a Ga-rich solution with Ga contents
higher than 81.5 at.%. In order to get a reasonable yield, the starting solution should
be next to the peritectic point. It is this part of the liquidus curve that is almost hor-
izontal, i. e., the usual stabilizing mechanism in solution growth does not work. So-
lidifying FeGa; changes the average composition of the rest of the melt, but, due to
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the almost horizontal slope of the liquidus, it does not reduce the equilibrium tem-
perature to a remarkable extent. Thus, it does not avoid further crystallization that is
assisted by the extension of the surface at the shoulder of the growing crystal that be-
comes larger and larger. Any additional surface promotes heat loss by radiation that
again speeds-up crystallization. Figure 13 gives an impression how this self-amplifying
process proceeds. Even with a nominally constant heat supply (constant set point of
the temperature controller), lateral crystal growth does not have a cushioning effect.
Instead, via the increased crystal surface and an accordingly higher heat loss, the tem-
perature at the growth interface further decreases, resulting in further radial growth,
etc. This worst-case scenario may happen within some tens of minutes and needs per-
manent observation by the operator. Since heat loss by radiation is proportional to
T*, a similar phase diagram situation in the Ru-In system next to the much higher
peritectic temperature of Ruln; (T,, =~ 1081 °C [75]) is even more complicated to handle
and could not satisfactory be solved in Czochralski growth so far.

Figure 13: Schematic sketch of the early stage of the Czochralski process, i. e., formation of the crys-
tal’s shoulder. Starting diameter increase (a) yields a higher heat loss via radiation that further de-
creases interface temperature, resulting in a fast growth of the diameter (b). This self-amplifying
process may end in a catastrophic failure when the rotating crystal touches the crucible (c).
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Spontaneous nucleation

In the usual textbook descriptions of the Czochralski method, a native seed is assumed
to start crystal growth. This is by far the best way if single-crystalline material from
a preceding growth run is available. But, doing crystal growth of new intermetallic
phases, i. e., of alloys or compounds that have never been grown before as single crys-
tals large enough for seed preparation, one faces the chicken-and-egg problem. Un-
fortunately, there is no single trick that can be applied for all crystals; instead we can
only suggest a few approaches that have yielded good results with various intermetal-
lic phases.

a. In growing the first Al-based decagonal quasicrystals without having a suitable
seed, we decided to use spontaneous nucleation on a tip of an alumina rod [34].
But, Al-rich melts do not wet alumina when such a tip touches the melt for the
first time. After several hours of forced contact by deeply submerging the tip into
the high-temperature melt, the alumina surface is modified in some way and,
when slowly pulling the tip out of the melt, it is wetted and, thus, able to locally
lift a tiny part of the liquid that forms a meniscus as schematically sketched in
Figure 14(a)—(b). In the tiny region of the raised melt meniscus, conditions for het-
erogeneous nucleation at the sharp tip of the alumina rod are much preferred to
all other sites at the surface of the melt. The alumina tip acts as a “cold” point, and
heatloss by radiation into the colder environment is promoted as well. Now the set
point of the temperature controller has to be slowly decreased until the first crys-
tallization can be observed. Due to the sharp tip, it is very likely that only one nu-
cleus forms making single-crystal growth possible. Unfortunately, in a few cases
it happened that later on a too large crystal attached to the sharp tip had fallen
into the melt. That is why we often preferred a compromise and used a slightly
truncated tip of the alumina rods.

Figure 14: Surface depression due to capillary forces (a) and lifted surface after wetting the tapered
alumina rod (b). After wetting the melt, spontaneous nucleation within a hanging droplet (c) may be
used to get a native seed.
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Occasionally, we observed that such a truncated tip of the alumina rod was de-
tached from the melt after the above-mentioned wetting was successful. In these
cases, after separation from the rest of the melt, a hanging droplet was still at-
tached to the alumina tip (see Figure 14(c)). Having separated this tiny amount of
the average composition of the solution, it can be slowly withdrawn. Pulling the
alumina rod to lower temperatures according to a larger distance to the melt sur-
face makes the solution droplet become partially crystallized. This cooling-down
procedure is restricted to the tiny volume of the hanging droplet. Probably only
one small crystal that is embedded in the remaining solution nucleates. When it
again has been brought into contact with the melt reservoir at exact liquidus tem-
perature, single-crystal growth starts from this preformed seed. This procedure
has been successfully used with some Al-rich compounds [39].

Nucleation and first single-crystal growth in the Fe—Ga system was a severe prob-
lem. The Ga-rich solution with a composition next to the peritectic point of the
FeGa, phase (see Figure 12) does not wet the tapered alumina rod. When sponta-
neous nucleation was tried by slowly cooling the bulk solution, a large number
of small crystals always formed at the same time. Due to the tetragonal symme-
try of FeGas, they appeared as tiny squares swimming at the surface of the melt.
We never succeeded in dissolving all but one of the small crystals. Fortunately,
we were able to catch one of them using the alumina tip. Once it had stuck at the
end of the alumina rod, we could remove it from the melt surface and pull it to a
safe position while overheating the starting melt. After carefully approaching the
equilibrium temperature, the tip with the tiny seed was brought again into contact
to the melt. This trick could be done thanks to the good observability through the
viewport using a microscope, but was successful only after repeating the whole
procedure several times. Of course, such a big effort cannot be implemented in a
technology of single-crystal production, but one should keep in mind that it is a
possibility if it succeeded once with a new phase.

Although ceramic materials are considered to be the best tools in contact with in-
termetallic phases and melts, wetting could not be achieved in individual case.
For example, in crystal growth of InPd, which is an interesting material to be
studied for heterogeneous catalysis, we failed with all the above-mentioned pro-
cedures of spontaneous nucleation. In the end, we prepared a wedge from poly-
crystalline refractory metal in the shape of the usual seed crystals to fit into the ce-
ramic seed holder shown in Figure 9. In choosing tantalum as a foreign “seed”, its
high melting point and the absence of any low-melting composition in the binary
In-Ta phase diagram [76] were important considerations. Using the tantalum tip,
we wetted it immediately and, by cooling slowly, spontaneous nucleation at the
slightly lifted tip could be initiated. With this strategy, we were able to grow our
very first InPd single crystal, which was large enough to prepare oriented seeds
from for further experiments [43].
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Figure 15: Some examples of Czochralski-grown intermetallic single crystals from the author’s lab:
tetragonal FeGas_,Ge, (a), trigonal GasNi, (b), orthorhombic Al;5Co, (c), cubic PdGa (d), monoclinic
Aly3(Fe,Cr), (e), and a decagonal Al;,CogNiyg quasicrystal (f).

5 Conclusions

The Czochralski method may be regarded as one of the most powerful techniques for
single-crystal growth of intermetallic phases capable of producing well-defined sam-
ples for all kinds of basic research. Among the several advantages, easy observation
during all stages of the growth process is considered to be the most important. Due
to the various properties of specific intermetallics, there is no universal Czochralski
apparatus that can meet the needs of all intermetallic systems with respect to acces-
sible temperature ranges, vapor pressures, reactivity and hydrodynamic conditions.
Thus, each Czochralski growth system should be well-adapted to the target group of
specific intermetallic compounds or alloys. Figures 15(a)—(f) show a number of the in-
termetallic phases that were grown using the above-described Czochralski apparatus
(see Figure 4).

Similar to these hardware conditions, there is no single recipe that can be applied
to all materials, but single-crystal growth of a new phase will always be a process that
requires a high degree of creativity. This has been explained, e. g., when discussing
the question how to get the very first nucleus of a totally new compound. Neverthe-
less, a couple of problems have to be tackled in all Czochralski growth runs. These
problems and possible solutions have been treated in this chapter in order to assist
young colleagues in making their own first steps in the exciting field of Czochralski
single-crystal growth of intermetallic phases. With any new crystal, one should be
prepared to be surprised when looking through the viewport. This may be illustrated
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Figure 16: Photograph through the viewport
during Czochralski growth of the orthorhombic
GazPd; phase with morphologically stable (010)
faces (pulling parallel to [001]).

by the last photograph in this chapter (see Figure 16) that shows a very recent single-
crystal growth experiment of orthorhombic Ga;Pd; under conditions that nominally
ensure rotational symmetry.
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Floating zone growth of intermetallic
compounds

1 Introduction

Floating zone (FZ) has its root idea in the zone-melting technique reported by
W. G. Pfann in 1952 [1]. Germanium was heated in one end of a horizontal silica boat
by radiation heating, and the narrow molten zone went through the boat to the other
end. The idea of the method was a purification of germanium. Since the technique
was not effective for the much more reactive silicon that was contaminated by the
boat material, a crucible-free modification was designed. In this invention patented
by H. C. Theuerer in 1952, the molten zone was suspended between two solid rods of
the same composition as the melt [2]. Independently, the technique was invented by
R. Emeis [3]. The first silicon crystals were produced by this technique by P. H. Keck
and M. J. E. Golay [4]. Since that time the floating-zone technique has been established
as one of the most effective methods for the growth of high-quality materials of various
composition classes. This chapter is devoted to the floating-zone growth of intermetal-
lic compounds. There are a few published reviews on the floating zone. The historical
development of the method is considered by A. Miihlbauer [5]. Detailed overviews of
the floating zone technique accentuated mainly on silicon are done by Liidge et al. [6],
Riemann and Liidge [7] and by Muiznieks et al. [8]. Koohpayeh et al. [9] and Dabkowski
etal. [10] reviewed this method with emphasis on oxide materials. Hermann et al. dis-
cussed flow processes in the liquid intermetallic zone heated by a high-frequency
electromagnetic inductor of a special type [11]. Intermetallic compounds in relation to
the FZ technique have their own specifics that are determined by a strong affinity to
oxygen (and often to nitrogen), much higher electrical and substantially higher ther-
mal conductivities, a higher density, and an absence of transparency, but a higher
reflectivity of the melt surface.

2 Main advantages of the floating-zone technique

The main feature of the FZ is that it is a fully container-free technique. Neither hot-melt
nor hot-crystal parts contact with a foreign material during the process. Therefore, it is
the most universal technique for all materials. The absence of crucible material avoids
any problem involving the growth atmosphere. Any type of atmosphere (oxidizing,
inert, reducing atmosphere) compatible with the grown material can be applied, if
necessary.

https://doi.org/10.1515/9783110496789-005
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The temperature gradient on the crystal-melt interface is normally higher in the
absence of a crucible since the latter contributes to the thermal flow. This can have
both positive and negative effects. Sometimes a high-temperature gradient leads to
thermal stress that in turn results in cracking of the grown crystal or the appearance
of dislocations. This risk is, however, lower for intermetallic compounds due to their
higher plasticity in comparison with oxide materials. On the other hand, the higher
temperature gradient provides favorable conditions for incongruent or flux growth
where the risk of unstable growth due to constitutional undercooling is high. The
grown crystal experiences faster cooling due to the higher temperature gradient,
which sometimes blocks metastable phases from transformations [12].

The crystal after the solidification is free standing, so mechanical stress due to
different expansion coefficients of the crystal and the crucible material is naturally
avoided.

For good control of the growth process, it is not necessary to know the melting
point of the material since the melting process can be viewed directly by a video cam-
era. This is an especially valuable technique for new phases whose thermal behavior
has not been investigated.

An incongruent crystallization (e. g., flux growth or melt growth with a segre-
gation-induced melt off-stoichiometry) usually causes additional problems when us-
ing techniques such as Bridgman or Czochralski because it is accompanied by a con-
tinuous variation of the melt composition and temperature. This in turn results in
crystal inhomogeneity. A FZ growth can be performed as a steady-state process. Any
zone-melting technique can be considered as transport of the material across the lig-
uid zone regardless of the liquefaction mechanism (either melting or dissolution in a
solvent). If the dissolving and the crystallizing phases are identical, the composition
of the liquid zone and, hence, of the crystal (although different) are maintained in a
constant state (Figure 1). For example, owing to this favorable circumstance, homo-
geneous single crystals of solid solutions or of phases with temperature-dependent
existence range can be grown.

The technique has a few drawbacks. It is hard to grow materials with low surface
tension in the liquid state. The melt zone is mechanically unstable, especially if the
density of the material is high. Also, materials wetted well by their own melt cause
problems because of the creep of the melt from the zone.

Finally, large crystals can hardly be grown since the mechanical stability of the
zone imposes limitations on the radius of the crystal.

3 Experimental set-up of the FZ technique

The technique consists in the melting of a narrow zone in a vertically free-standing
polycrystalline rod of material by a local heater and moving the molten zone along the
rod (Figure 2). The zone is held by surface tension, and the main operation task is to
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Figure 1: Comparison of incongruent crystallization in the FZ and in another technique (e. g., Bridg-
man, Chochraski). The congruent point x, is shifted from the stoichiometric composition x,; of the
compound AB. From the melt with composition x;, the stoichiometric phase first crystallizes. Bridg-
man or Chochraski technique: the segregation effect leads to the shift of the melt composition to
X_,. Correspondingly, the composition of the crystals shifts away from the stoichiometry x; in course
of crystallization. FZ: if the feed rod has the stoichiometric composition x; and the liquid zone does
X1 the compositions of the zone and of the growing crystal remains constant during the whole pro-
cess.

Nt

Figure 2: Crystal growth by floating-zone (FZ) technique. Heater 2 melts
a liquid zone 1 which is held by surface tension between polycrystalline
feed rod 3 and seed rod 4. The lower rod may be either single crystalline
or polycrystalline. In the latter case, a grain selection stage is necessary
(5) before the single crystal 6 begins to grow. 7 — starting point of the
melting process.
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maintain the zone mechanically stable against vibrations and down spilling. The rod
held on its two ends is divided into two parts after the formation of the liquid zone. The
part of the rod in the motion direction serves as a feed rod, whereas the other part is
the seed rod whereon the single crystal is formed after an initial seed-selection stage. If
the seed rod was ab initio a single crystal, then a single-crystal growth with the desired
orientation begins immediately. The growth rate is controlled by the pulling velocity
of the heater (or by the velocity of the rods relative to the fixed heater). The velocities
of the seed and the feed rods may be different, and so a control of the diameter of the
growing crystal becomes possible. Through this control, the necking is feasible on the
starting stage of the growth in order to provide a better seed selection or reduction of
the dislocation density.

The free surface of the melt is large relative to the zone volume; this may have
both positive and negative implication on the crystal purity and composition. While
the exposure of the intermetallic melt to oxygen is large, on the other hand, volatile
impurities (including intrinsic ones) can be easily removed from the surface. The main
control parameter to provide a stable zone is the heating power. Temperature control
is difficult (see the next sections). In special cases, the temperature measurement of
the liquid zone has been achieved using a pyrometer. The measurement is performed
during short interruptions of the heating light beam by a shutter when using an optical
heating system [13, 14]. However, a visual control of the form and the state of the sur-
face of the zone is perfect, making the temperature control unnecessary for practical
crystal growth.

For better homogenization of the composition in the liquid zone, the rotation of
the upper and the lower rods is usual. However, in image furnaces, the concentration
of the heating energy is high at the optical axis, and a small ex-centricity of the rotation
leads to high temperature oscillation on the growth surface. This necessitates very
high requirements for the rod centering and regular cylindrical shape of the rotating
rods.

The cylindrically symmetric surface of the molten zone has the maximal curvature
in the horizontal plane (being convex); a possible concavity in the vertical direction
is much smaller. The dominantly convex surface implies an external (capillary) pres-
sure that is reciprocally proportional to the zone radius. This pressure withstands the
destructive hydrostatic pressure, which is proportional to the height of the zone. The
balance between these two quantities mainly determines the stability of the FZ. This
implies a limited size of the zone and hence of the crystal.

The maximal height of the FZ is linearly dependent on the zone radius for narrow
rods, approaching, with an increase of the diameter, a constant value given by

o
Rpax = A~ p_g
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where p is the density and o is the surface tension of the melt, h is the height and R
is the radius of the zone, g is the gravitational acceleration, and the dimensionless
factor A is =3 [15].

The surface tension of metallic melts is typically substantially greater than that
of oxides and ionic salts [16]. However, some intermetallic compounds, especially of
platinum group elements, have rather high densities, which makes (in combination
with low surface tension) the molten zone especially unstable [17].

For the purpose of growth of large crystals, the needle-eye technique has been
developed: the molten-zone radius remains small in the upper part whereas the seed
and the feed rods have substantially larger radii (Figure 3). This technique is used in
industry for the growth of oxygen- and dislocation-free silicon. However, this is pos-
sible due to a favorable confluence of the high surface tension and the low density of
silicon. A special form of a one-turn inductor having a bowl shape was developed. The
wetting of the seed rod by the melt is also an important factor: a very small contact an-
gle may result in creeping of the melt along the solid rod near the melting zone and
thereby in slow leakage of the melt from the hot zone, which is another type of the
zone instability.

feed rod

inductor

crystal Figure 3: Needle-eye technique enables growth
of large crystals of materials with low density
and high surface tension of the melt. The diame-

\ ter of the FZ is substantially smaller than that of
the seed and feed rods.

4 Kinds of zone heating

The main advantage of FZ is the absence of any contact of the melt with other materi-
als. This also makes compulsory a contactless heat transfer to the melt. In the case of
non-conducting materials (e. g., a majority of oxides), only optical heating is a possi-
bility, whereas for intermetallics quite a number of heating possibilities exist.
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Radiofrequency (RF) heating

For the RF heating, a narrow (mainly a single turn) inductor is used (Figure 4). The
electromagnetic (EM) field should couple directly to the material. In order to improve
the coupling and to increase the density of the EM field, especially for melting of re-
fractory materials, a concentrator of the EM power may be used [18].

Figure 4: High-frequency one-turn
inductor for FZ melting of conducting
materials. Adopted from Ref. Liidge A.
etal. [6].

Electron beam (EBFZ)

This method of heating is mainly applied to refractory metals like tungsten or molyb-
denum and their alloys. The electron gun is a system of electrostatic lenses. An ar-
rangement of the electrodes of the electron gun makes it possible to vary the electron
beam focusing from diffuse to sharp. The feed rod serves as anode, and a circular tung-
sten thermionic filament is usually used as a cathode. The applied voltage is of about
20-30 kV [19]. The advantage of this method is the possibility for many-channel con-
trol of the e-beam as to intensity and direction, which makes it feasible to form the
desired temperature gradient in the hot zone. As a disadvantage, the necessity of vac-
uum and not the more beneficial case of an inert atmosphere in the growth chamber
can be identified. Thus, this technique is not applicable for melts with relatively high
vapor pressure.

Since an electron beam is only possible in a vacuum, EBFZ is applied to elemen-
tary refractory metals with very low vapor pressure (Zr, Nb, Ta, Mo, W) and their alloys.
The vacuum provides, however, in this case a possibility of an additional purification
through evaporation of volatile impurities.
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The crystallographic perfection of the grown metal crystals is reported to be not
high. A characteristic blocky structure and a high dislocation density make such crys-
tals unsuitable, for example, for research of channeling high-energy particles or use in
a number of other subtle physical experiments. However, among all other techniques
for growth of refractory metallic crystals, the EBFZ provides crystals of the best qual-
ity [20].

Arc heating

Arc heating can suffice for intermetallic materials due to their high electric conductiv-
ity. However, this is a rather rarely used technique, and only a few attempts have been
reported [21, 22]. An arc operates in an inert atmosphere, thus allowing the growth
of materials with a perceptible vapor pressure. A substantial disadvantage is the con-
tamination of the melt by the electrode material.

Optical heating

This is the most universal kind of heating suitable for all classes of materials. The
essential parts of the equipment are power sources of light (lamps) and a focusing
system. The latter consists of ellipsoidal or, rarely, paraboloid mirrors. The lamp is
situated at one of the foci of the ellipsoid mirror, and the rod of the material is placed
at the other focus. There are two types of setups—with vertical and horizontal optical
axes (Figure 5). An essential part of the unit is a transparent tube forming the growth
chamber that is filled with an inert gas for protection from oxidation (Fig. 7).

Horizontal axis (axes) furnace

Most of commercial image furnaces operate in the horizontal-optical-axis mode. Un-
like the vertical-axis variant where the heating is all-sided, it is either two-sided (two-
mirror furnace) or four-sided (four-mirror furnace). The sample rod stands perpendic-
ular to the optical axis (axes) of the two (four) mirrors. The lamps are situated in one
focus of the mirrors, and the other foci coincide. The sample is heated in this common
focus of the optical system.

Vertical-axis furnace

In this variant, two ellipsoid mirrors are used with the material rod standing along
the optical axis of both mirrors. The lamp is situated in the focus of one mirror and the
sample in the focus of the other. The second foci of the two mirrors coincide. The light
spot on the sample is all-sided, belt-like, having a circular symmetry, which makes
the heating very homogeneous. This concept was designed or used for the growth of
various kind of materials (e. g., [23—26]). This set-up provides sharper focusing and
narrower light profiles on the crystal surface, resulting in very high efficiency of the
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2a

Figure 5: Two types of floating-zone furnaces with optical heating: a) with horizontal and b) with
vertical optical axis. 1—FZ, 2a and 2b—seed and feed rods, 3—lamps, 4—elliptical mirrors, 5—light
power shutter.

radiation flux. Thus, only one 5-kW xenon lamp is required for melting refractory ox-
ides with melting temperatures about 2800 °C, whereas four 3-kW xenon lamps (12
kW in total) are necessary for achieving similar temperatures in four-mirror horizon-
tal optical furnaces [27]. This practical result was interpreted in view of a more effective
focusing of the light flux emitted by the arc lamp and a narrower light profile on the
crystal surface. Another advantage is the possibility to use shorter silica glass or sap-
phire tubes for a growth chamber, which is very important for application of high gas
pressures (up to 30 MPa) (Fig.7) [28].

Tilted mirrors

In addition to the more widely used horizontal and (more rarely) vertical-optical axes,
other axis orientations may be practicable. The aim of such tilted mirrors is the control
of the shape of solid-liquid interface formed during the floating zone growth. It was
revealed that the convexity of the interface can be controlled by adjusting the tilting
angle. A less convex interface can more effectively stabilize the molten zone and can
make it easier to grow larger crystals [29].

Halogen or xenon lamps are widely used as primary light sources for elliptical mir-
ror systems. Lasers as light sources have more limited application. The bundled laser
beam needs a different type of defocusing/focusing optics. The monochromatic radi-
ation makes, however, pyrometrical temperature measurement much more feasible.
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Even in white-light optical heating by a xenon or halogen lamp, a pyrometric mea-
surement is possible. A patented technique permits temperature measurements on the
rod and melt surface during the growth process [30]. The light flux is interrupted for
some milliseconds, and a two-color pyrometer measures the unbiased radiation. Due
to a moveable pyrometer head, temperature profiles can be recorded vertically (feed
rod-melt-crystal) and horizontally (along the molten zone). Figure 6 shows a typical
vertical temperature profile along the rod axis.
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Figure 6: Pyrometric temperature measurement in an optical FZ furnace with a white light source.
The measurement occurs during very short interruptions of the heating light beam. Right image—
measured temperature profile along the FZ and in its vicinity. Adopted from D. Lindackers et al. High-
lights 2008. Jahresbericht IFW Dresden (Leibniz Institute for Solid State and Materials Research).

Usually the FZ technique is characterized by a stronger concentration of heating
energy and thus by a higher temperature gradient in the hot zone. Due to a higher
thermal conductivity of intermetallic materials in comparison with oxides or similar
phases, the temperature gradient is usually much lower. The high temperature gra-
dient facilitates stable crystal growth. This is the well-known issue in respect to the
constitutional undercooling. On the other hand, it leads often to crack formation,
especially for brittle non-metallic crystal phases. Also a large energy concentration
can result in larger temperature oscillations in case of a slight eccentricity of the rod
rotation. Therefore special defocusing is done in image furnaces, or light sources
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with lower radiance are preferred (e. g., halogen lamps with large filaments instead of
small-source arc lamps).

Due to the high surface-to-volume ratio of liquid zone two problems—melt oxida-
tion and melt evaporation—may have an increased impact on the growth process and
the quality of the grown crystals.

5 The problem of oxidation of melt

Metallic elements forming intermetallic compounds have very high affinity to two at-
mosphere gases, namely, oxygen and nitrogen. Because of the enhanced role of the
melt surface, special provisions against the melt oxidation should be made, especially
for materials containing elements with high oxygen affinity, such as alkaline, alkali
earth and rare earth elements. These elements react with oxygen preferentially, which
leads not only to contamination of the crystal with oxide-phase inclusions but also to
a shift of the composition of the main phase because of the depletion of the highly
active element. For many transition elements, an addition of hydrogen (< 4 %) to the
growth atmosphere is helpful. However, this is completely useless in the case of the
above-mentioned metals with the highest affinity to oxygen.

Therefore, a high vacuum or/and oxygen-free inert-gas atmosphere are prerequi-
sites of high-quality intermetallic crystals. An upgrade of the standard image furnace
FZ Crystal Systems Corp with ultra-high vacuum sealing has been reported [12, 31-33].
The standard Viton O-rings were replaced by metal sealing rings. The system can be
baked under evacuation before being filled with inert gas. These measures enabled
reaching a final gas pressure of 10~ mbar. The inert-gas atmosphere was purified ad-
ditionally before entering the growth chamber.

Once the growth environment is free from atmosphere gases, one faces a further
problem. The starting elementary metals should be of a special high quality. However,
elements certified by the supplier as high pure (> 99.9-99.99 %) are characterized “on
metal basis”. However, beyond this, they may contain comparatively high amounts of
oxygen, hydrogen, or nitrogen. It is a particular problem for rare earth elements which
have the highest affinity to oxygen. The commercially available highly pure elemen-
tary rare earth metals may contain 0.5-2.5 % oxygen, which is either dissolved in the
lattice or encapsulated in the form of metal oxide inclusions [34, 35].

Self-purification of melts by reduction to volatile species

Table 1 summarizes the FZ experiments performed over the last 15 years. The majority
of the crystals are silicides and borides. Melts of intermetallic compounds containing
silicon, boron or carbon possess a mechanism for a “self-purification”. It implies a for-
mation of volatile low-valence oxides of the metalloid elements like SiO, CO and BO.
Removing oxygen from the melt (and thus a purification of the melt) takes place due
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Table 1: Intermetallic compounds grown by FZ in 2002-2018.

Silicides, Germanides Borides Other compounds

UAu,Si, [66] SmByg [97-101] Carbides

LaFe;;Si, [67] YB,g [62] Y,C [126]

Lu,PdSi, [68] Ru,B; [103]

ErPd,Si, [69] Ce,_4Pr Bg [104] Chalcogenides

RE-Si [49] LaBg [105, 110, 116] FeSe [127]

Nb-Si Alloys  [70] CeBg [106, 111]

Gd,PdSis [35, 71] PrBg [112] Heusler comp.

Pr,PdSis; [72] (La,Ce)Bg  [108,113] NiMnSn [128]

R, PdSis [35,73,74] (La,Pr)Bg  [114] Co,Cry_cFe,Al  [129]

UCoGe [75] REBg [56, 115, 116] Cu,MnAl [12]

ThsSis [76] LaB4s—MB, [107] (M =2Z), Fe,TiSn [31]

Eu,CuSis [38] [109] (M = Ti) Fe, VA [31]

EuCu,Si, [39] TiB, [117] Co,FeSi [130]

Nd,PdSis; [77] GdBg [118]

CeCu,Si, [78] LuB;, [119] Clathrates

CeNi,Ge, [32,79] CrB, [117,120] Bag(CuGa);Ge,q [51]

PrsSis [80, 81] 1rB, [117, 120] BagAusSiy, [51]

Nb-Si [82] ZrB,-MeB, [122] (Ba,RE)gAugSiyo [52]

R,Fes3Sis [83] ReB, [123]

MosSi [84] Ru-Al-CrB, [124] Borocarbides,

Ce,Pd, Co,_,Sis [85] YbBgg:Nb  [125] borosilicides

Er,PdSis [86] B,C-MeB, [131,132]

CrsSi [87] YB,41Cy3 [102]

CeSi, [88] Y10B7C1o [133]

Ru,Si3 [89, 90] R-T-B-C [14]

RE-Si [91] YNi,B,C [134]

Mns3Si [92,32] RENi,B,C [135, 43, 136]

MnSi:Co, Fe [93] YbB,,Si, [137]

MnSi [94, 48]

CePt3Si [95, 96] Phosphides

Ce3Pd,(Sig [55] Ni, P, Fe,P [138]

CeRu,Sng [17]

CeAuGe [17] Other
CePtln [139]
CoNiAl [140]
RuAl [42, 47]
TiAl [47]
TiNb [47]
Aly3CoCrFeNi  [141]
GaSh [142]
NbFe, [143]
YCos [144]
GdCos [144]

R - rare earth elements, T — transition elements.
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to evaporation of the monoxides and their condensation on cold parts of the growth
chamber. The mechanism can reduce the oxygen concentration in intermetallic melts
and grown crystals by 1-2 orders of magnitude [34], though this process occurs at tem-
peratures above 1500 °C. However, the elimination of oxygen is accompanied by a loss
of some amount of silicon (carbon, boron) from the melt. Therefore, this purification
process may be detrimental if the growth chamber is not tight enough, and a con-
centration of oxygen remains at a certain constant level. In this case, the vaporization
occurs during the whole growth experiment, and it causes a permanent transport of Si
(C, B) from the melt to the cold parts. This can substantially change the stoichiometry
of the melt and of the grown crystal.

6 The problem of evaporation of melt

Large surface-to-volume ratio of the FZ and its small volume in regard with the growth
chamber volume makes evaporation a severe problem in FZ. In case of intermetallic
compounds, some constituting elements may have a high vapor pressure at high melt-
ing temperatures. A loss of such an element from the melt results not only in a shift
of the melt composition but also in condensation of the metal on the wall of the sil-
ica growth chamber, which becomes opaque. For optical heating, this means a loss of
heating power or/and a corrosion of the silica tube. The change in melt composition
may lead to destabilization of the single-crystal growth and crystallization of phases
of a different composition.

In general, an evaporation can be thermodynamically suppressed by creating a
counteracting atmosphere (for example, high-pressure oxygen atmosphere for sup-
pression of the thermal decomposition of higher oxides [36, 37]). Since it is impossible
to create an equilibrium metal atmosphere in a cool-wall growth chamber (like that
of oxygen for growth of oxides); an atmosphere of an inert gas of a high pressure is
used. Although it is thermodynamically neutral for the gas-melt equilibrium; it acts in
the kinetic regime. The diffusion of the evaporated species from the melt is strongly
inhibited in a high-pressure gas. As a result, a vapor layer is formed around the melt
which reasonably suppresses further evaporation.

The commonly commercially available FZ furnaces operate with the gas atmo-
sphere pressure up to 10-15 bar. For a high gas-pressure regime, floating-zone furnaces
should be specially designed. For instance, the standard two-mirror furnace URN-2-ZM
(MPEI, Moscow) has been upgraded by a high-pressure (up to 250 bar) growth cham-
ber [13]. To resist the high pressure, the usual quartz silica tube of the wall thickness
of 5 mm resisting the pressure of 10 bar was changed to a silica or sapphire tube of a
35-mm wall thickness (or even thicker for the pressure of 300 bar) (Figure 7).

For instance, Eu,PdSi;, EuCu,Si,, and Eu,CuSi; have high Eu vapor pressure at
elevated temperatures. Single crystals of these compounds have been successfully
grown at a high argon pressure of 3.5 MPa using optical FZ technique [38, 39].
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Figure 7: Transparent tubes forming the growth chamber of a mirror furnace. From left to right: sin-
gle crystalline saphhire tubes for gas pressures up to 30 and 15 MPa, correspondingly; fused silica
tubes for pressures up to 5, 2 and 1 MPa, correspondingly. Courtesy of Scientific Instruments Dres-
den GmbH (SciDre).

7 Convection in the liquid zone and the shape of the
crystal-melt interface

High-quality single crystals can grow only in a highly controllable steady-state pro-
cess. Understanding the transport processes near the crystallization front makes it
feasible to organize such a process.

In the previous section, the material exchange with the growth atmosphere
through the enhanced surface was discussed. Here the energy exchange through
the surface and the thermal and material transport inside the molten phase will be
discussed.

The impact of various factors—natural convection, Marangoni convection, rota-
tion and electromagnetic forces by RF heating—in the flow pattern in FZ has been de-
tailed in many publications (e. g., [6, 40]).

In a liquid phase, both diffusive and convective thermal-transfer mechanisms are
possible. Their relative importance depends on the Prandtl number defined as the ra-
tio between the kinematic viscosity v and the thermal diffusivity A, Pr = %

At Pr « 1, the thermal diffusivity dominates the convective heat transport. This is
usually the case for intermetallic compounds that have a relatively high A due to their
electronic contribution to the total thermal conductivity. The loss of heat coming into
the molten zone from the heater via the surface occurs due to back thermal radiation
from the surface and to thermal conductance through the seed and the feed rods. The
modified Biot number characterizes the importance of the heat dissipation through
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Table 2: Some characteristic dimensionless numbers and their values for metallic melts.

Prandtl number Pr=1% 2-3-1072 (for oxides > 1) [6, 41, 64, 65]
Schmidt number Sc=1% 102 [6, 64, 65]
Biot number Bi= 227, 107%~0.2 (for oxides > 1) 6, 39]
Marangoni number Ma = ZT%:ATL 100-300; Ma,, = 2000 - Pr®¢ [65]

v — kinematic viscosity, A — thermal diffusivity, D — diffusion coefficient, oz — Stefan-Boltzmann con-
stant, r — FZ radius, o — surface tension, A T and L — temperature difference and the height of the FZ,
T, — melting point, € — surface emissivity, p — melt density.

radiation by the zone surface related to the heat dissipation by thermal conduction.
This value is much smaller for metallic melts in comparison with oxides, although it
can approach one for some complex compositions [41]. Although the convection plays
anegligible role in the heat transport, it is dominant for the material transport relative
to the diffusion, which follows from the large Schmidt numbers. In Table 2, some of
the characteristic numbers—Prandtl number, Schmidt number and Biot number—and
their typical values for metallic melts are given.

Notwithstanding, the buoyancy convection plays a mostly secondary role in the
thermal and material transport of intermetallic melts. Large free-liquid surface-to-
volume ratio (the largest of all growth techniques) implies the importance of another
convective mechanism—Marangoni (thermocapillary) convection [42]. The Marangoni
convection occurs as a flow along the liquid surface due to temperature-dependent dif-
ferences in surface tension. When applied to a molten zone heated from outside, the
melt flows from the region of lower surface tension (i. e., from the higher temperature
middle of the zone) to that of higher surface tension (the lower temperature crystal-
melt interface). This leads to an enhanced surface melting of the rods, which facilitates
a formation of convexity of the crystal-melt interface. Various kinds of flow patterns
are shown in Figure 8 [43].

The most severe problem involving thermocapillary convection is related to the
onset of oscillation, i. e., the transition from the laminar to the oscillatory convection.
The onset of oscillatory convection is responsible for the appearance of striation in
crystals so avoiding striation is important in controlling the crystal quality [44].

The Marangoni number, Ma, which characterizes the strength of the thermocap-
illary convection is reciprocally proportional to the thermal diffusivity of the melt.
Therefore, such highly thermally conductive fluids as intermetallic melts have lower
Marangoni numbers than other materials. Nevertheless, there are indications that
thermocapillary convection is also important in metal-like melts for the formation
of striations in grown crystals [42]. Unfortunately, due to the technical difficulties,
there are limited test cases covering quantitative experiments of floating-zone con-
vection for the cases of fluids with small Prandtl number, and the resulting data are
dispersive [44].
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= ! tion, c) flows due to rod rotation, d) elec-

Single erystal tromagnetic field driven flows. Adopted
from Souptel D, 2005 [43].

Single crystal

At high-enough Marangoni numbers (exceeding a critical Marangoni number, Ma,,),
the transition from laminar to oscillating convection flow starts. As a consequence,
a reduction of the crystal quality because of striation takes place. Although metal-
lic melts have lower Marangoni numbers than oxides, the critical Ma, Ma,,, are also
lower than for non-metallic melts (about 100-300 vs. 10>°-10%). Over a wide range of
Prandtl number 0.01 < Pr < 100, the dependence of Ma_, on the Prandtl number Pr
was empirically derived: Ma,, = 2000 - Pr®® [42].

7.1 Magnetic field control of flows in FZ and the shape of the
crystal-melt surface

Since liquid intermetallics are highly conductive media external electromagnetic
fields can strongly influence flows in the liquid zone. These flows arise sometimes
spontaneously if RF heating is applied. However, with a special design of the mag-
netic fields, a useful control of the flow situation can be achieved for stabilization of
the growth process and homogenization of the composition in the grown crystals.

The effect of high-frequency magnetic field on the Marangoni convection has been
investigated numerically for the FZ crystal-growth process under space-experiment
conditions. It was concluded from this study that the high-frequency magnetic field
can be used to suppress Marangoni convection [45, 46].

The electromagnetic (EM) field of the RF single-turn heating inductor causes a
melt flow radially inwards in the liquid zone with the maximal effect in the middle
plane of the zone. In the center of the zone, the hotter flow splits in an ascending and
a descending flow which melt the central parts of the solids of the upper and lower
crystal-liquid surfaces [45]. This results in a concave crystal surface that is unfavor-
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able for stable crystal growth. This instance can be, however, suppressed by using
a composite inductor consisting also of a secondary coil along with the primary one
wherein the magnetic field is induced by the primary field. Thus, the RF-EM field con-
tains two components that differ by phase [47, 48]. The exploitation of the RF-EM field
simultaneously for supporting the material in the molten state and for convection flow
control makes independent fine control of both phenomena difficult [45].

In contrast to RF heating, a convex (towards the melt) crystal-melt interface is
mostly observed in the growth with radiation heating by halogen or xenon lamps. This
is because the Marangoni flow, dominant for optical heating, drives the hot melt along
the surface from the middle of FZ toward the upper/lower crystal-melt interface [49].
A mixed approach combining the optical heating with RF control of the convection
may be promising.

8 Flux floating-zone growth

Congruently melting intermetallic compounds can be grown by the FZ method straight-
away. Usually a pulling rate of about a few millimeters per hour is enough for stable
growth. Growth of incongruently melting phases is more demanding. Sometimes the
congruent point is only slightly shifted from the stoichiometric crystal composition.
In this case, only the pulling rate should be drastically reduced in order to avoid pos-
sible constitutional supercooling arising from the segregation effect. For peritectic
phases, a high temperature solvent (flux) should be used, which provides primary
crystallization of the desired phase below the peritectic temperature. The flux tech-
nique in relation to the FZ growth is usually called the travelling solvent floating-zone
technique, TSFZ. Usually the polycrystalline rods have the stoichiometric (or the final
desired) composition, and a small piece of solvent (flux) is fixed between the rods.
After the initial melting of the flux and dissolution of the material therein, the heater
is set in motion (usually upwards). The forward phase boundary thus becomes hot-
ter, and here the polycrystalline material is dissolved. The crystallization from the
solution takes place on the colder backward phase boundary. Thus, if the crystallized
material has exactly the same composition as that of the feed rod, the composition
of the floating zone remains constant during the growth. With this technique, large
homogeneous crystals can be grown. Another modification of the flux technique may
be applied for intentional growth of compositionally variable crystals, e. g., for inves-
tigation of the composition-property relation on small (quasi-homogeneous) crystals
cut from the same growth batch. Sometimes a local probe measuring technique can
be used for this purpose [50, 51]. In this case, the composition of the feed rod is
off-stoichiometric (alloy of the growth phase and flux). In the course of crystalliza-
tion, the FZ is permanently enriched with flux components, which may lead also to
a crystal composition variation, if the solidus line has a temperature dependence.
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Figure 9: Two modes of the FZ self-flux growth and La concentration profile along the grown
Bag_,La,AugSi, clathrate crystals: a) FZ is off-stoichiometric, feed rod is stoichiometric (steady-
state process), b) FZ and feed rod are off-stoichiometric (forced incorporation of La into clathrate
cages).

This flux mode is especially effective for a particular purpose to force an incorpora-
tion of an element. For instance, rare earth elements can hardly be incorporated into
intermetallic clathrate cages. The effectiveness of the latter growth mode was demon-
strated by enhanced La incorporation into clathrates [52]. The composition profiles
of crystals are compared for the two techniques—with a stoichiometric and with an
off-stoichiometric feed rod—in Figure 9. The La content in crystals increases rapidly in
the late stage of crystallization. Although crystals of the saturated composition grow,
the solubility itself may increase with the progressive reduction of the growth temper-
ate. Instrumentally, since the melting temperature changes constantly because of the
variable zone composition, the heating power should be constantly adjusted during
the entire process to keep the FZ stable.

9 Stoichiometry of FZ-grown intermetallic
compounds

Principally, the TSFZ method makes it feasible to grow incongruently melting phases.
Solvents may be either low-melting metals which do not form compounds or solid so-
lutions with the solute phase. In, Bi or Pb are usually used for solution (flux) growth
of intermetallic compounds. However, due to rather limited solving ability and high
vapor pressure, they are more suitable for the slow-cooling crucible technique carried
out in resistance-box furnaces. This technique also makes possible rather long growth
time. However, due to the presence of foreign solvent atoms, crystal contamination
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is possible. For the FZ solution growth, using of solvents containing only the phase-
related elements (self-flux) is more typical. They usually provide a higher solubility
of the solute, which reduces the undesired segregation effect. Although the foreign
atom contamination is absent in this case, the growth from an off-stoichiometric melt
may cause severe problems for the quality of the grown crystals. This is because of the
homogeneity range of the solute phase. Extended existence ranges are rather typical
for many intermetallic phases. In this respect, related phases may differ strongly. For
instance, different than the compound R,PdSi;, the phase RPd,_sSi,, s exhibits a rel-
atively extended homogeneity range (6 < 0.3), which can give rise to a crucial depen-
dence of physical properties on growth conditions [53]. Even the variation of the com-
position within a narrow homogeneity range can strongly influence the physical prop-
erties. A characteristic example is Ce;Pd,,Sig, a quantum critical system [54]. It can be
grown from the stoichiometric melt. However, the congruent point is slightly shifted
from the exact stoichiometry, and the crystals have a small Ce deficiency. The variance
of the physical properties of Ce;Pd,,Si, crystals obtained by the FZ technique with
various modifications was investigated [17, 55]. Figure 10 shows the low-temperature
resistivity which differs especially drastically. The polycrystalline highly stoichiomet-
ric sample (denoted as pc in Figure 10) served as a standard for the intrinsic behavior
(established from a wide set of physical properties) in this study (in an incongruently
crystallized polycrystal the complementary phases are mixed with the main phase on
the microscopic level, and an annealing at lower temperature can restore the exact
stoichiometrric composition). The segregation effect in single crystals is evident from
the difference between the top and the bottom parts of crystals grown from the stoi-
chiometric melt (compare e. g. sclt and sc1b). The influence of crystal rotation is seen
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Figure 10: Low-temperature properties of Ce3Pd,,Sig grown by FZ technique with variations. a) Spe-
cific heat in the vicinity of the AF phase transition, b) electrical resistivity normalized to the room
temperature value. Samples: pc—high quality polycrystal, sclb and sclt—stoichiometric growth,
bottom and top parts (difference through segregation effects), sc2—stoichiometric growth with-
out rod rotation, sc3, sc4—flux grown crystals (self-flux PdsSi), scsh—nearly stoichiometric growth
(3 % Ce excess), bottom part. Adopted from Ref. [55].
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from the difference between sc2 (without rotation) and scit,b (with rotation). The un-
derlying reason of the crystal imperfection is the Ce deficiency. The study showed, that
the deviation from the stoichiometry appeared to be more detrimental to the crystal
quality than the reduced purity of the starting elementary metals (99.5 % Pd in sc1 and
99.95 % Pd in sc2).

FZ is the optimal technique for growth of nearly congruently melting rare earth
hexaborides RBg, (R = La to Sm). The congruent point is shifted from the perfect-lattice
composition RBg (e. g., to RBg, for R = La, Pr) [56]. Moreover, rare earth hexaborides
exhibit a homogeneity range which extends from the stoichiometric RBg to Ry, ;B [57].
Therefore, the resulting crystals are boron-deficient if feed rods of the stoichiometric
RBg starting composition were used. They have a compositional gradient. In particu-
lar, crystals of the composition PrBs g; result from the stoichiometric melt PrB,. From
the off-stoichiometric LaBg , melt, LaBg o9 crystallizes. On the other hand, crystals with
the composition CeBg , have been grown from the stoichiometric CeBy melt [58].

Deviation from the stoichiometric composition and systematical variation of the
composition along the growth direction in single crystals of SmB, grown by stoichio-
metric FZ is small (< 1% of Sm) [59]. However, they affect very strongly the physical
properties of this system which became topical in recent years because of its proper-
ties as a correlated topological insulator [59, 60].

The phase on the base of YB¢, a potential thermoelectric material, has a wide
homogeneity range between YBs and YBsg, the congruent composition being YBg,
[61, 62]. Hossain et al. succeeded recently in a FZ process further extending the phase
composition to YB,g. This crystal showed a drastic enhancement of the thermoelectric
efficiency in comparison with all previous yttrium borides [63].

Intermetallic silicides and borides cover a vast majority of intermetallic com-
pounds grown by the FZ technique. Table 1 gives an overview of intermetallic materi-
als (including composites) grown over the last 15 years with this method.

FZ has become an indispensable growth technique in basic materials research
studies due to its universality and excellent visual control. With the progress in the
development of physical property measuring systems which comply with small sam-
ples, the FZ technique has become a substantial source of single crystals for physical
investigations, especially of newly discovered materials.
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Marcus Schmidt and Michael Binnewies
Chemical vapor transport of intermetallics

1 Introduction — chemical transport reactions

Chemical transport reactions have played a firmly established role as a preparative
method in solid-state chemistry for about 50 years [1]. With their help, single-phase
products, in many cases made of monocrystalline material and of high purity, may be
synthesized and/or crystallized with comparatively little effort. To date, several thou-
sand publications have reported on such reactions, and the current state of knowledge
in this area was summarized in a monograph a few years ago [2].

In the laboratory, chemical transport reactions are usually carried out in closed
glass ampoules which are subjected to a temperature gradient for several days (see
Figure 1). On one side of the ampoule, the so-called source, about 1g of a solid—the
source material—is placed with a much smaller amount of the so-called transport
agent. This is a substance that reacts with the source material at the experimental
temperature under the formation of one or several gaseous products.

iA(s)+kB(g) = jC(g) +-- @

For such a reaction to become an effective transport reaction, all reaction prod-
ucts have to be gaseous. Halogens or halogen compounds are most frequently used as
transport additives.!

1 Atransport additive is the substance added to the transport ampoule in order to transport the solids.
In some cases, the transport additive may not be the actual transport agent according to eq. (1). The
transport agent is formed in a simultaneously proceeding reaction (examples: 1. transport additive:

https://doi.org/10.1515/9783110496789-006
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Figure 1: Experimental set-up
for chemical transportin a
dual zone furnace.

This technique makes use of the temperature dependence of the state of equilibrium
of the introduced solids’ reaction with the transport agent. The gaseous reaction prod-
ucts disperse within the entire transport ampoule starting from the source materials’
surface and consequently also reaching the part of the ampoule kept at a different
temperature, e. g., about 100 K lower. In the case of an endothermic reaction of the
solids with the transport agent, the state of equilibrium will shift towards reformation
of the source materials and release of the transport agent at the lower temperature,
according to Le Chateliers’ principle. The formation of a solid from the gas phase will
occur in the so-called sink. The result of the process corresponds to a sublimation,
although it is effected by a chemical reaction. In the case of an exothermic reaction,
the back reaction will occur at the higher temperature. This aspect is also referred to
as endothermic or exothermic transport reaction. The temperature dependence of a
chemical reaction’s equilibrium constant is described by the van’t Hoff equation:

AHY AS)
+
R-T R

InK = -

@

K equilibrium constant

AHY enthalpy of reaction/kJ-mol
A,S%  entropy of reaction/J-K~"-mol "
R gas constant (8.314J-K 1-mol ™)
T temperature/K

It becomes apparent that the sign of the enthalpy of reaction alone decides whether
the equilibrium constant increases or decreases with rising temperatures. It can be
shown that chemical transport reactions are particularly efficient for values of the
equilibrium constant as close as possible to unity [1, 2].

PtCl,, transport agent: Cl, formed via decomposition, 2. transport additive: iodine, transport agent:
a gaseous iodide formed with a component of the source material via simultaneous reaction).
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1.1 Two examples

Chemical transport of nickel with iodine

Nickel migrates in the presence of a small amount of iodine within the temperature
gradient of 860 — 1030 °C, indicating an exothermic reaction. Under the chosen ex-
perimental conditions [3], the transport agent iodine predominantly exists in atomic
form. The transport reaction is essentially described by the following equation:

Ni(s)+2I(g) = Nil(g) 3)
AHayg = -83KJ-mol ™" [4], ASkg = -57]K "-mol ™" [4]

Based on these values and eq. (2), disregarding the change in molar heat capacities,
an equilibrium constant of 3.8 can be calculated for a mean transport temperature of
1218 K, coming rather close to the ideal value of one. This is a typical transport reaction
for a metal. In principle, other halogens are also eligible to act as transport agents. To
this end, let us consider the reaction of nickel with chlorine (chlorine existing as a
diatomic gas under comparable conditions):

Ni(s) + CL,(g) = NiCly(g) )
AHS, = —70K)-mol ! [4],  A,S%g = 45)-K ":mol ! [4]

Once again disregarding the change in molar heat capacities, an equilibrium constant
of 2.2 - 10° can be calculated on this basis for the just-mentioned temperature men-
tioned, showing that the equilibrium lies far to the side of the gaseous nickel chlo-
ride. Thus, the transport agent chlorine is almost completely consumed to form the
very stable gaseous nickel chloride, which at 1030 °C does not perceptibly decompose
into nickel and chlorine in terms of a back reaction. Much higher temperatures than
1030 °C are necessary for such a decomposition. Therefore, iodine is significantly bet-
ter suited than chlorine as transport an agent for the transport of nickel. Neverthe-
less, transport reactions of metals with chlorine are also known, especially in the case
of noble metals like gold or platinum. Here, the iodides are much too unstable to be
formed at all in the gas phase. The most commonly used transport agent for met-
als is iodine!

Chemical transport of zinc oxide with chlorine

Zinc oxide can be endothermically transported with chlorine at temperatures around
900 °C. The following reaction takes place:

1
Zn0(s) + Cl(g) = ZnCl(g)+ EOz(g) (5)
AHyos = 83KJ-mol ™" [4],  ASyg = 113]K :mol™ [4]

This is a typical transport equation for the transport of a salt-like compound contain-
ing metal and non-metal: The transport agent reacts with the metal atoms under for-
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mation of a gaseous compound, whereas the non-metal atoms do not react with the
transport agent; they constitute the gaseous non-metal in molecular form, in the case
of 0,(g).

Based on the mentioned values, an equilibrium constant of 160 can be calculated
for 1173 K, still being much larger than one but significantly smaller than the value of
2.2-10° discussed previously. Generally, it can be asserted that a noteworthy transport
effect takes place for equilibrium constants in the range of about 10~ to 10%.

2 Chemical transport of intermetallic phases

The chemical transport of an intermetallic phase resembles that of metals, but differs
fundamentally from the transport of salt-like compounds. It has been shown in the
instance of the transport of zinc oxide with chlorine that the transport agent only re-
acts with the metal atoms. In the example, oxygen as non-metal atom forms gaseous
elemental oxygen. In order to transport an intermetallic compound A, B, however,
the transport agent has to react with both the components A and B. A and B need to
undergo the reaction with the transport agent simultaneously and, moreover, the tem-
perature dependences of the equilibrium constants for the reactions of A and B with
the transport agent need to show the same tendency and be of similar magnitude.
These criteria apply to classical intermetallic phases where A and B are typical met-
als. They apply equally to compounds containing a typical metal and a semi-metal,
e.g., silicon or germanium, which in elemental form cannot transform into the gas
phase at the experimental conditions due to their much too low vapor pressures.

Section 3 in Ref. [2] concerning the chemical transport of metals mentions a total
of 40 metals and semi-metals that have been successfully transported. Their element
symbols are placed against a gray background in the following compilation.

Be B |C
Al | Si
Ti |V | Cr Fe |Co |Ni |Cu | Zn | Ga | Ge Se
Y |Zr | Nb | Mo Ru|Rh|Pd|Ag|Cd |In |Sn | Sb | Te
Hf [Ta |W |Re |Os |[Ir [Pt | Au Bi

Th|Pa | U
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A calculation of how many binary intermetallic systems alone can arise from those
40 elements according to combinatorial principles yields an amount of 780 binary
systems.

n! 40!

Gk = - k.)!-k! T 40— é)!-z!

=780 (6)

C,'(l number of k-combinations without repetition from a set of n elements (n = 40,
k =2).

Section 10 of the cited book about the transport of intermetallic systems gives ex-
amples for about 70 investigated systems, less than 10 % of the possible 780. Only a
few of these 70 systems have been systematically explored concerning chemical trans-
port. This demonstrates the great preparative potential that is still available. Moving
on to ternary intermetallic phases, the analogous calculation results in 9880 different
intermetallic systems.

n n! 40!

Ci = (n- k)!.k! = (40 - 3')!.3! = 9880 @)

Out of this number, a mere six have been investigated concerning their transport be-
havior [2]! In particular, these are the systems Co—Cr-Ge [5], Co—Fe-Si [6], Co-Ta—
Ge [5], Zr-Ge-Te [7], Zr-Sn-Te [7] and Cr—Ge-Si [8].

Regarding those binary intermetallic systems not yet explored concerning their
transport behavior, there is the question which of those systems might promise prepar-
ative success. The basic requirements for a joint transport of both components have
been stated. This makes it seem practically impossible to transport intermetallic com-
pounds containing an alkali metal. The very reactive alkali metal will completely bind
the transport agent, usually a halogen. Moreover, alkali metal halogenides are much
too stable to decompose under deposition of the metal. The same applies to the alka-
line earth metals (possibly with the exception of Be). Thus, all Zintl phases are practi-
cally excluded. According to the current state of knowledge, they are not accessible via
transport reactions. The pre-conditions are particularly favorable in the case of chem-
ically similar metals, especially when the constituent metals can be transported with
the same transport agent under comparable conditions. In those cases, the chemical
transport of intermetallic phases can also be expected to be possible.

The main features of the chemical transport of intermetallic phases are discussed
in the following, using several examples.

2.1 Competition for the transport agent

Before carrying out the actual experiment, it is helpful to consider how the transport
agent will presumably distribute among the elements involved. Since all metals in-
cluded in the system compete for the transport agent, the ability of all solid compo-
nents to form volatile compounds has to be guaranteed. This can be demonstrated in
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two examples: the system Cu—Ag and the system Pd—Ga. In both systems, intermetal-
lic phases can be transported under addition of iodine [9, 10]. Looking at the expected
distribution of the transport agent over both metals, the results are quite different in
these two systems.

First, the state of equilibrium of the following reaction is calculated:

Cu(s) + Agl(g) = Cul(g) + Ag(s) (8)

The state of equilibrium is depicted as a function of temperature in Figure 2.
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s 4
2 50
5
S 0] e
(D\_
< 504
-100 -
1501 Figure 2: Gibbs energy of the
200 . . . . reaction Cu(s) + Agl(g) =
400 600 800 1000 Cul(g) + Ag(s) as a function of
T/IK temperature.

The Gibbs free energy at a temperature of 1000 K is close to zero, thus the equilibrium
constant is close to one. The transport agent iodine is distributed almost equally over
the two components copper and silver. This case offers ideal conditions for a joint
chemical transport of both metals.

The system Pd—Ga provides a very different scenario. The following reaction is to
be regarded:

2Gal;(g) +3Pd(s) = 2Ga(l) +3Pdl,(g) €)

A calculation of the state of equilibrium depending on temperature yields the corre-
lation shown in Figure 3.

There is an extreme state of equilibrium at 1000 K, the transport agent is practi-
cally completely consumed in the formation of Gal;. A joint transport of both metals
appears to be impossible. Nevertheless, a chemical transport of both metals under for-
mation of Pd,Ga can be observed. This is explained by the formation of the gaseous
compound PdGa,Ig which contains both elements but is not taken into account in
this simple consideration. The formation of such gas complexes including both com-
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Figure 3: Gibbs energy of the
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ponents of the source material provides favorable conditions for the transport of inter-
metallic phases. A survey of such gas complexes is given in [11]. The information com-
piled therein refers to gaseous chloride complexes. It is to be expected that bromine
and iodine compounds will be formed in a similar manner. However, since scarcely
anything is known about their stability, quantitative predictions about the transport
behavior are hardly possible. Thermodynamic data of intermetallic phases are also
insufficiently known, so that the solids also cannot be thermodynamically described
in an adequate way. An exact prediction as to whether a particular intermetallic com-
pound may be obtained through a chemical transport reaction is therefore not possible
in the majority of cases. The rules given above in combination with conclusions based
on already investigated analogous systems allow for certain predictions, though.

2.2 Examples

2.2.1 Binary systems with extensive regions of solid solutions

Intermetallic compounds are by no means always stoichiometrically composed; quite
often they exhibit extensive homogeneity ranges. In the case of chemically similar el-
ements with the same type of lattice and resembling lattice parameters, continuous
series of solid solutions can be observed. This is particularly often true for homolo-
gous 4d and 5d elements. Within homogeneity ranges, the thermodynamic activities
of the elements involved change with composition, in miscibility gaps, however, in
miscibility gaps they are constant.

Molybdenum-tungsten
A typical example for a system with continuous formation of solid solutions is the
system molybdenum-tungsten. The phase diagram is shown in Figure 4.
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This systems provides particularly good qualifications for a joint transport of both
components, since molybdenum, as well as tungsten, can be transported with the
same transport agent (HgBr,) from 1000 °Cto 900 °C [13, 14]. The transport is described
by the following transport equilibria:

Mo(s) + 2HgBr,(g) = MoBr,(g) + 2Hg(g) (10)

W(s) + 2HgBr,(g) = WBr,(g) + 2Hg(g) (11)
and

W(s) + 25HgBry(g) = WBrs(g) +2.5Hg(g) (12)

In the presence of water traces, oxidebromides are additionally formed. Based
on the results of [13, 14], the transport of solid solutions in this system has been in-
vestigated regarding the composition of the source material, the transport tempera-
tures and the amount of transport agent [15]. In this, as well as in many other sys-
tems, the composition of the source material proved to be the most significant deter-
mining factor regarding the composition of the sink material. A close examination of
the deposited crystals yielded an unusual result: the deposited crystals possessed a
molybdenum-rich core and a tungsten-richer shell, i. e., they exhibited an inhomo-
geneous composition. The reason for this lies in a rarely observed kinetic inhibition
of the transport of tungsten that delays its onset for a while. Thus, molybdenum is
initially transported more intensively [13].
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Cobalt-nickel
Cobalt and nickel form a continuously miscible system in the solid state (see Figure 5).
The elements cobalt and nickel can be endothermically transported above 800 °C
under addition of Gal; or Gal; + I, (e.g. 925 — 825°C) [16]. In most instances, the
composition of the source material is varied in order to specifically influence the com-
position of the deposited solid solutions. Another possibility, used in the cited paper
[17], consists of choosing different temperatures for the two metals at the source. This
requires a special working technique where cobalt and nickel are not intermixed in
the source material, but are placed spatially separated in two separate source areas.
A furnace with three temperature zones is necessary for this. Well-crystallized solid
solutions that were homogenous regarding their composition in a range between 5
and 75 at.% nickel could be deposited in this way [17]. Contrary to the transport of
tungsten, no reaction inhibition can be observed in the system cobalt-nickel.

2.2.2 Binary systems with formation of compounds

Especially well-researched on the basis of many examples is the transport of com-
pounds comprising a transition metal and a group 14 element (Si, Ge, Sn). Such com-
pounds are often attributed to the intermetallics composed of typical metals. Thus, the
transport of silicides, germanides or stannides has been described for M-Si (M = Co,
Cr, Cu, Fe, Ni, Mn, Mo, Nb, Re, Ta, Ti, U, V, W), M-Ge (M = Co, Cr, Cu, Fe, Ni, Nb, Ti)
and M-Sn (M = Co, Cu, Fe, Nb, Ni, Ti) [2]. For some of these systems, extensive model
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calculations have been published, contributing significantly to an understanding of
the chemical transport of intermetallic phases [18-21]. The majority of the compounds
mentioned above can be deposited via gas phase with iodine as transport additive. In
some cases, bromine (Cr-Si, Mo—Si, U-Si, W-Si) or hydrogen chloride (Nb—Ge, Nb—
Sn) have turned out to be suitable. The phases in the systems Ni-Ge and Ni-Sn were
obtained under the addition of Ga and I,. The gallium/iodine ratio was chosen to en-
able Gal; to be formed in a preliminary reaction while maintaining a certain iodine
excess. The available Gal; allows the formation of gas complexes, for example of the
composition NiGa,l,. In this way, the nickel concentration in the gas phase is consid-
erably increased.

Copper-germanium

As can be seen in the phase diagram of the system (Figure 6), copper and germanium
form a number of compounds that in parts differ only slightly in their composition, are
formed peritectically or are low-temperature phases with small regions of existence.
Thus, their crystallization presents a particular experimental challenge.

1100

1000

900

9/°C —>
el

800

700

600—

500

400

300

200 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ Figure 6: Phase diagram of the
0 100 20 3 40 50 60 70 8 90 100 System copper—-germanium
x(Cu) in % —> according to [12].

Comparing the transport behavior of the elements copper and germanium, it becomes
apparent that both elements can be transported with iodine in a broad temperature
range, although with different transport directions: Copper is always deposited in the
hotter zone, while germanium mostly in the less hot one. The transport of germanium
towards the hotter zone has only been described for low iodine pressures and high
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temperatures (900 °C) [22]. Despite the elements’ different transport directions, sev-
eral intermetallic phases could be obtained via transport in this system.

The described transport experiments [23] were carried out in a temperature gra-
dient of 570 °C to 630 °C under addition of iodine (initial pressure 1.5 bar) and varying
source compositions (Cug sGeg s ...Cug g5Geg o5)-

Depending on the source composition, the phases Cu;Ge (HT, RT), Cug gsGey s,
Cu:Ge resp. Cu were deposited in the form of single crystals. Transport rates were in
the range of 0.1 to 0.5mg-h". To produce those phases as single crystals with other
methods of preparation appears to be very difficult, if not impossible. The course of
the reaction will be described in more detail in the following paragraphs. At first, there
is the question which of the two elements constitutes the preferred reaction partner
for the transport agent iodine. This question can be answered by regarding the state
of equilibrium of the following reaction:

4Cu(s) + Gel,(g) = 4Cul(s) + Ge(s) (13)

Figure 7 shows the Gibbs free energy of this reaction as a function of temperature.

50

.50 4

-100 1

A G/ kJ-mol

r

-150 - .-

-200 -
Figure 7: Gibbs energy of the
reaction 4Cu(s) + Gel,(g) =
4Cul(s) + Ge(s) as a function of
temperature.
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It becomes evident that the equilibrium lies far to the side of copper iodide which con-
denses under the transport conditions. Solid copper iodide is formed, binding most of
the transport agent iodine. Cul has a sublimation pressure of about 10~ bar at reaction
temperature. The gas phase contains predominantly Cu;l;, which is thermodynami-
cally not very stable and partially decomposes into the elements. This decomposition
equilibrium determines the iodine pressure in the system. At this rather low pressure,
iodine exists mostly in atomic form (p(I) = 210 bar). The atomic iodine effects the
transport of germanium to the hotter zone according to the following equation:

Ge(s)+2I(g) = Gely(g) (14)
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AHyg = —147KJ-mol™" A%, = ~75]-K "-mol ™

It thus becomes understandable why both copper and germanium are deposited
in the hotter zone in the form of intermetallic phases. The different percentages of
copper and germanium in the gas phase are determined by the different compositions
of the source materials in the different experiments.

Iron-silicon

The phase diagram in Figure 8 shows that, in the binary system iron-silicon, the
phases Fe;Si, Fe, ;,5i, 55, Fe,Si, Fe;Si;, FeSi, FeSi, and Fe(o,Si, are known. On the
iron-rich side, a solid solution with up to 20 at.% silicon has been described. Exam-
ples for compounds with and without a noteworthy homogeneity range and for high
temperature phases with small regions of existence can be found among the different
iron silicides, as well as compounds that are formed peritectoidally.
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0 10 20 30 40 50 60 70 8 90 100 system iron-silicon according
x(Si) in % —> to [12].

This diversity and the fact that the system iron-silicon has been comprehensively in-
vestigated and described regarding chemical transport turns it into a typical exam-
ple for the transport of a multitude of transition metal silicides [18, 24]. Due to the
similarities between silicon and germanium concerning their transport behavior, the
conclusions can be transferred to the transition metal germanides as well [25, 26].
The constituting elements can each be transported under addition of iodine. The
transport of iron with iodine is described from 800 °C to 1000 °C [3]. For the reaction
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of iron with iodine in the given temperature range, the following equilibria are to be
considered:
Fe(s) +I,(g) = Fel,(g) (15)
AHayg = 24KJ-mol ™ [4]  A,S%s = 62]K"-mol ™" [4]

Fe(s) +2I(g) = Fely(g) (16)
AHYg = ~128KJ-mol ! [4]  A,S%g = ~39JK mol ! [4]

1
Fe(s) +2I(g) = EFeZI4(g) @17)
A Hyg = —209kJ-mol " [4]  ASg = ~126]-K"-mol ™ [4]

Fe(s) +3I(g) = Fely(g) (18)
AHypg = ~308kJ-mol " [18] A Syg = ~180]-K -mol ™ [18]

The first equilibrium is endothermic and can therefore not contribute to the trans-
port of iron towards the hotter zone. Since iodine does not only exist molecularly in
the gas phase at a mean temperature of 900 °C, but to a significant degree atomically
as well, the second equilibrium is to be taken into account. It is exothermic and de-
scribes the observed transport behavior of iron with iodine. Besides the monomer, the
dimeric Fe,I, can also be found in the gas phase. Its formation is also exothermic. In
addition to the formation of iron(II) iodides, that of gaseous iron(III) iodides is to be
considered, too. Although this equally exothermic reaction does not contribute signif-
icantly towards the transport of iron with iodine, it is essential for the description of
the transport of FeSi.

Like iron, silicon can be transported under addition of iodine. Depending on tem-
perature and pressure, the transport can take place either endothermically, i. e., to-
wards the less hot zone, or exothermically towards the hotter zone (1150 °C to 950 °C
or 950 °C to 1150 °C) [27, 28].

The following equilibria can be formulated for the reaction of silicon with iodine:

Si(s) +2I,(g) = Sil,(g) (19)
AHS, = —235K)mol ™ [4] A%, = ~138 K mol ™ [4]

Si(s) +4l(g) = Sil,(g) (20)
AHS, = 538 KJ-mol ! [4] A,S%g = —325-K ":mol " [4]

Si(s) + Sil,(g) = 2Sil,(g) 1)
AHY = 295K mol™ A,S%, = 207K mol ™"

The silicon-transmitting gaseous species are therefore Sil, and Sil,. The transport di-
rection is determined by the partial pressure ratio p(Sil,)/p(Sil,), which itself depends
upon the total pressure and the temperature [27].
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Based on these observations, iodine could be a suitable transport agent for iron sili-
cides. A comparison of the stabilities of the gaseous iodides Sil, and Fel, by means of
eg. (22) shows a well-balanced state of equilibrium at 900 °C (see Figure 9).

2Fe(s) + Sil,(g) =  Si(s) + 2Fel,(g) (22)

The transport additive iodine is neither bound exclusively by iron nor by silicon
and can form gaseous species with both components of the solids.

As supported by the literature, all known phases in the system iron-silicon are
crystallizable by chemical transport [18]. On the iron-rich side of the binary system,
starting with the iron-rich solid solution up to and including FeSi, the transport occurs
from the less hot zone towards the hotter zone in accordance with that of elemental
iron. The transport temperatures vary between 700 °C and 900 °C on the source side
and 800 °C and 1000 °C on the sink side. The applied compositions of the source mate-
rial are in the regions of the transported phase, as well as in the respective two-phase
regions. Apparently, a depletion of silicon in comparison with the applied source oc-
curs during the transport in the region of the iron-rich solid solution. Other transport
experiments from the particular two-phase regions lead to the deposition of the re-
spective co-existing silicon-rich phase in the hotter zone.

The transport of FeSi is exemplary for the exothermic chemical transport of iron
silicides with iodine. As detailed thermodynamic model calculations show, it can in
essence be described by the following equilibrium.

FeSi(s) + 3.5I,(g) = Fels(g) + Sil,(g) (23)

Through the reaction with gaseous iodine in molecular and atomic form, the solid
source material is transferred into the gas phase, forming gaseous Fel,, Fe,l,, Fels,
Sil,, and Sil,, with Sil, as the silicon transferring species. The gaseous species Fel,
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and Fe,l,, connected via the dimerization equilibrium, merely contribute to a small
degree to the iron transfer. Therefore, the transport of iron under these conditions
occurs predominantly via Fels.

On the silicon-rich side of the system, the compound FeSi, can be deposited. The
transport in this case occurs endothermically from 1000 °C to 800 °C and thus follows
the transport of elemental silicon at small total pressures [27]. The following transport
equation can be formulated:

FeSiy(s) + 2Sil,(g) = Fel,(g) + 3Sil,(g) (24)

The actual transport agent is thus not the added iodine, but the resultant Sil,. It reacts
with the source material under formation of Sil, and Fel, as transport effective species.

The two mentioned transport equations only roughly describe the events during
the reaction. Generally, the transport process in such complex systems can only be
covered accurately by a multitude of independent heterogeneous solid/gas equilibria
and homogeneous gas equilibria. This is principally possible with the help of thermo-
dynamic model calculations using the software packages TRAGMIN [29] or CVTRANS
[30]. These calculations are based on the knowledge of all solid phases existing in the
system, as well as the formed gas species and their respective thermodynamic data.
The results are conclusions about the chemical composition of the expected sink and
their transport rates and about the temperature dependences of the individual par-
tial pressures. However, such a detailed analysis of transport behavior and precise
predictions is not possible for many systems due to unavailable or inconsistent ther-
modynamical data.

Nickel-tantalum
The system nickel-tantalum, a system of two typical metals, has been closely exam-
ined regarding its transport behavior [25]. Figure 10 shows the phase diagram.

The transport took place with iodine as transport agent from 800 to 950 °C. The
experiments were carried out with mixtures of both metals in varying ratios. The ra-
tios were chosen in order to either match the composition of one of the intermetallic
phases or that of one of the two-phase fields between two adjacent phases. Prior to the
actual transport experiment, the samples were annealed in the presence of the trans-
port agent at 840 °C to ensure that the solid reached equilibrium state. A transport
could be observed in all experiments. In most cases, the transport was incongruent:
the composition of the phase(s) deposited at 950 °C differed from that of the applied
solid material. An enrichment of tantalum in the sink occurred in the majority of ex-
periments. Ni,Ta alone could be transported congruently. In the transport from the
two-phase field between Ni;Ta and Ni, Ta, both these phases were detected in the sink,
as well. When transporting from the two-phase field between the nickel-rich solid so-
lution and NigTa, a reproducible enrichment of nickel took place and the nickel-rich
solid solution was deposited. Moreover, the experiments revealed the apparent ex-
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istence of a so-far unknown phase of the composition Ni;Ta, which is isostructural
with Ag;Y, [31]. A clear indication was furthermore provided of the existence of a
phase with the analytically determined composition NiTag, which however could not
be characterized by X-ray investigations. The correlation between the compositions of
source and sink is depicted in Figure 11. The dots mark the composition of the source,
arrowheads the composition in the sink. The three experiments that deviate from the
others for reasons as yet unknown are symbolized by dashed lines.

When the direction of enrichment reverses at a certain composition of the source
material in a binary system, this is also referred to as a transport shed.
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Figure 11: Transport behavior in
x (Ta) in % — the system nickel-tantalum.
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Palladium-aluminum, gallium, indium

The chemical behavior of palladium differs fundamentally from that of group 13
metals of the periodic table. While group 13 metals form thermally very stable tri-
iodides, the single known iodide of palladium, Pdl,, decomposes into the elements
under heating. A transport of intermetallic phases composed of palladium and a
group 13 element with iodine may thus hardly be expected to be feasible. Despite
these prospects, however, the following intermetallic phases from these systems were
successfully transported with iodine as the transport additive:

Pd-Al: Pd,Al[32, 10], PdAl [10], PdsAl [32], Pd:Al [32, 10]

Pd-Ga: Pd,Ga [10, 33], PdGa [10], Pd:Ga [10]

Pd-In: PdsIn [10], Pd,In [10], PdIn [10], Pd:In [10]

Systems of this kind are apparently characterized by unusual properties that ren-
der the unexpected transport behavior under these conditions possible in the first
place. This is consistent with the equally surprising observation that Pt—-Al phases
form at 1200 °C in a hydrogen atmosphere from platinum and aluminum oxide. In the
absence of platinum, the reduction of aluminum oxide is not possible under these
conditions [34].

An explanation of the unanticipated transport of the intermetallic phases just
mentioned results from an inspection of the gas phase composition. This is to be il-
lustrated with the example of the transport of Pd,Ga [33].

Palladium cannot be transported with iodine, since the stability is too low for
gaseous palladium iodides to be formed. Gallium, in contrast, forms thermodynam-
ically very stable gaseous iodides (Gal, Gal;, Ga,l,, Ga,l¢). The energy of formation
of gaseous PdI, has been estimated in a dissertation to be 230 kJ-mol ™ [10]. Gaseous
Gals (AHS% = -138 k]-mol’l) is more stable by about 370 k]-mol’l. The formation of
Gal; should therefore consume the transport agent iodine almost completely. A simul-
taneous transport of palladium and gallium should thus not be expected according to
this reasoning. The transport which can nevertheless be observed is to be ascribed to
the formation of a gas complex of the composition PdGa,Ig, which appears in the gas
phase in noteworthy concentrations (see Figure 12). Merely by the formation of such
gas complexes can palladium be transferred into the gas phase and thus enable the
chemical transport of intermetallic phases in said systems.

2.2.3 Ternary systems

Hardly anything is known to date about the chemical transport in ternary intermetallic
systems, an systematic investigations are particularly lacking. The few already pub-
lished works show that ternary intermetallic phases are also accessible via chemical
transport. However, it seems to be premature to draw general conclusions from the
results published so far.
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Cobalt-tantalum-germanium [5]
The chemical transport in this system appeared promising since previous transport
experiments in the binary systems Co-Ta, Co—Ge and Ta—Ge had led to the crystalliza-
tion of intermetallic phases [2]. Transport in those three systems was carried out with
iodine as transport additive at the following temperatures: Co-Ta (800 — 950 °C),
Co-Ge (900 — 700°C) and Ta—Ge (800 — 950), hence exothermic in two systems
and endothermic in one system. Despite these different transport directions in the bi-
nary systems, the crystallization of ternary Co—-Ta—Ge phases succeeded via transport
towards the hotter zone. An incongruent transport was observed in all conducted ex-
periments. The transport tends to result in an enrichment of tantalum. There have
been reports that not all experiments in this system could be performed reproducibly,
either. Figure 13 depicts the correlation between the compositions in source and sink.
The fact that reproducibility cannot always be granted in the incongruent trans-
port of intermetallic phases becomes understandable in the following considerations.
Let us presume a solid of the homogeneous composition A, B, to be at the source.
When one of those two components, A in this example, is preferentially transferred
towards the sink during the transport, an enrichment of B will necessarily occur at
the source. In this solid/gas reaction, the enrichment will at first take place on the
surface of the A, B,, particles, so that gradients in the composition within single parti-
cles and possibly also the uncontrolled formation of new phases are to be expected.
Such processes are hard to determine experimentally and an at least temporary state
out of equilibrium may be reached which may result in limited reproducibility. The
same is equivalently true for the transport of ternary phases. On this account alone,
the thermodynamic modelling of an incongruent transport of binary or ternary inter-
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metallic phases does not seem very promising, even if the thermodynamic data of all
participants in the reaction can be provided.

Chromium-germanium-silicon [8]

The chemical transport in this system is at present possibly the most exhaustively
researched transport in a ternary intermetallic system. The transport is carried out
with iodine in a temperature gradient from 800 to 1000 °C. The authors report on the
formation of single crystals possessing homogeneous composition within individual
crystallites. At the same time, they report on a very incongruent and time-dependent
transport behavior. Attempts at thermodynamical modelling of the transport behav-
ior proved unsatisfactory. For further investigations, the authors recommend a careful
control of the solids in source and sink, not only on a few chosen crystals, as well as the
application of solids without degrees of freedom. They advise to choose large amounts
of substance at the source while keeping the duration of the transport short in order
to guarantee conditions as constant as possible during the experiment.

3 Experimental approach

The experimental approach is comprehensively described in [2], so that the following
section merely goes into the specifics of the chemical transport of intermetallic phases.
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The most important control instrument for influencing the composition of the de-
posited sink materials is the composition of the source. Usually, a mixture of the ele-
ments in a specific ratio is applied as initial solids. In order to adjust reproducible and
well-defined transport conditions, it makes sense to equilibrate the mixture of initial
components in a pre-reaction. This is effected most simply by isothermically heating
the prepared and closed transport ampoule containing initial solids and transport ad-
ditive for a certain period of time. The duration of this pre-reaction depends on the
nature of the applied metals (powder, foils, pieces, etc.) and the temperature. Finer
material and high temperatures promote equilibration on the one hand, but on the
other hand they increase the possible reaction rate with the ampoule material. Fur-
thermore, the use of fine powders may be a source of unwanted water and/or oxygen
in the system. The duration of such pre-reactions can be within the range of several
days or weeks. If necessary, the progress of the reaction can be monitored via X-ray
diffraction. For a systematic investigation of a binary system, it is recommended to
vary the composition in steps of 10 at.% and conduct the series of experiments under
otherwise identical conditions. Incongruent transport behavior can often be observed
in the transport of intermetallic phases, thus gradually changing the composition of
the source materials. In order to realize constant thermodynamic conditions, it is ad-
visable to choose the composition of the source materials to lie within a two-phase
region, if available. The chemical activities of all components are constant within a
two-phase region. The use of high net weights of source materials also leads to quasi-
stationary transport behavior for a while.

The above-mentioned reaction of the initial material with the ampoule material
can be minimized by the use of suitable interior crucibles. However, a reaction of the
gas phase with the ampoule material cannot be prevented this way. The amount of
transport agent is generally chosen to achieve a pressure of about one bar in the am-
poule at the mean transport temperature. In some cases, smaller amounts of transport
agent, e. g., 0.25 to 0.5 mg~ml’1, are favorable in order to avoid the condensation of
halogenides. Mostly, the concentration of the transport agent has only little influence
on the composition of the sink material. It became apparent, however, that small total
pressures and in particular small temperature gradients more often lead to congruent
transports than high total pressures and large temperature gradients [19].

4 Summary

It was demonstrated that, for the crystallization of intermetallic phases, chemical
transport reactions offer a great experimental potential which, however, is scarcely
exploited yet. Even regarding binary systems, only a few have been investigated con-
cerning their transport behavior. Less than ten examples have been published for
ternary and more complex systems. Thus, we are far from tapping the full potential

printed on 2/13/2023 8:11 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

Chemical vapor transport of intermetallics = 137

provided by chemical transport reactions. The following characteristics can be re-

capped from the work published so far on chemical transport of intermetallic phases:

The chemical transport of intermetallic phases follows that of the metals.

The transport additive most commonly used is iodine.

The preconditions for a joint transport of several elements under formation of in-
termetallic phases are particularly favorable in the case of chemically similar ele-
ments.

In certain cases, the joint transport is successful even for chemically very differ-
ent elements (Pd, Ga). In this instance, gas molecules containing several various
metals (gas complexes) frequently play a role.

Incongruent transport behavior can often be observed in the transport of inter-
metallic phases.

The experimental and instrumental effort is yet meager.

The products are not contaminated by impurities from, e. g., flux material.
Generally, there is no contamination of the crystals by the transport agent.
Well-developed individual crystals with readily identifiable crystallographic
planes are frequently obtained.

Chemical transport reactions are particularly suitable as an alternative to other meth-

ods of synthesis or crystallization in the following cases:

The phases exhibit very high melting temperatures (example Mo-W).

The formation of the phases is peritectic or peritectoid (example Cu-Ge).

The phases have very small regions of existence in the subsolidus region (example
Cu-Sn [31]).

The phases are not crystallizable from the melt (low-temperature modifications,
e.g., FeGe [2]).

The phases differ only slightly in their chemical composition (example Fe—Ge).

When considering a chemical transport reaction for the preparation of intermetallic
phases in a system not yet examined to this effect, it appears to be reasonable to an-
swer the following questions prior to the experiment:

Can the elements involved be deposited via chemical transport?

Can the transport be carried out for all elements involved with the same transport
agent?

Are the transport temperatures in the same range?

Is the transport direction identical?

Is the formation of gas complexes to be anticipated?

Should the answer to at least some of these questions be “yes”, then the preconditions
for a joint transport are promising.
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Michael Feuerbacher

Growth of high-entropy alloys

1 Introduction

High-entropy alloys (HEAs) represent a novel field in materials science, engaging with
alloys that have a high number of components, typically five or more, none of which is
present in a predominant proportion. The concept of these baseless multicomponent
alloys was proposed in 2004 independently by Yeh et al. [1] and Cantor et al. [2]. The
research was initially focused on equiatomic compositions, i. e., alloys, in which the
molar ratios of all components are equal, and solidify as (near-) ideal solid solutions
with a simple crystal structure. The pioneering works of Cantor and Yeh triggered in-
tense worldwide research and led to a tremendous increase in publication activity.
Recently a comprehensive book summarizing the state of the art was released by Gao
etal. [3].

HEAs are conceptually different from the conventional alloys scientifically ex-
plored and technologically applied over the past 200 years—conventional alloys typi-
cally consist of one dominant primary element (e. g., Fe in steels; Al, Ti or Mg in light
metals; Ni in high-temperature alloys) to which small amounts, typically less than
5 wt.% in sum, of empirically identified alloying elements are added to attain and
optimize particular properties. Examples are the addition of C for the improvement of
strength, Cr for corrosion resistance and Al for particle strengthening of nickel-based
superalloys in high-temperature applications. In the history of metallurgy, there are
only very few successful instances of alloys based on more than one element. Ex-
amples are Permendur, based on an FeCo alloy as soft-magnetic material with a 2%
addition of V (Fe,9Co,4V,) for improved mechanical performance and machinability,
Invar Feg,Nis¢ as a material with a uniquely low coefficient of thermal expansion and
Fe;,Ni;(Cr,o as a material with a specifically high electric resistivity to be used as
heating elements.

The conceptually new approach of HEAs opens up possibilities for novel physical
properties. Indeed, HEAs display a variety of technologically appealing and tunable
characteristics, such as high hardness, strength and ductility, oxidation and wear re-
sistance, magnetism, etc., which render them attractive for applications (e. g., [4]).
HEAs also show attractive characteristics, in conventional materials mutually exclud-
ing properties, such as, for example, low density and high hardness [5]. Several HEAs
display exceptionally high strength: Yield stresses of about 2.5 GPa [6, 7] and fracture
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stresses approaching 4 GPa [8] at room temperature have been reported in alloys con-
taining more than one phase. Single-phase bcc alloys can also be remarkably strong,
the refractory single-phase HEA VNbMoTaW, e. g., shows a 0.2 % yield stress of 1246
MPa at room temperature [9]. Single phase FeCoCrMnNi was demonstrated to show
fracture-toughness values above 200 MPa m'? [10], which exceeds the toughness of
virtually all alloys and pure metals. Technological potential of HEAs has been iden-
tified in the fabrication of machine components, dies and molds, corrosion-resistant
parts, cutting tools, functional coatings, hard-facing, thin-film resistors, diffusion bar-
riers and high-temperature structural components, as summarized by Yeh etal. [11].
Likewise, HEAs are highly interesting from a basic scientific point of view.

In the literature, there exist very few reports dedicated to single-crystal growth
of HEAs. Ma at al. [12] succeeded in the growth of a single crystal of composition
CoCrFeNiAly ; by means of the Bridgman technique. The single crystal described in
that paper, however, was fairly small, having a volume of about 0.35 cm?. A larger sin-
gle crystal was grown by Feuerbacher et al. [13] of equiatomic FeCoCrMnAl, also by a
Bridgman approach. This single crystal of about 5 cm’ consisted of a two-phase struc-
ture of coherent B2 inclusions in a bcc matrix. There are some experimental reports on
single crystalline samples, which were in fact very small samples taken from coarse
grained polycrystals, e. g., [14]. Otherwise, most experimental studies have been car-
ried out on polycrystalline samples, often also on multiphase materials.

A huge body of work in the literature has to be considered with caution, since in
many cases experiments have been carried out on ill-defined samples, the microstruc-
tural state of which has not been properly documented. In many published studies,
the characterization is insufficient and no attention is paid to the thermal history that
the samples have been subjected to. Nevertheless, frequently, conclusions are drawn
that directly relate experimental results to the assumed disordered nature of the sam-
ples. This is particularly critical since, with the HEAs, a new field in materials science
is being launched, and the basic knowledge required to discriminate between real ef-
fects and mere results of undetected deviant features in the investigated samples is
not yet available. The community has recognized this issue, and accordingly alloy de-
sign, materials development and optimization, phase stability etc. are now increas-
ingly being debated (e. g., [8, 15-18]). Definitely, there is a need for a well-defined
basis of single phase or, preferably, single crystalline samples, to make possible re-
liable conclusions concerning structure-property relations, and eventually to develop
an understanding of the salient physical mechanisms of HEAs.

One of the difficulties faced in materials development of HEAs is the non-availa-
bility of phase diagrams, which, in most intermetallic systems, form the basis of tar-
geted materials development. This, of course, is due to the large parameter space of
multicomponent systems, for which the systematic exploration of a single phase di-
agram would by far exceed laboratory timescales. Only selected isopleths have been
determined experimentally [19] and by computational thermodynamics [20]. It has
turned out, however, that the known HEA phases solidify congruently, so at least the
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melt composition for crystal growth is straightforward. The exploration of the exten-
sions of HEA phase fields in composition and temperature, however, has to be done
by trial and error. For the selection of HEA-forming alloy systems, one has to resort to
empirical, HEA-specific formation criteria, which are described in Section 3.

2 What are high-entropy alloys?

HEAs are composed of a high number of metallic elements, typically around five [1]
and occasionally up to 20 [2]. Their composition usually is chosen equiatomically or
near equiatomically, i. e., none of the elements serves as a base for the alloy. It is com-
monly accepted for researchers to tolerate non-equiatomic compositions within cer-
tain limits that still allow the alloys to be considered baseless. For five-component
alloys, this is the case for compositions in which all concentrations range between 5
and 35 at.% [21]. It is a particular feature of HEAs that they solidify as a single phase
on a simple crystal lattice. A schematic illustration of a five-component HEA is shown
in Figure 1.

Up to now, HEAs with fcc, bcec and hep structures have been found, the unit cells of
which contain between two and four atom positions. The number of symmetrically in-
equivalent lattice sites is thus lower than the number of alloy components, which is an
obstacle against the formation of a chemically ordered crystal structure. This dilemma
is solved in HEAs by random placement of the atoms onto the lattice sites: The struc-
ture of an ideal HEA consists of a perfectly random substitutional solid solution on a
simple crystal lattice. HEAs thus simultaneously possess chemical disorder and topo-
logical order (Figure 1) and therewith constitute a third class of metallic materials be-

Figure 1: Schematic of a
cubic five-component high-
entropy alloy. Since the
atoms are arranged ran-
domly on the crystal lattice,
the alloy possesses chem-
ical disorder and topologi-
cal order at the same time.
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tween ordered crystals and metallic glasses. Materials belonging to the class of or-
dered crystals, which comprises conventional metallic crystals as well as quasicrystals
and complex metallic alloys, possess both chemical and topological order (for which,
in the case of quasicrystals, the lattice does not need to be periodic). The class of metal-
lic glasses, on the other hand, comprises all materials possessing neither chemical nor
topological order. Examples of ideal (or near ideal) HEAs are the equiatomic phases
in the systems FeCoCrMnNi [2], ZrNbTiTaHf [22] and HoDyYGdTb [23], which solid-
ify as a single phase with fcc, bce and hep structures, respectively. With their unique
and salient features, HEAs open up a novel branch in materials science posing basic
scientific challenges, ranging from the hardly explored physics of concentrated solid
solutions to the implications of the presence of competing types of order. With their
additional degrees of freedom in phase formation, HEAs also offer promising potential
for technological applications.

In many alloy systems, it is observed that baseless multicomponent alloys solidify
not as a single phase, but instead the formation of two or sometimes more phases is ob-
served. This is still far below the number of phases allowed by Gibbs’ phase rule [24],
but excludes that these alloys are considered ideal HEAs. A typical example is the
equiatomic two-phase alloy AlCoCrFeNi, which solidifies as an ordered B2 matrix with
disordered bcc inclusions [25]. In order to discriminate this microstructurally different
case, recently the term “compositionally complex alloys” (CCAs) was introduced (see,
e. g., [26]). CCAs are thus baseless multicomponent alloys solidifying in multiphase
form, while the term HEA should exclusively be used for such solidifying as a single-
phase. Be aware, however, that in the literature multiphase alloys are often referred
to as HEAs, particular in earlier publications.

Today, several alloy systems are known in which HEAs or CCAs form. Their con-
stitutive elements are located in distinct regions of the periodic table: a first group
of HEAs includes combinations of transition metals (TMs), ranging from the lighter
TMs, e. g., the firstly discovered HEA FeCoCrMnNi [2], to the heavier TMs, e. g., the re-
cently reported AuCuNiPdPt alloy [27]. These HEAs typically have fcc structure. A sec-
ond group of HEAs is established by combining refractory metals. These typically
form single-phase bcc HEAs, e. g., ZrNbTiTaHf [22] and NbMoTaWV [28]. A third group
of hexagonal HEAs was discovered in rare-earth systems, e. g., HoDyYGdTb [23] or
YGATbDyLu [29]. Hexagonal HEAs in non-rare-earth systems were recently found in
the four-component systems CoFeReRu [30] and HfScTiZr [31]. For a further group of
well-investigated phases, transition metals are combined with aluminum. The inclu-
sion of aluminum drives these systems towards bcc structures, and they are typically
multiphase CCAs, since Al tends to the formation of intermetallic phases with many
transition metals. Typical examples are equiatomic AlCoCrMnNi [1] and FeCoCrMnAl
[32] both having bcc/B2 two-phase microstructures. It is however interesting to note
that non-equiatomic alloys in the Al-Co—Cr-Fe—Ni system (below 0.3 molar fraction
Al) are single-phase fcc HEAs [33].

printed on 2/13/2023 8:11 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

Growth of high-entropy alloys = 145

Extensive listings of known HEAs and CCAs, summarizing alloy systems, compo-
sitions, microstructural states etc., are provided in diverse current review articles, see,
e.g., [3, 34, 35].

3 Formation criteria

At constant temperature and pressure, the stability of a system is defined by its Gibbs
free energy G, which is defined as

G=H-TS. )

Here H is the enthalpy, a measure of the heat content, which in condensed systems
is mainly determined by the total kinetic and potential energies of the atoms in the
system. T is the absolute temperature and S the entropy, which is a measure of the
randomness of the system. Generally, the system is stable at the lowest possible Gibbs
free energy. Any phase transformation in the system is connected to a change in Gibbs
free energy

AG = G2 - Gl’ (2)

where G, and G, are the Gibbs free energy of the initial and the final state, respectively.
While in single-component systems the Gibbs free energy only depends on tempera-
ture and pressure, in alloys it additionally depends on the composition.

Alloying a number of elements involves two conceptually distinct steps that cor-
respond to various changes in free energy. First, the composition of the alloy involves
bringing together the various elements in their relative proportions. The free energy
corresponding to this composition step, G, can straightforwardly be calculated as a
weighted sum of the free energies of the individual components

GC = Z XiGi’ (3)

where X; are the molar fractions of the i elements and G; are their molar free energies at
the given temperature and pressure. In a second step, the actual mixing of the atoms
takes place. This will result in different bonding of the atoms, causing an enthalpy
change, and to a different degree of randomness corresponding to an entropy change.
As a result, the final Gibbs free energy after mixing Gs will be different and involve a
change in Gibbs free energy given by

AGpix = Gf - G, (4)

where for G, and Gy eq. (1) individually holds, i.e., G, = H. - TS, and Gf = Hf - TS;.
Consequently, the Gibbs free energy of mixing, i. e., the change in Gibbs free energy
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due to mixing of all components of the alloy, is given by
AGpix = AHpix = TASpix (5)

where AH;;, = Hy—H, and AS;, = S¢—S,.. The mixing enthalpy AH;, thus represents
the difference in internal energy before and after mixing, and the mixing entropy AS i«
represents the difference in entropy as a result of the mixing step.

This reasoning shows us that the state of an alloy is determined by the Gibbs free
energy of mixing. The mixing enthalpy can be positive or negative, depending on the
bonding states of the atoms relative to the initial states in the individual components.
It can be calculated in terms of a semi-empirical model of atom cohesion, the Miedema
model [36], and values are available in tabulated form for binary systems [37]. The
mixing entropy is always positive and will thus lead to a decrease of the Gibbs free
energy of mixing.

According to statistical thermodynamics the entropy is related to randomness by
the Boltzmann equation

S=klnw, (6)

where k is Boltzmann’s constant and w is the number of distinguishable ways to ar-
range the atoms in the solution. Neglecting thermal entropy, we can refer to this en-
tropy as the configurational entropy. In the initial state before mixing, there is only
one distinguishable way to arrange the atoms, i.e., S, = kIn1 = 0, and therefore

AS ik = klnw. (7)

The number w can be calculated by standard combinatorics. Applying Stirling’s
approximation, we end up with an expression for the mixing entropy

n
ASyix = -R) X;InX, (8)
i=1

where R is the universal gas constant. Since X; are molar fractions, the sum is always
negative and AS,;, always positive. For the special case of equiatomic alloys, AS,;, is
maximum [38]. For all i, X; = 1/n, and eq. (8) reduces to the simple form

AS.ix = RIlnn. 9

In ideal solutions, AH,;;, = O holds, i. e. the mixing leads to no change in internal
energy and the Gibbs free energy change is only due to the change in entropy. There-
fore, the Gibbs free energy of mixing for ideal solutions is always negative, i. e., mixing
always leads to a state of lower free energy. This is consistent with our experience that
mixing of ideal systems, e. g., particles without any interaction, always leads to a ran-
domly mixed final state and never to a separation of the individual components.
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In real systems, on the other hand, AH,;, # 0. Mixing is endothermic or exother-
mic, i. e., leads to absorption or a release of heat. In a quasi-chemical approach, as-
suming that the heat changes are only due to the changes in bond energy of adjacent
atoms, the mixing enthalpy can be included in a quasi-ideal solution model: for a two-
component system of components A and B, it can be shown that the mixing enthalpy
is proportional to the difference € between the energy of unlike bonds ¢,5 and the av-
erage of like bonds €, and €gg, € = €45 - %(SAA + £gp) [39]. The mixing enthalpy is
then given by

AHmix = NangAXB’ (10)

where N, is Avogadro’s number and z is the number of bonds per atom. For an ideal
solution, € = 0 and hence AH,;, = O, consistent with the case discussed previously.
In that case, the arrangement of the atoms is completely random. If ¢ < O the atoms
in the system prefer to be surrounded with unlike atoms, if € > 0, they prefer to be
surrounded by their own species.

For multicomponent alloys commonly the relationship

AH = 4 Z ¢i¢jAH;; (11)
i<j
is used [38], where c; and cjare the concentrations of the elements i and j, respectively,
and AHjy; is the binary mixing enthalpy of elements i and j. The mixing enthalpy of the
alloy can then be calculated using, e. g., the values for AH; provided in [37].
The Gibbs free energy of mixing for non-ideal multicomponent alloys thus reads

AGix =4 Y ¢iG;AH;; + RT Y X;InX;. (12)
i<j i
On theright side of the equation, the first term corresponds to the mixing enthalpy and
the second term to the mixing entropy. As in the case of ideal solutions, the entropy
term always leads to a decrease of free energy upon mixing. In the non-ideal case, the
entropy term balances against the enthalpy term, which can be positive or negative.
A formation criterion for HEAs has been formulated along these lines: Yang and
Zhang [40] introduced the parameter

_ TmASmix

Q= :
|AHmix|

(13)
where T, is the absolute melting temperature of the alloy. For ideal solutions, the melt-

ing temperature can be approximately calculated as the weighted mean of the melting
points of the constituting elements, i. e.,

T, = Z Tm,i’ (14)
i

where T, ; is the melting temperature of element i of the alloy.
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If Q > 1, the entropy term dominates the Gibbs free energy of mixing when the
alloy solidifies and a solid solution can form. The larger Q, the higher are the changes
that a solid-solution phase forms. If, on the other hand, Q < 1the mixing enthalpy is
predominant at solidification, and either an ordered intermetallic compound will form
(when AH,;, is negative), or the components will segregate (when AH,;, is positive).

Other thermodynamics-based criteria have been proposed in the literature. In
their simplest form, only AS,;, is considered, and HEAs are expected to form if AS,;,
islarge [1]. This also illuminates why this class of alloys was referred to as high-entropy
alloys by Yeh. Later on, Zhang and Zhou [38] took the competition between AS,;, and
AH_;;x, which is implied in eq. (5), into account. They formulated a HEA criterion
based on AH,;,, which implies the assumption that AS,;, is large anyway, because
of the high number of components of the alloy. More elaborately, thermodynamics-
based criteria were formulated by Ye et al. [41], relating the Q parameter to the ratio of
the total entropy of mixing and the purely configurational entropy of mixing (which
implies taking not only configurational effects, but also coupling effects of atom size,
atomic packing fraction and the number of elements into account). Senkov and Mir-
acle [42] explicitly addressed the competition between the formation of intermetallic
phases and solid-solutions by comparing their respective formation enthalpies for a
given annealing temperature.

Purely thermodynamic criteria, however, do not suffice to predict whether or not
a solid-solution phase will form, but other critical factors have to be accounted for.
Highly important, as already recognized by Hume-Rothery, is the relative size of the
atomic species in the alloy [43]. If the size difference is too large, substitutional solid
solutions cannot form. As a corresponding criterion, the radius difference

or = /z c;(1-1,/7)? (15)

is considered, where r; are the radii of the components and r is the weighted average
radius calculated according to

7_’ = Zciri. (16)

Taking both thermodynamic and radius-difference criteria into account, limits for
HEA formation can be formulated by statistical evaluation of solidification data. For
as-cast samples, several references provide more or less consistent values: Wang et al.
[44] find that —15k]J/mol < AH,;, < 5kJ/moland ér < 6.6 % are required for the forma-
tion of HEAs. This is comparable to the values provided in [45] (—12Kk]/mol < AH,;, <
5kJ/mol and ér < 6.2%) and [46] (—20 k]/mol < AH_;, < 5kJ/mol and ér < 8%) and,
in terms of the Q parameter, Q > 1.1 and 6r < 6.6 % [40]. All authors agree that oc-
casionally intermetallic phases occur within these limits. For a more likely formation
of pure single-phase HEAs the limits should be narrowed down to about —5KkJ/mol <
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AH_;, < 5KkJ/mol and 6r < 4% [47], or, in terms of the Q parameter, Q > 10 and
6r < 3.8 %. This compares to the findings of Wang et al. [44], which report that anneal-
ing between 50 and 90 % of the melting temperature leads to narrower limits requiring
-7.5Kk]/mol < AH_;, and 6r < 3.3 % due to the formation of intermetallic phases [42].

Two further indicative criteria for HEA formation exist: first, it is favorable if the
components of the alloy possess identical crystal structure. This criterion corresponds
to one of the Hume-Rothery rules for substitutional solid solutions [43], requiring iden-
tical crystal structures of the solvent and the solute atoms. However, this is not a
condition sine qua non, as e. g., demonstrated by the single-phase Cantor HEA Fe-
CoCrMnNi [2], which solidifies in an fcc structure, but contains bcc (Fe, Cr and Mn)
fcc (Ni) and hep (Co) elements. Second, it is favorable if the binary phase diagrams
of the alloy components show a high mutual solubility. Again, this condition is not
inevitable as displayed by the single-phase HEA ZrNbTiTaHf [22], which forms despite
the fact that, e. g., Zn has a very low solubility in Ti and diverse intermetallic phases
exist in the Ti—Zn system [48]. This condition also is not independent of the formation
criterion considering the enthalpy of mixing: if the binary mixing enthalpy of two com-
ponents has a high negative value, they have a strong tendency to form intermetallic
phases.

4 Growth methods

4.1 Polycrystals

HEAs have been produced in bulk form by solidification from the melt using various
techniques and via a solid-state route by mechanical alloying and subsequent sinter-
ing. HEAs in the form of thin films were produced by physical vapor-deposition tech-
niques such as arc deposition, pulse laser deposition or sputtering. In this chapter, we
only consider bulk solidification from the melt; an overview of the other approaches
is provided in [49].

4.1.1 Arc melting

The most commonly used technique for HEA polycrystals is arc melting, where the
melt is directly exposed to an electric arc between a moveable water-cooled tungsten
electrode, the “stinger”, and a water-cooled copper hearth, which acts as counter-
electrode and contains one or more crucibles. The arc is formed by igniting a gas
plasma at low voltage and high current. Laboratory-scale arc-melting devices typically
have sample capacities in the range from a few grams to about 200 grams and reach
temperatures of up to 3500 °C. Therefore, arc melting is essential for the production
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of samples with high melting points, e. g., refractory HEAs in the systems Zr—-Nb-Ti-
Ta—Hf or W—-Nb-Mo-Ta-V.

Arc melters can be used to produce button-shaped samples if the melt is solidified
in the crucibles, or as rods by pouring into a cylindrical copper mold. For the latter,
the pouring process can be accelerated by vacuum in order to achieve higher cooling
rates, a process referred to as suction casting.

The advantages of arc melting are the high temperatures, and the fast heating
and cooling rates that can be reached. A downside of the fast cooling rates is that the
solidification process cannot be controlled very well, and the solidification rate is not
constant throughout the sample. As a result, the microstructure in arc-melted samples
often changes from the surface to the center. Further typical artefacts are elemental
segregation, suppression of equilibrium phases, pores and occasionally cracks, and
tungsten contamination from the anode.

4.1.2 Induction melting

Induction melting is also a very widespread technique, particularly suited to alloys
with not too high melting points, such as, e. g., FeCoCrMnNi or AlICoCrFeN. The mate-
rial is placed inside a high-frequency coil and is heated via electromagnetic induction
of eddy currents in its interior. The melt can be contained in a conventional crucible
or levitated within the high-frequency coil. Levitation melting is particularly advanta-
geous because contamination and reaction of the melt with a crucible can be avoided.
The maximum temperature that can be reached depends on the available generator
power, the geometry of the coil and the physical properties of the constituting ele-
ments.

Induction heating enables precise control of the heating and cooling rates and
also achieves very good homogenization of the material in the molten state. Melting
can be carried out over a wide pressure range, e. g., under a protective atmosphere or
under vacuum. The technique can be combined with rod casting options, which allow
for higher cooling rates, and can be extended to non-conductive elements by the use
of a susceptor. Figure 2(a) displays depicts an equiatomic, 63-g FeCoCrMnAl ingot with
a diameter of about 30 mm, produced by levitation melting in a water-cooled copper
crucible.

4.1.3 Homogenization

HEA samples in the as-cast state generally cannot be considered homogeneous and
in equilibrium. Typically, the microstructure of as-cast HEA samples displays a den-
dritic microstructure (Figure 2(b)). A subsequent annealing step of sufficient time at el-
evated temperature will reduce inhomogeneities, equilibrate stable phases and resid-
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Figure 2: (a) Equiatomic FeCoCrMnAl ingot produced by levitation melting. (b) Backscattered-
electron SEM micrograph of the dendritic microstructure of an equiatomic ZrNbTiTaHf HEA.

ual stresses. The required annealing conditions have to be adapted to the individual
alloy: the annealing temperature usually is chosen close to the melting temperature,
typically 0.8T,, or 0.9T,,. Using a diffusion constant D of about 10 m*s™! [50], diffu-
sion distances V2Dt of 10 nm to 50 nm, which correspond to typical dendrite diameters
in HEAs, require annealing times of about two to 50 h at 0.9T,,,.

4.2 Single-crystal growth techniques

4.2.1 Bridgman technique

The Bridgman technique is a classical approach to single-crystal growth. The melt is
placed in a furnace, in most implementations vertically, under a well-defined temper-
ature gradient. Solidification is induced by downward movement of the melt relative
to the gradient. The geometry of the furnace and the crucible are chosen such that nu-
cleation takes place in a small volume at the bottom of the crucible. This is frequently
attained by using a pointed-tip shaped crucible in combination with a cold finger. The
result of a Bridgman growth typically is a rod-shaped ingot with a diameter equal to
the interior of the crucible.

An advantage of Bridgman technique is that the diameter of the crystal grown de-
pends only on the diameter of the crucible used, which is in contrast to the Czochralski
technique (see the following section). The growth temperature can be chosen freely
such that optimum growth conditions according to the phase diagram are met. Fur-
thermore, the cost of manpower applying this technique is low since the process does
not have to be continuously monitored. A technical disadvantage of the method is that
spontaneous nucleation may take place at the crucible walls and lead to unwanted
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secondary grains. Also, the ingot may stick rigidly to the crucible after cooling, so that
its removal requires destruction of the (sometimes expensive) crucible and can lead
to fracture of the crystals. Seeded growth can be carried out with the Bridgman tech-
nique, but is more difficult to implement than, e. g., for the Czochralski technique [51].

4.2.2 Czochralski technique

The Czochralski technique is another well-known single-crystal growth approach,
which is particularly widespread for the production of large high-quality semicon-
ductor wafers. This technique employs a seed crystal that is dipped into a melt. After
establishing a connection between the melt and the seed, the latter is steadily with-
drawn and a crystal is pulled out of the melt. The process temperature is chosen
such that a stable meniscus forms at the solid-liquid interface and the crystal grows
with the desired diameter. The crucible and the seed can be rotated during growth to
achieve a higher homogeneity of the product.

In order to keep the number of grains in the crystal as low as possible, a region of
very small diameter can be pulled in an early stage of the growth. This so called “thin
neck” is a means for geometrical grain selection by decreasing the diameter so far that
grain boundaries potentially present in the primarily solidified crystal run out of the
crystal and that only one grain survives.

One should discerns between homogeneous and heterogeneous seeding, mean-
ing that either a piece of crystal of the phase to be grown or another suitable material,
respectively, is used as a seed. The first is of particular importance, since it allows for
a deliberately oriented growth of a crystal. If a small oriented single crystal is used,
the newly solidified material preferentially continues the predetermined orientation
of the seed.

The Czochralski technique requires experience to master, but has a number of
valuable advantages. First, the crystal is essentially unstrained during cooling, thus
a high structural perfection can be obtained. Second, the crystal grows freely without
contact to a crucible and thus there is less chance of contamination or spontaneous
nucleation than for the Bridgman technique. Third, as mentioned above, the orien-
tation of the grown crystals can be controlled via the seed crystal. It is furthermore
advantageous in many cases that the growth of the crystal can be observed through-
out all stages of the process.

4.2.3 Zone melting

Zone melting, also referred to as float-zone method, is a two-step process particularly
suitable for materials that potentially react with available crucible materials, or which
have a very high melting point. In a first step, a feed rod of suitable composition is pro-
duced, e. g., by arc melting and subsequent casting into a cylindrical mold. Second,
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the feed rod is placed in a heating device and locally heated, so that a narrow molten
zone forms, which is then moved slowly and uniformly along the ingot. This growth
technique is containerless, i. e., at no time during the growth does the melt come into
contact with a crucible. Most commonly, heating is carried out inductively, by placing
the feed rod vertically inside a high-frequency coil. Other widespread heating options
are mirror furnaces using of high-power lamps as heaters and electron-beam heating
for very high temperatures.

Once the zone is molten, the thickness of the crystal can be regulated by chang-
ing the relative velocity of the upper and lower feed-rod attachments. This makes it
possible, by increasing the relative velocity, to attempt to grow a thin neck for grain
selection similar to the Czochralski technique.

4.2.4 Further techniques

All single-crystal growth experiments on HEAs published to date were carried out by
the three techniques described above or variations thereof. However, there are numer-
ous further single-crystal growth techniques that may be applicable to HEAs. Exam-
ples are: flux growth, where a temperature transient instead of a temperature gradient
as in the Bridgman approach is employed; the Kyropoulos technique, where a crystal
grows from a cooled seed into the melt; horizontal versions of the Bridgman or zone-
melting techniques, etc. For an overview, see, e. g., [51].

5 Single-crystal growth of HEAs

In the field of HEAs to date, not much work has been dedicated to the development of
single-crystal growth routes. The major body of experimental investigations in the lit-
erature has been carried out on polycrystalline samples, produced by arc or induction
melting as described previously. The so-produced as-cast materials for many (but not
all) investigations were subsequently heat treated in order to bring them into a more
equilibrated and homogenized form.

In the following, we will describe the single-crystal growth approaches that were
published, were carried out by the author, or otherwise came to the attention of the
author. To date, this comprises HEAs in only four different alloy systems.

5.1 FeCoCrMnNi

The HEA FeCoCrMnNi was one of the alloys Cantor investigated in his pioneering pa-
per of 2004 [2] and the first single-phase HEA discovered. Single-crystal growth ap-
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Figure 3: Crystals of equiatomic
FeCoCrMnNi produced by
Czochralski growth.

i
%

proaches were up to then carried out via the Czochralski technique and investment
Bridgman growth, both using a melt of equiatomic composition.

Figure 3 displays two crystals grown by the Czochralski technique. Both were
grown under a protective argon atmosphere from an equiatomic melt of high-purity
elements using a coarse-grained homogeneous seed of about 3 mm in diameter, which
was extracted from a previously produced Bridgman ingot. The seed was rotated at 20
rpm and withdrawn at 1 mm/h during the growth. After establishing a stable contact
between the seed and the melt, the temperature was raised in order to decrease the
diameter of the growing crystal, and a thin neck was pulled for grain selection. Sub-
sequently, the temperature was decreased again, which lead to an increase in crystal
diameter. The desired diameter in these growth attempts was about 10 mm, which was
reached faster in the example on the right. The growth was stopped after having been
pulled to about 20 to 25 mm.

The surface of the crystals is clean and shiny, and careful inspection reveals facets
running over the surface from top to bottom. The volumes of the crystals shown are
about 0.8 (left) and 1.6 cm? (right).

Back-reflection X-ray Laue diffraction of the grown crystals was used for a non-
destructive check of the single-crystallinity of the grown crystals. Figure 4(a)—(c) dis-
play a set of Laue patterns of the fourfold (1 0 0) plane (a), the twofold (1 0 1) plane
(b) and the threefold (11 1) plane (c) taken of the surface of the left crystal in Figure 3.
These patterns are consistently found on the surface by rotating the crystal by the cor-
responding relative angles on a goniometer stage. The Laue reflections are clear and
sharp, indicating the high structural quality of the material.
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Figure 4: Back-reflection X-ray Laue patterns of the fourfold (1 0 0) plane (a), the twofold (10 1)
plane (b), and the threefold (11 1) plane (c) from a Czochralski-grown FeCoCrMnNi single crystal.
Optical micrograph of an etched slice of a coarse-grained FeCoCrMnNi crystal with five grains (d).
The length of the scale bar is 1 mm.

Seeded Czochralski growth does not always reproducibly lead to single-crystalline re-
sults. Figure 4(d) shows an optical micrograph of a slice extracted from the crystal on
the right in Figure 3. The surface was polished and etched in order to make the grain
boundaries visible. The slice consists of five grains, the largest of which extends over
about a quarter of the surface area. The grain boundaries are straight and separate
regions of clearly different contrast. Laue investigation of this crystal shows consis-
tent images only within the surface areas corresponding to a single grain, traversing
a grain boundary leads to discernibly different patterns.

Even the single crystals displaying consistent Laue images, which are thus con-
cluded to be single crystals, occasionally display the presence of subgrains, i. e., crys-
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tal areas tilted by relative angles of a few degrees, which are separated by low-angle
grain boundaries. Figure 5(a) shows a backscattered-electron image taken in the scan-
ning electron microscope (SEM) at a high probe current. The sample area consists of
two grains, a triangular grain G1 in the lower part of the image and the rest G2. These
grains are imaged with discernible contrast in the SEM and are separated by a grain
boundary (black arrow), which is essentially straight. The larger dark grain G2 consists
of four subgrains, imaged with much lower contrast. The subgrains are separated by
subgrain boundaries, which often appear much wavier (white arrow) than the regu-
lar grain boundaries. Subgrain boundaries can also be detected in Laue diffraction:
Figure 5(b) is a Laue pattern taken with the X-ray beam placed exactly on a subgrain
boundary. All spots are doubled, and the pattern corresponds to two superposed sim-
ilar Laue patterns belonging to the two subgrain orientations. The relative angle of
the subgrains can be determined by measuring the distance between two spots (e. g.,
using a Wulff net) and in this example amounts to about 2°.

Figure 5: (a) Backscattered-electron micrograph of a FeCoCrMnNi crystal. Two grains, G1 and G2 are
present, which are separated by a grain boundary (black arrow). In grain G2, additional subgrain
boundaries (white arrow) are present. (b) Back reflection X-ray Laue pattern taken in a surface area
containing a subgrain boundary displaying double spots (arrow).

Outstandingly large single crystals of the Cantor alloy were produced by investment
Bridgman casting [52]. Investment casting is a well-established manufacturing pro-
cess based on lost-wax casting, routinely used on an industrial scale, e. g., for the
production of single-crystalline intermetallic turbine blades. The alloy is inductively
melted in vacuum in a rotatable crucible and then poured into a pre-heated mold,
which is then, corresponding to the Bridgman process, withdrawn from a tempera-
ture gradient to induce solidification. For the growth of the Cantor alloy, a zirconia
shell mold with a spiral grain selector was used. The latter separates the primary so-
lidification volume of the mold, the starter block, from the region in which the actual
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crystal grows. Of the several grains nucleating in the starter block, only a single one
survives the competitive growth through the spiral [53].

A crystal was grown under the following conditions: an equiatomic melt was com-
posed of high-purity elements and pre-alloyed by arc melting under 500-mbar argon
atmosphere. Bridgman investment casting was carried out in vacuum (10~* mbar)
with a temperature gradient in the casting mold of 6 Kmm™ and a withdrawal rate
of 3mm min~". Figure 6 displays the resulting crystal after removal from the crucible.
The part on the left-hand side solidified in the starter block, the middle part in the spi-
ral grain selector, and the actual crystal extends to the right-hand side. The crystal has
a length of about 110 mm and a diameter of 15 mm. It was found to be entirely single
crystalline with a growth direction parallel to the <0 0 1> direction of the fcc lattice.

Figure 6: Equiatomic FeCoCrMnNi single crystal produced by investment Bridgman casting. Image
courtesy by U. Glatzel, University of Bayreuth [52].

The final crystal had an average composition of Fe,; 3C0,, gCr,q 4Mng;Ni,3 g measured
by micro X-ray fluorescence analysis. The Mn content varies during growth due to
evaporation: at the beginning of the growth, i. e., at the bottom of the crystal, 11.1at.%
and at the end of the growth 7.8 at.% Mn were found.

Figure 7(a)-(b) show a back-reflection Laue X-ray pattern and an electron backscat-
ter diffraction (EBSD) pole figure taken in the SEM, respectively. Both were taken
perpendicular to the growth direction and display the fourfold pattern of the (0 0 1)
plane. The reflections in the Laue pattern are sharp, and the poles in the EBSD figure
are narrow, which reflects the high structural quality of the sample. The mosaicity is
small with a deviation from the <0 0 1> growth direction below 5°.

Further analysis shows that one of the slices taken from the crystal contains a
small-angle grain boundary. This can be seen as a change in the etch pattern in Fig-
ure 7(c), where the small-angle grain boundary is located between the two arrows.
X-ray Laue investigation of the two subgrains demonstrates that their relative angle
is 4°. The etch pattern itself (Figure 7(d)) reflects the fourfold symmetry of the <0 0 1>
direction in the fcc structure.
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Figure 7: Characterization of the FeCoCrMnNi single crystal shown in Figure 6. (a) Back-reflection X-
ray Laue diffraction perpendicular to the growth axis, showing the fourfold pattern of a (0 0 1) plane.
(b) Corresponding {0 0 1} pole figure obtained by EBSD-SEM of the texture displaying the <0 0 1>
growth direction and narrow mosaicity. The linear grey scale spans from 0 (white) to about 36 (dark
grey). (c) Optical micrograph of the surface of an etched slice taken from the crystal. The change

of the pattern indicates the presence of a small-angle grain boundary (arrows). (d) Etch pattern at
higher magnification. The pattern reflects the symmetry of the (0 0 1) surface.

5.2 Al-Co-Cr-Fe-Ni

Al-Co-Cr-Fe—-Ni is another well investigated HEA-forming alloy system. Near equi-
atomic HEAs in this system are known to solidify as a two-phase material with an
ordered B2 matrix rich in Al and Ni and disordered bcc inclusions rich in Cr and Fe [25].
At Al contents below about 0.3, the alloys solidify as a single phase with fcc structure,
and a transition with co-existing bcc and fcc phases extents from Al contents of about
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Figure 8: (a) Equiatomic AlCoCrFeNi crystal produced by Czochralski growth. (b) Backscattered-
electron micrograph displaying a set of grain boundaries and the presence of a two-phase mi-
crostructure. (c) Backscattered-electron micrograph at higher magnification displaying the presence
of a brighter Cr and Fe rich phase in a darker Al and Ni rich matrix.

0.3-0.88 [33]. Single-crystal growth approaches were carried out for three different
compositions in this system.

Figure 8(a) shows a crystal of equiatomic composition AlCoCrFeNi grown by the
Czochralski technique. The growth was carried out using pre-alloyed high-purity ele-
ments under a 600 mbar argon atmosphere at a pulling speed of 10 mm/h from an alu-
mina crucible. As a seed, a pointed tungsten rotating at 20 rpm was used. After pulling
of a thin neck, the crystal cursorily looks good, but closer inspection reveals that it
is polycrystalline and contains multiple phases. Figure 8(b) is a SEM backscattered-
electron micrograph showing a set of grain boundaries, the grain size in the crystal is
of the order 500 pm to 1 mm. It also displays the presence of a two-phase microstruc-
ture. At higher magnification (Figure 8(c)), the presence of a brighter Cr and Fe rich
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phase in a darker Al and Ni rich matrix is clearly seen, consistent with investigations
in the literature (e. g., [25]).

A crystal of different composition in this system is shown in Figure 9. Here a melt
of composition Al,gCo,,Cr;Fe;sNiys was used, which corresponds to the measured
matrix composition of the equiatomic crystal. The growth was carried out slower than
that of the latter, at a speed of 1 mm/h after necking. The outer appearance of the re-
sulting crystal is less shiny (besides the lowermost part, which was pulled rapidly out
of the melt at the end of the growth process). The crystal was found to consist of about
four to six large grains. A set of grain boundaries is seen in the high-current SEM elec-
tron backscatter image in Figure 9(b). On a 100-micron scale, the inspection by SEM
using an electron backscatter detector shows no features (see Figure 9(c)), i. e., the

Figure 9: (a) Al,gC0,(Cry;Fes5Niyg crystal produced by Czochralski growth. (b) Backscattered-
electron micrograph displaying a set of grain boundaries. (c) Featureless backscattered-electron
micrograph at higher magnification.
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material appears like a single phase. Closer inspection by means of high-resolution
scanning transmission electron microscopy (STEM) with a high-angle annular dark-
field detector, however, reveals that the material consists of an Al-Ni rich matrix with
spherical inclusions of a density of about 2 vol.% (Figure 10). The matrix was identified
by high-resolution STEM and electron diffraction as a B2 structure [54]. The spherical
inclusions are rich in Cr and Fe and of disordered bcc structure. Their size distribu-
tion is highly monodisperse, the diameter of most particles amounting to about 17 nm.
Their lattice is perfectly congruent with that of the matrix (Figure 10(b)). This was also
observed for equiatomic AlICoCrFeNi HEAs [55], which is composed of the same phases
but with a higher proportion of inclusions [25].

Figure 10: (a) High-resolution STEM image of Al,gCo,,Cry;FessNi,g displaying the presence of spher-
ical inclusions. (b) At higher resolution the congruent interface between the inclusions and the ma-
trix is seen.

Ma et al. [56] successfully grew single crystals of an alloy on the Al-poor side of the sys-
tem, with a composition Al ;CoCrFeNi. In this region of the alloy system, the material
solidifies as a single phase with fcc structure [33]. These authors employed a Bridg-
man setup, with a tube crucible 3 mm in diameter, which was inductively heated and
withdrawn at a velocity of 5 um/s through a temperature gradient of about 45 K/mm
into a water-cooled Ga-In-Sn liquid. The outstanding feature of their approach is that
two subsequent Bridgman runs are carried out, in between which the crucible tube is
turned by 180°.

Figure 11 on the left-hand side schematically shows the resulting crystal after the
first Bridgman run. At the bottom of the tube crucible, a dendritic microstructure (D)
corresponding to the as-cast state of the pre-melted alloy resides. Along the direction
of growth (arrow), a varying microstructural morphology developing from equiaxed
grains (E) with grain sizes 50-300 um, to extended columnar grains (C) in the mil-
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Figure 11: Growth of an Aly 3CoCrFeNi crystal by the Bridgman technique according to Ma et al. [56]
(see text). Image courtesy by Y. Zhang, University of Science and Technology, Beijing.

limeter range, is found. Towards the upper end of the crucible, a single grain (S) ex-
tending over the full diameter of the tube prevails. On the right-hand side, two SEM
micrographs of the equiaxed-grain and the columnar-grain region, respectively, are
shown.

For the second Bridgman run, the tube crucible is inverted and the procedure is
repeated under the same conditions. The single-crystalline region is now at the bottom
and not entirely melted, so that it acts as a seed for the solidification of the melt. As
a result, the entire crystal solidifies in the form of a single grain. Due to the use of a
rather small crucible, the final single crystal has a diameter of 3 mm and a length of
50 mm, i. e., its volume of 0.35 cm’ is rather small. However, this ingenious approach
most likely can be scaled up and be used for the growth of larger single crystals.
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5.3 Zr-Nb-Ti-Ta-Hf

Senkov [9, 22] was the first producing HEAs using refractory metals, which is a promis-
ing idea since the binary enthalpies of mixing for these elements are mostly very low
and the mutual solubilities high. An issue for the growth of refractory HEAs is their
melting point which is typically very high, thus ruling out diverse crucible materials.
Zirconia and Alumina crucibles, e. g., can only used up to about 1,750 and 2,000 °C,
respectively. Here we discuss HEAs in the system Zr—Nb-Ti-TaHf, which solidify as
a single-bcc phase at an estimated melting point of 2,250 °C [22] (for the equiatomic
case). Single-crystal growth experiments have, up to now, been carried out exclusively
by zone-melting on HEAs of two different compositions.

Figure 12(a) shows a view into the growth chamber during the production of a Zr—
Nb-Ti-Ta-Hf crystal by zone melting. The crystal is heated via the induction coil in
the center of the hot zone and molten locally over a length of about 5 mm. In this ex-

Figure 12: (a) Growth of a Zr-Nb-Ti-Ta—Hf crystal by zone melting. (b) Resulting crystal of the
equiatomic composition. (c) Resulting crystal of the composition Zry, ;Nbsg g Tiy;7Tazg gHfg o The
actual crystal grown is below the arrow (in b) and between the arrows (in c).
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periment, the feed rod, which was in a first step produced by arc-melting and casting,
is moved upwards with respect to the fixed coil, so that the crystal grows from top to
bottom.

A resulting crystal of the equiatomic composition ZrNbTiTaHf is displayed in Fig-
ure 12(b). In the upper part of the figure, the feed rod is seen. The growth was started
at the position of the arrow and continued downwards with a rate of 5 mm/h with
synchronized velocities of the upper and lower feed-rod attachments, resulting in
an approximately constant diameter. The growth is carried out under rotation of the
upper feed rod. The growth was terminated after about 50 mm by fast movement of
the upper feed-rod attachment. Figure 12(c) displays a similarly grown crystal of a
non-equiatomic crystal with the composition Zr,, ;Nbsq g Ti;;; Tazg gHfg o. During this
growth, after an initial phase of constant diameter for about 21 mm, we experimented
with relative velocities of the upper and lower feed-rod attachments in order to manip-
ulate the crystal diameter. From about 21-28 mm the upper feed-rod attachment was
moved faster than the lower, in order to decrease the crystal diameter. Afterwards, the
velocities were synchronized again, in order to adjust the diameter back to that of the
feed rod. After five additional mm (arrow), the growth experiment was terminated.

SEM analysis shows that both crystals are single phase with a composition close
to that of their melt, and both contain grain boundaries. Figure 13 are optical micro-
graphs of etched surfaces of sectional cuts of the crystal shown in Figure 12(c) and
provide insight to its three-dimensional grain structure. Figure 13(a) displays a slice
taken from the upper part of the crystal perpendicular to the growth direction. The

Figure 13: Optical micrographs of etched sectional cuts of the crystal shown in Figure 12(c).

(a) A slice taken from the upper part of the crystal perpendicular to the growth direction displaying
the presence of five grains. (b) Longitudinal cut between the arrows in (a), showing the presence of
two grains in the upper, and multiple grains in the lower part. The length of the scale bars is 1mm.
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arrows indicate the position of the longitudinal cut shown in Figure 13(b). Here, the
growth direction is from top to bottom and the upper edge corresponds to the location
of the slice shown in Figure 13(a). The grain boundaries are seen as dark lines.

At the position of the upper slice, the crystal consists of five grains. Correspond-
ingly, two large grains are seen in the longitudinal cut. The central grain boundary
runs almost straight through the crystal until multiple branching after about 11 mm
of growth occurs, which separates the crystal into several grains. This demonstrates
that the crystal is not entirely single crystalline but contains large grains with volumes
up to about 0.1-0.15 cm’. Further improvement of the growth process, particularly by
including a thin neck for grain selection, is required to produce larger, single-grained
crystals.

5.4 FeCoCrMnAl

Marshal et al. [32] recently reported on the presence of HEAs in the system Fe—Co-Cr—
Mn-Al. Single-crystal growth of the equiatomic phase in this system was carried out
by the Bridgman technique [13]. An equiatomic melt was pre-alloyed using high-purity
elements and cast into a cylindrical ingot. The growth was carried out at 1,530 °C under
an argon atmosphere of 650 mbar and with a lowering velocity of 5mm/h.

Figure 14 shows an equiatomic FeCoCrMnAl Bridgman crystal from several direc-
tions for an overview of its entire surface. The length of the crystal is 66 mm, the di-
ameter is 11 mm at the bottom and 9 mm at the top. The grain boundaries located
according to visual inspection are marked on the surface. The crystal consists of a
large primary grain marked “P”, the volume of which is about 4.8 cm>. Additionally,
two small secondary grains marked “S” are found in the upper part and in the cen-
ter.

Figure 15 depicts a series of back-reflection X-ray Laue diffraction patterns taken
from the primary grain (represented using an inverted greyscale for better clarity). All
Laue patterns show sharp singular spots and are consistent concerning their relative
tilting angles. Figure 15(a) is the fourfold pattern of the (1 0 0) plane. Figure 15(b) is
the twofold pattern of the (0 1 -1) plane, and Figure 15(c) is the threefold pattern of
the (11 -1) plane. Figure 15(d) shows the pattern of the (21 -1) plane. The long axis of
the crystal, i. e., the growth direction, is tilted by about 14° with respect to the [0 1 1]
direction.

Figure 16(a)—(b) show bright-field TEM micrographs taken close to the [110] zone
axis with the reflections (0 0 1) and (0 0 2) simultaneously excited. The images dis-
play the typical microstructure of the material on a submicron scale. The material
consists of a matrix and inclusions, both existing at an approximately equal volume
fraction. The inclusions can be identified as {0 0 1} platelets of about 65-nm thickness
and a varying lateral extension of the order of 500 nm. Under dark-field conditions
using the (0 0 1) reflection (Figure 16(c)), the inclusions are bright while the matrix
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Figure 14: FeCoCrMnAl Bridgman crystal from several directions, so that its entire surface can be
seen. The grain boundaries are marked on the surface. The primary and the secondary grains are
labelled “P” and “S”, respectively.

is dark, which demonstrates that the inclusions possess B2 structure, and the matrix
is bce.

These conclusions are confirmed by high-resolution STEM. Figure 16(d) is a micro-
graph taken along the [1 1 0] direction with a Z-contrast sensitive high-angle annular
dark-field detector. The upper part of the image corresponds to the matrix area, the
lower part to an inclusion. The phase boundary is horizontally located in the center
of the micrograph and is rather sharp. In the upper part of the image the typical pat-
tern corresponding to the (11 0) projection of the bcc, structure is seen. The contrast
is very homogeneous, and there is no indication of short- or medium-range order. The
lower part of the image, corresponding to the inclusion, clearly shows the presence of
B2 ordering: every other atomic row corresponding to a (0 O 1) plane is significantly
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Figure 15: Back-reflection Laue X-ray patterns taken in the centre of the primary grain of the crys-
tal shown in Figure 14. (a) (1 0 0) plane. (b) (0 1-1) plane. (c) (11 -1) plane. (d) (21 -1) plane. The
images are represented using an inverted grayscale for better clarity.

darker in contrast, which demonstrates the occupation of the corresponding atomic
positions by lighter atoms. Furthermore, it can be seen that the phase boundary be-
tween the bcc and B2 phase is perfectly coherent.

The two-phase structure is similar to that of equiatomic AlICoCrFeNi HEAs, where
bce and B2 phases are also present [25]. However, the matrix/inclusion setting is
inverted: while the FeCoCrMnAl HEA has a bcc matrix and B2 inclusions, in Al-
CoCrFeNi HEAs the matrix is B2 ordered and the inclusions are bcc (see Figure 10).
Chemical analysis by means of energy-dispersive X-ray spectroscopy mapping shows
that the inclusions predominantly contain Al and Co, while the matrix is rich in Fe
and Cr [13].
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Figure 16: (a, b) Bright-field TEM micrographs taken close to the [1 1 0] zone axis displaying the typi-
cal microstructure with the reflections (0 0 1) and (0 0 2) simultaneously excited. (c) Dark-field image
of the region shown in (b) using the (0 0 1) reflection. (b) High-resolution STEM micrograph along the
[110] direction. Upper part bcc: matrix; lower part: B2 inclusion.

6 Conclusions

In this chapter, we demonstrate that single-crystal growth of HEAs, employing com-
mon techniques such as Bridgman and Czochralski growth, is generally feasible. To
date, only a handful of HEA-forming systems have been addressed, and in the litera-
ture only few reports of successful single-crystal growth approaches are available. Sin-
gle crystals of the fcc materials Al ;CoCrFeNi and FeCoCrMnNi, and of the bce/B2 two-
phase material FeCoCrMnAl can be manufactured today, partly in the form of large
cm’-sized crystals.
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HEAs represent a novel class of intermetallic phases, which is located between or-
dered intermetallics and metallic glasses—HEAs uniquely combine the presence of the
chemical disorder of an ideal solid solution with the topological order of a crystalline
material in a multicomponent system. The basic physical properties and mechanisms
resulting from these salient features are not yet understood. Therefore, the availabil-
ity of single-crystalline sample materials is of high importance and will make possible
the determination of intrinsic materials properties without stray influences by grain
boundaries or other impurities. Only then, an understanding of structure property re-
lations for this class of materials can be achieved.

Large single-crystalline samples are also demanded by several characterization
techniques such as neutron scattering, requiring sample volumes of the order of 1 cm>,
surface investigation techniques such as scanning tunneling microscopy, corrosion
and tribology studies, requiring sample surface areas of several tens of mm? and lat-
eral sample surface extensions of up to 10 mm.

The growth attempts described here demonstrate that further efforts are required
to enlarge the spectrum of HEA materials available in single-crystalline form. In a
medium-term perspective, all elemental groups in which HEA-forming systems exist
and all structure classes should be covered. Today, for example, large HEA single crys-
tals of hcp and bee phases, and of rare-earth or refractory systems are not yet available.
Growth experiments in the system ZrNbTiTaHTf, i. e., addressing a bcc refractory phase,
are ongoing but require further development.
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Crystal growth of the filled skutterudite
arsenides by the flux method under enhanced
vapor pressure

1 Introduction

The flux method is becoming more and more widely used to grow high-quality single
crystals. The flux is a material that is liquid at a moderately high temperature and can
dissolve noncongruent or high-melting-temperature compounds, or its constituent el-
ements. Crystals grow when the solution is oversaturated at a low rate. A compre-
hensive review on the principles and applied growth techniques is given by Fisk and
Remeika [1] as well as Canfield and Fisk [2].

The simplest technique of the flux method consists of slow cooling a high-
temperature liquid solution of the compound to be grown in solvent that is, at the
same time, one of the constituent elements of the grown crystal, taken with excess
in relation to stoichiometric content. This is named the self-flux method. The com-
pounds’ solubility vs. temperature dependence determines the composition of the
liquid solution and temperature range for slow cooling. The self-flux method has
been used for growing crystals of numerous binary rare-earth compounds RM; where
R = f-element (La, Ce, Pr, Nd, and Lu), M = main group metal (Sn, Pb, In, and Ga)
[3-6]. A common feature of these compounds is that they are the richest in M binary
phases in R—M systems. After cooling down the solution, one obtain crystals of the
binary compounds in M solid matrix. Crystals of USb, and UBi, compounds are other
examples grown in this way [7, 8].

The molten-metal-solution evaporation method was used to grow U;Bi, single
crystal [9]. This compound is in equilibrium with the U;Bi,-Bi liquid solution at tem-
perature range between 1,150 °C and 1,010 °C. Keeping this system at the fixed temper-
ature of 1,080 °C and setting the evaporation rate of Bi at 0.14 g/h by using crucible
cover and He pressure (~0.173 bar), we create a free crystal in the crucible and Bi at
the cold bottom of the ampoule. The U;Bi, crystals burn explosively in the air. About
a 20-mm’ piece was separated from the bigger crystal, encapsulated in an aluminum
container with a helium atmosphere and examined by neutron diffraction to deter-
mine its quality and magnetic structure. The examination confirmed its good crystal
stoichiometry and its low mosaicity.
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This paper present another flux growth technique, i. e., growing crystals under
enhanced vapor pressure, and demonstrates its utility for growing of the filled skut-
terudite arsenides. As an extended introduction will be presented general informa-
tion in a concise manner about the skutterudites and other techniques for growing
the skutterudite crystals.

2 The filled skutterudite arsenides

The filled skutterudite compounds are the ternary transition metal (T) pnictides with
the chemical formula (4,R)T,X;, (A = alkali metal, alkaline earth; R = rare earth,
actinide element; T = Fe, Ru, Os; X =P, As, Sb), which crystallize in cubic space group
Im-3 and exhibit a wide variety of strongly correlated electron phenomena [10-13]
that attract scientists’ interest. Many of these phenomena depend on hybridization
between the rare earth or actinide f-electron states and the conduction electron states
which, in some filled skutterudite systems, leads to the emergence of semiconducting
behavior.

These compounds were derived from the binary pnictides TX3, the prototype of
which is CoAs;, a diamagnetic zero gap semiconductor [14]. The unit cell of CoAs; is
a cube formed with eight octants, the corners of which are occupied by Co>" cation
atoms. The centers of six of the octants are filled by square radicals [As4]4‘, while
the two remaining octants are empty. Therefore, the valence ratio Co:[As,] is equal
to 4:3 and the total structure remains electrically neutral, favoring a semiconducting
electronic structure.

The TX; compounds belong to the family of Zintl phases, i. e., solid compounds
of metals with nonmetals or metalloids forming polyanions [15] According to the Zintl
concept, 24 valence electrons per TX; formula, or 96 valence electrons per (4, R)T,X;,,
stabilize such skutterudite compounds, affording a tendency for semiconducting be-
havior. Following this concept, Luo et al. [16] discovered a large family of filled skut-
terudites, based on the group 9 transition metals Co, Rh, and Ir, the alkali, alkaline-
earth, and rare-earth elements, and [Sb4]4‘ polyanions. Moreover, electronic structure
calculations—for some representatives of this group—showed they are semiconduc-
tors. Replacing Fe (as well as by Ru or Os) with Co, [As4]4‘ with [Sb4]4_ polyanions,
and filling the two empty octants by Th or tetravalent Ce leaves the structure electri-
cally neutral with the 4:3 valence ratio and 96 valence electrons. Therefore, the semi-
conducting or semi-metallic properties are expected for the modified skutterudites.
This applies to the properties of the phosphide and antimonide skutterudites, as well.
Indeed, CeOs,As;, [17], CeRu,As,, [18, 19] and CeFe,As,, [20] become semiconductors
at low temperatures and ThFe,As,, [21] becomes a semimetal. In the aforementioned
compounds, presumably the tetravalent states of the filler atoms and the semiconduct-
ing state are a result of the hybridization of one f-electron of Ce [22].
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Their high potential for application originates in the possibilities for the modifi-
cation of their electronic properties. This can be demonstrated by their thermoelectric
properties characterized with the dimensionless thermoelectric figure of merit, ZT (for
definition see, for instance, [23], also in this book; Chap. 10, p. 217). The highest ZT ob-
served before 1997, barely exceed one, was for CeyFe;CoSb,, [24], while decade later
ZT exceed 1.8, observed for In-doped multifilled n-type skutterudites [25]. Based on a
recent review on thermoelectricity of skutterudites, G. Rogl and P. Rogl [26] concluded
that the filled skutterudites are “among the most promising materials for a widespread
thermoelectric application in a waste heat gradient from room temperature to about
900 K”. This is the reason to increase of our knowledge of the electronic and other
physical properties of the skutterudites and it can be done in the best way by examin-
ing their single crystals.

3 Growing skutterudites

The flux method under ambient pressure has already been used by Jeitschko and
Braun [27-29], for growing light rare-earth filled skutterudite phosphides and anti-
monides. This method was then slightly modified and used by numerous Japanese
scientists to grow crystals for intensive examination of skutterudites. Shirotani [30]
found that high pressure is useful for synthesis of the skutterudites filled with heavy
rare earths. A comprehensive review on the results of growing filled skutterudite pnic-
tides is compiled by Sato et al. [31]. Basic information on these growing methods is
given in the following section as an introduction to a comprehensive presentation of
the methods of crystal growth under enhanced vapor pressure.

Owing to the low vapor pressure of antimony (much lower than one bar below
1,050 °C), crystals of skutterudite antimonides can be grown by the so-called self-flux
method under ambient pressure. So the RT,Sb,, crystals for T = Ru and Os can be
successfully grown in the molar ratio R:T:Sb = 1:4:20 in a process similar to that de-
scribed earlier [28], i. e., annealing for 3 h at 850 °C, followed by one week at 730 °C.
The Sb-flux was dissolved in aqua regia. This process requires special care, since aqua
regia also attacks the sample. Typically, a few hours are enough for removing Sh-flux.
Inthe case of T = Fe, single crystal growth has to be promoted by a solid-state reaction
since RFe,Sh,, is not stable above ~700 °C [32]. Single crystals might be mechanically
isolated from the Sh-flux.

The skutterudite phosphides were grown in the Sn-flux. The components of the
skutterudite and flux were encapsulated in a quartz tube with a molar ratio R: T:P:Sn =
1:4:20:40. The ampoule is heated up to 1,050 °C in a furnace, kept at this temperature
for 100 hours, cooled down to 650 °C at the rate of 1°C/hour and then the furnace is
cooled down to room temperature [31]. A sufficient amount of Sn dissolves all compo-
nents and reduces the very high vapor pressure of phosphorus at a high temperature.
Reduction of Sn content to the ratio R:T:P:Sn = 1:4:20:20 caused an explosion of the
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ampoule at around 850 °C [31]. The Sn-flux was removed by dissolving bathing in con-
centrated hydrochloric acid that does not dissolve the grown crystals.

The above-mentioned methods do not work for both P- and Sb-based skutteru-
dites filled with trivalent heavy rare earths and for growing crystals of all rare-earth
filled skutterudite arsenides. Shirotani et al. [33, 34] showed that it is possible to obtain
polycrystalline samples of heavy rare earth-filled skutterudites by applying the high-
pressure technique. They obtained RFe,P;, compounds for all the rare earth elements
by wedge-type cubic anvil pressure cell up to ~4 GPa.

Next, the single crystals of RFe,As;, (R = La, Ce, Pr) were grown. Such skutteru-
dite compounds have been grown under pressure 4-5 GPa [31] by Tatsuoka et al., [35]
getting initially good but polycrystalline samples of LaFe,As,,. The constituent ele-
ments R, T and As in the ratio of 1:4:(20-30) are put into a cylindrical boron nitride
crucible, which was surrounded by a cylindrical graphite tube heater. These, along
with a pair of thermocouples, are set into a cylindrical hole in a cube made of pyro-
phyllite and subjected to high pressures up to 3-5 GPa at room temperature. Next, the
crucible was heated to 1,100 °C, kept for one hour and quickly decreased to 950 °C,
then cooled down slowly to 80 °C at a rate of 6 °C/hour, and finally the furnace was
cooled down to room temperature.

4 Crystal growth under enhanced vapor pressure
technique

Vapor pressure of arsenic is too high to grow As-based skutterudite crystals by the self-
flux method in a quartz ampoule under ambient pressure and at high temperature. To
overcome this problem, the first As-based skutterudite crystals, i. e., PrOs,As;,, have
been grown in As-rich Cd:As flux [36, 37] by utilizing the enhanced pressure technique.
The ampoule, sealed with the skutterudite components and the flux, was heated in a
pressure cell with the pressure controlled to compensate an estimated inner ampoule
pressure. Such a technique may also be applied for synthesis and crystals’ growing in
other enhanced vapor-pressure systems. Therefore it is presented in detail.
Reproducible results of growing crystals were observed if crystals of PrOs,As;,
were formed in Cd-As flux with Cd:As ratio < 1/2. The flux could be removed from
the grown crystals by means of sublimation in an evacuated 15-cm-long quartz am-
poule placed into a two-zone furnace. The sublimation is done from zone with tem-
perature 600 °C to zone with about 300 to 400 °C. The flux condenses in the cold zone
in two spatially separated sections, which consisted of As, and CdAs,, respectively.
The CdAs, condensed just beyond the hot zone, while the As condensed at the coldest
end of the ampoule. Then CdAs, and As, mixed in a proper ratio, could be repeatedly
used for growing other crystals. This procedure reduces possible environment pollu-
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tion, whereas the flux behavior suggests it can be treated as the liquid solution of As
in CdAs, solvent.

The vapor pressure of CdAs, at 850 °C, p(CdAs,), was shown [38] to be negligibly
low as compared to that of As, and for simplicity it is neglected in further estimations
of the flux vapor pressures. It is also assumed that the Raoult law can be used to de-
termine the vapor pressure of As over the As—CdAs, liquid solution, p(As),

P(As) = p*(As)[n(As)/(n(As) + n(CdAs,))] )

The temperature dependence of the arsenic vapor pressure can be approximated using
the well-known Clausius Clapeyron law,

lg(p/bar) = A/T +B )

where A = -6892.4 and B = 7.7704 are constants determined for arsenic vapor pres-
sure p*(As) equal to one bar and 28 bar at temperatures of 887 and 1090 K, respec-
tively [39].

Equations (1) and (2) predict the vapor pressures for As, CdAs; and CdAs, s fluxes
at 850 °C to be equal to 43.1, 21.5 and 14.3 bar, respectively. The composition CdAs;
was used for major experiments, which were done in ampoules made of quartz tube
of inside/outside diameters equal to 15/19 mm. The chemical formulas are used only
to give the fluxes’ composition. The ampoule, with flux and skutterudite components
inside, was heated in a custom-built pressure cell.

Two pressure cells, made of creep-resisting steel tubes, were used. The smaller
and simpler cell, of inside/outside diameters equal to 27.5/38 mm and 1,500 mm long,
is welded from the top and a has closing unit at the bottom. The unit is equipped with a
pressure gauge, a straight-run valve and metallic capillary for Ar supply. The decrease
of pressure strength, pg, of the cells with increasing walls’ temperature, 6,,, is given
by eq. (3):

lg(ps/bar) = 4.4374 — 3.5357 x 107> x 6, 3)

Where pg is in bars and 0,, in °C. It delimits Ar pressure, p(Ar), in the cell controlled
to compensate for inner vapor pressure, p(As), in the ampoule heated in the cell. The
Ar pressure should follow the relationship (4):

p(An(0) = (p(As) + E) < ps (4)

where E is an excess of Ar pressure allowed by relation (4) for 0 < E < A and A denotes
a strength of the empty quartz ampoule against outside pressure. It was found that A
depends on temperature and is equal at least 100 bar at room temperature and 18 bar
at 900 °C and was approximated with dependence, 1g(A/bar) = 2.3724-1.2412x10>x6,
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(6 in °C). The high quartz-ampoule strength against outside pressure facilitates con-
trol of the safe value for p(Ar). Additionally, an ampoule strength for inside pressure,
which has not been taken into consideration, increases the ease of using this method.

A rough estimation of the upper limit of pressure/temperature (bar/°C) for p(Ar) of
the small cell, i. e., when the ampoule’s strength is neglected, equals 21.0/881, 24.7/861,
and 33.2/825 for CdAs, s, CdAs; and As fluxes, respectively. The sealed ampoule is
loaded into the cell from the bottom to the top with a ceramic support. The top cell
is placed into a three-zone furnace, providing a low temperature gradient and tem-
perature control satisfying the relationship (4).

The crystal growth process, referred to particular compound, will be given later.

The larger cell, of inside/outside diameters equal to 40/48.5 mm and 1,500 mm
long, is welded from the bottom and has a closing unit at the top end. This unit has
the same devices as that of the smaller cell and is additionally equipped with a pass
for the Ni/Cr—Ni thermocouple and electric wires to power an inner resistance furnace.
The larger cell has a water-cooled system, just below the top end, to protect the closing
unit from overheating. The ampoule is loaded into the inner furnace, and both are
loaded to the bottom end of the pressure cell. The wall temperature and low gradient
are controlled by a two-zone outside furnace. The wall temperature is stabilized at
600 °C, setting the upper limit for the pressure cell at p(Ar) = 207 bar.

The cell with the inner furnace enabled us to test the growth of As-based filled
skutterudite crystals by the self-flux method. The quartz ampoule (4-5 cm? inner vol-
ume) used here, sealed with skutterudite-composing elements and As-flux inside, re-
sisted when heated up to 920 °C under the compensating pressure p(Ar) = 105 bar.
The flux’s vapor is formed with As, molecules, at the expense of liquid As. Its mass
equals m(As,,g) = M(As,) x (Vo/Vy) x (Ty/T) x (p(As)/py), in an ideal gas approx-
imation. There are: M(As,) = 300 g/mol, standard molar volume of the ideal gas
Vo = 22414 cm’ at T, = 273K and p,, = 1bar. Then m(As,, g) is equal to 1.2 g in the free
volume of the ampoule V, = 4 cm?, at temperature T = 1,193K and a corresponding
vapor pressure of 98.5 bar. Estimated quantity of As leaving flux for vapor, typically,
~20 to 40 % of the liquid As flux, should be completed.

It is important to inform readers of an attribution of the previous approximation
(eq. (1) in Ref. [38]) for overestimation of the vapor pressure of As. The previous approx-
imation predicts 137 bar of vapor pressure over As at 920 °C. But present experiments
have shown that such compensating Ar pressure flattens out the ampoule with grown
skutterudite crystals in arsenic flux, though the flattened ampoule remains hermetic.
Unfortunately, an increased transverse dimension of the flattened ampoule broke the
inner furnace. It was also found that the ampoule resisted either under 70 atm and
under 95 atm of the compensating Ar pressures at 890 °C, i. e., that is consistent with
this and the previous approximation, respectively. Furthermore, careful examination
of the strengths of the ampoule against outside and inside pressure may considerably
extend the possibility for easy control of the compensating pressure for higher tem-
perature ranges.
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4.1 Details on growing of selected skutterudite

Typically, the growth of the crystals was performed in the quartz ampoules described
previously. The inside walls of the bottom end of the ampoule were covered with a
layer of pyrolitic carbon. The elemental components of the R, ; T, As;, skutterudite and
the flux were incorporated in the atomic ratio R:T:Cd:As = 1.1:4:20:(72 + m(As,, 8)/8),
i.e., (R ;T,As,+20CdAs;+m(As,, 8)/8), in the case of Cd:As flux, or R:T:As = 1.1:4:(37+
m(As,, g/g)), i.e., (R11T4Asy, + (25As + m(As,, g/g))), in the case of self-flux, and were
loaded into the quartz ampoule and sealed in a vacuum.

Generally, the ampoule was heated in one of two pressure cells, which was filled
with a controlled compensating Ar pressure. The latter exceeded the inner ampoule
pressure, by 0-18 bar at 900 °C. The heating rate was 20 °C/h from 350-650 °C, and
next the rate was increased to ~50 °C/h for heating up to the selected temperature
Oiow > 730°C. The ampoule was then heated and cooled down repeatedly between
00w and 6,,,, + ~15°C, for a period lasting between a few days and weeks, at the rate
3°C/h. Finally, we obtained an ingot of solidified flux with filled skutterudite crystals
after the ampoule was cooled to the ambient temperature at the rate 20 °C/h.

The flux was removed from the ingot by means of sublimation in the two-zone
furnace, as was described before. The released skutterudite crystals were washed in a
mixture of several acids which does not attack the skutterudite crystals but may easily
dissolve rare-earth arsenides and remove them. Other impurities that appear in the
grown material are crystals of diarsenides of transition metals—Fe, Ru and Os. These
crystals can be sometimes hardly distinguished from the skutterudite crystals by
shape and color. Unfortunately, the washing mixture does not dissolve them. However,
diarsenides of the transition metals are semiconductors that, at room temperature,
show thermoelectric power by over one order of magnitude higher than that shown by
the grown skutterudites and can be easily identified by using thermoelectric sound.

A difficult problem produces overgrowing of the iron diarsenide crystals by crys-
tals of the skutterudite phase. Such a case may be revealed by cracks on the skut-
terudite crystal’s surface. The cracks were observed on PrFe,As;, crystal overgrowing
FeAs, phase (see Figure 8 in Ref. [38]) or LaFe,As,, overgrowing FeAs, crystal [40].
Figure 1 shows the latter case. Careful inspection of the crystal surfaces makes possi-
ble noticing that the surface of LaFe,As,, crystal, full of etching holes, contrast with
fine polished-like surface of the FeAs, crystal. It means that LaFe,As;, skutterudite
was dissolved in acid easier than FeAs, crystal, and the latter cannot be removed by
dissolving it in the acid mixture.

This problem can be partially reduced synthesizing the filled skutterudite with
about 5 to 10 % excess of rare earth component and carrying the synthesis in low
temperature gradients. This reduces contamination of the grown crystals with the
diarsenides of the transition metals. On the other hand, a small excess of the rare
earth increases the completeness of filling the skutterudite cages. The excess of the
rare earths forms arsenides that can be easily dissolved in acids. The latter is espe-
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Figure 1: Small FeAs, crystal
overgrown by LaFe,As,, one,
after etching in the washing
mixture of acids.

cially true in the case when the crystallization is carried out in the Cd:As flux. In this
case, the rare-earth arsenides co-crystallize with flux components in the form of paral-
lelepipeds. The latter ones, following sublimation of the flux, are composed of irregu-
lar rare-earth-diarsenide powder with a large amount of interstitial space (see Figure 2
in Ref. [38] for PrAs,) responsible for the rapid dissolving.

Crystals of PrOs,As;, compound were the first ones from the filled skutterudite
arsenides grown by Cd:As flux method under the flux’s vapor pressure [36, 37]. Natu-
rally, a primary question is what ratio of Cd: As optimizes the filled-skutterudite crystal
growth. It was found that when the Cd:As ratio < 4/10, the results of PrOs,As,, crys-
tal growth becomes reproducible. A decrease of the ratio increases the growth rate
and reproducibility of the growing results but simultaneously increases also the vapor
pressure, hence causing technical difficulties. Taking into account these two opposed
effects, the CdAs; flux composition seemed to be optional.

In order to explore the effect of growth temperature on the synthesis of filled skut-
terudite arsenides, PrOs,As;, crystals were grown at 750, 775, 800, 825, 835 and 850 °C
where each growth lasted two weeks. In each case, the elemental composition was
Pr;,0s,As;; + 12CdAs;. The resulting material was analyzed, after the flux was re-
moved by sublimation, followed by washing in the acid mixture and splitting the ma-
terial into two fractions: PrOs,As;, crystals and sand-like formations.

The growth experiments done at 750 °C yielded about 10 % fraction of crystals
with sizes up to ~0.6 mm. As the growth temperature was increased from 750 °C to
825 °C, the amount and size of the PrOs,As,, crystals increased gradually, at the ex-
pense of the sand-like formation. Finally, at 850 °C, no skutterudite growth was ob-
served. Next, two experiments on the recrystallization of small PrOs,As;, crystals, at
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835 and at 860 °C, were performed. Although the recrystallization at 835 °C caused an
increase in crystal size, the crystals also showed clear signs of etching, such as cavi-
ties at faces and rounding the crystal edges. This was presumably due to insufficient
stability of the temperature, as dissolving and growing processes had taken place at
different times. A similar result was obtained at this temperature when the PrOs,As,,
to CdAs; ratio was increased or decreased by a factor of two. A recrystallization of
PrOs,As;, at 860 °C resulted in the transformation of the skutterudite crystals back
into osmium and praseodymium diarsenides.

To examine the growth mechanism of the filled skutterudite arsenides, 0.5 g (2.8 x
10~* moles) of PrOs, As,, single crystals with sizes 0.06—-0.25 mm were sealed in an am-
poule with 33 x 10™* moles of CdAs;. The ampoule was heated to 820 °C, annealed for
five hours, and then cooled at a rate 1.5 °C/h down to 620 °C. In the theoretical case
when the, crystals have sufficient solubility in the flux, the smaller crystals are ex-
pected to dissolve upon the increasing temperature, and larger crystals should form
upon cooling. However, an increase in crystal size was not clearly observed, presum-
ably due to low solubility of PrOs,As,, in the flux. Therefore, it was concluded that the
optimal growth of crystals take place when a synthesis process is completed, with a
mineralization process, i. e., when long term heating is accompanied by the tempera-
ture oscillations around the optimal growth temperature.

Another attempt to overcome the problem of the low solubility of the skutteru-
dites in a Cd:As flux was an experiment done for growing LaRu,As;, crystals [41]. A
fraction of fine-crystalline LaRu,As;, was used as a substrate for growing bigger crys-
tals in the molten flux placed in a temperature gradient. The substrate, dissolved in
a zone with a temperature of about 820 °C, diffused to the lower zone with somewhat
lower temperature where LaRu,As,, crystals with dimensions up to ~0.7 mm grew for
four weeks. However, at the bottom of the ampoule, where the lowest temperature,
i.e., about 805 °C, existed, grew RuAs, crystals. Presumably due to this effect, there
were found, in this batch, the skutterudite crystals showing a deficit of Ru up to 2.8
at.%. This Ru-deficit crystal had both volume lower by 0.8 % and reaches supercon-
ducting transition from a normal state of positive thermoelectricity. The stoichiometric
crystals reaches the superconducting transition from a normal state of negative ther-
moelectricity [41].

Neodymium is the heaviest rare-earth filler with which the filled-skutterudite ar-
senide crystals were grown by the described method. The NdOs,As;, crystals were
grown from Cd:As flux, as well as from the self flux. For the first case, the skutterudite
components and the flux were taken in the atomic ratio Nd:Os:Cd:As = 1.2:4:14:54,
sealed in the ampoule and heated up to 875 °C, with the rate of 20 °C/h next, after
three h cooled to 730 °C, at the rate of 1.2°C/h, then to room temperature, at the rate
of 20 °C/h. A characteristic form of the largest grown crystals is a regular bi-pyramid
with summits cut out along [100] planes and dimensions up to ~0.5 mm, as shown in
Figure 2a. Another form, representing smaller crystals (~0.3 mm) from the same batch,
is shown in Figure 2d.
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Figure 2: Here are shown different forms of skutterudite arsenide crystals filled with Nd filler;

a) The characteristic form of the biggest NdOs,As;, crystals, grown in the molten Cd:As flux, is a
regular bi-pyramid with summits cut out along the [100] planes. b) Representative of the biggest
NdOs,As,, crystals grown in the As flux. c) A dendrite like inner structure of NdRu,As,, single crys-
tal, resembling a partially destructed pyramid from outside. d) Another form of NdOs,As,, crystals
grown in the Cd:As flux. This form resembles the crystal grown in As flux (Figure 2b).

In the case of the self-flux method, the components were taken in the atomic ratio
Nd:0s:As = 1.2:4:50 and heated, in the ampoule, with the rate 20 °C/h, up to 875 °C,
kept at this temperature for three h, then cooled down to 820 °C at the rate of 1.2°C/h,
abruptly cooled to about 700 °C, followed by cooling to room temperature at the rate of
20 °C/h. The typical form of the largest crystals (of dimension ~0.9 mm) are shown in
Figure 2b. Its form slightly resembles the form of smaller crystal, grown in the molten
Cd:As flux, presented in Figure 2d.

Several experiments on growing of NdRu,As;, single crystals have been per-
formed. One of them resulted in crystals only of size up to ~0.6 mm, like that shown
in Figure 2c. It resembles a partially destructed pyramid. Its X-ray diffraction pattern
is like one expected for a single crystal. This happens, although crystal slices reveal
several branches suggesting a sort of dendrite like growth. (A more complete pyramid
of a single crystal of NdRu,As,, is shown in Figure 1 of Ref. [42].) Such dendrite-like
growth is presumably due to instability in the connection with an excessively fast
crystal-growth rate.

The dendrite-like crystals were grown by the self-flux method. Elemental compo-
nents in the atomic ratio Nd:Ru:As = 1.2:4:60, sealed in a quartz ampoule, were heated
up to 850 °C at the rate 20 °C/h. Next, the ampoule was heated up to 890 °C, at the rate
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6 °C/h then, after three h cooled back to 850 °C, at the rate of 2°C/h, abruptly cooled
to about 700 °C, followed by cooling to room temperature at the rate of 20 °C/h. Low-
temperature specific heat and magnetic properties examinations of these NdRu,As;,
single crystals yielded precise data. They proved that NdRu,As,, becomes ferromag-
netic below 2.3 K with a quartet ground state of the Nd>* ions. Deep in the ferromag-
netic state, the heat capacity data revealed a Schottky anomaly, which was ascribed
to Zeeman splitting in a presence of a molecular field [42].

It can be summarized that skutterudite arsenides of Fe, Ru, and Os, filled with the
light rare earth, i.e., La, Ce, Pr, Nd, and Th, could be grown by the enhanced vapor-
pressure technique with the Cd/As or As fluxes at selected temperature regimes. These
fillers, used in excess, form a diarsenide phase (in As flux) or a mixed parallelepiped
form with CdAs, (in Cd/As flux), in addition to the skutterudite crystals grown.

On the other hand, nine attempts at growing SmOs,As,,, YbOs,As,,, YbFe,As,,
and LuFe,As;, skutterudite crystals, either in As and Cd:As fluxes, under different
high temperature conditions, were unsuccessful. Instead of getting the expected
skutterudite crystals filled with these trivalent rare earths, we obtained rare-earth
monoarsenide crystals accompanied by corresponding crystals of transition-metal di-
arsenides. It is interesting that, in contrast to the light rare earth-fillers, the diarsenide
phases are unknown for the Sm, Yb and Lu. The origin of this correlation is not clear
yet. It might also be interesting that LuAs crystals grew in the form of rectangular
parallelepipeds, while SmAs and YbAs grew in the form of bi-pyramids. However, in
this case, the summits of the bi-pyramid are not cut in contrast to those at skutterudite
bi-pyramids. Figure 3 shows a YbAs crystal.

Figure 3: The characteristic bi-
pyramid form of YbAs crystal
with well-formed summits.

It unintentionally grew in a
batch prepared for growing
YbFe,As,, in the Cd:As flux.
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4.2 About morphology and quality the grown crystals

The skutterudites filled with trivalent rare earth exhibit metallic electron transport
properties, and therefore their quality may be described by the residual resistivity
ratio (RRR) parameter. It varies from RRRs equal to about 80 for PrOs,As;, [36] and
PrFe,As,, [43], through 198 for LaRu,As;, [44] and up to 306 observed for NdOs,As;,
[45] grown with Cd/As flux. The high quality of these crystals made possible de Haas—
van Alphen’s study of PrOs,As,, and LaOs, As;, [46] and observation, for the first time,
of the multiple quadrupolar spin echoes of *’La nuclei in LaOs,As, [40]. These two
effects are very sensitive to sample quality.

Tetravalent thorium-filling ThFe,As;, skutterudite causes its semimetallic prop-
erties with a charge carrier density of 2 x 102° cm™, in terms of a two-band model.
The charge imbalance, originating from ionized impurities (the difference between
electron and hole carriers density), was of the order 0.4 x 100 e" /cm‘3 in the best
examined crystals [21]. The imbalance value may be compared to the density of the
formula units, f.u., (3.5 x 10*! f.u./cm?), which means 0.011 or 0.00067 single ionized
impurity per f.u. or a single atom composing ThFe,As,,, respectively. The CeOs,As;,
[17] and CeFe,As,, [20] are, in turn, hole-carrier semiconductors at the lowest tem-
peratures. A residual-carriers density (RCD) may be used as a measure of their purity.
The RCD equals 1.5 x 10" e* /cm™ (below 0.5 K) for CeOs,As,, crystals [47], i. e., corre-
sponding to ~5 x 10~ ionized impurity per f.u. Their electrical resistivity, p(T), shows
semiconducting-type behavior and is weakly sample dependent. In contrast, the RCD
for CeFe,As;, crystals is significantly higher and depends on procedure of growing.
They differ one from the other in crystal morphology and the type of their electron-
transport behavior.

The CeFe,As,, skutterudite crystals, shown in (Figure 4), were grown from Cd:As
flux in the same temperature conditions for two batches in which skutterudite com-

Figure 4: Three types of char-
acteristic CeFe,Asy, crystals
that were grown; A, — elon-
gated diamond-shaped faces;
A, — rectangular shape of

the largest faces; B - iso-
metric form with many faces.
Inset: Characteristic forms of
PrOs,As,, crystals (Ref. [38] -
Figure 3).
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ponents differ in Ce content: A) — 0.85Ce:4Fe:12As and B) — 1.15Ce:4Fe:12As [20]. Two
types of characteristic shapes and morphologies of the crystals grew in the batch A.
They are labelled A, and A,,. Crystals with the third type of shape grew in the batch B
and are labelled B... Figure 4 shows crystals representing all three types of shape. The
RCD for A,, crystals equals about 2.9 x 10%° e*/cm™ (0.094 e*/f.u.) and show “metal-
lic”-like behavior of electrical resistivity, i. e., their resistivity increases with tempera-
ture from the lowest temperatures. On the other hand, the RCD for A, crystals, grown
in the same batch, decreases to ~1.5x 10%° e* /cm? (0.042 e* /f.u.) and reveals the semi-
conducting p(T) behavior of these crystals. The increase of Ce content in batch B by
15 %, with respect to stoichiometric content, affects the decrease of RCD for B, sample
of CeFe,Asy, to ~1.0 x 10°° e* /cm? (0.031 e /f.u.). It improves semiconducting proper-
ties, as the data of resistivity and carrier density in Figure 5 show.

500

CeFe,As,,

400

Figure 5: Electrical resistivity p
gopooBe” " vs temperature T for CeFe,As,,
crystal Ay, (curve 3), A, (curve 2)
and B, (curve 1). Inset: Density
of hole carrier py vs tempera-
ture T for the same crystals as
T (K) in the main figure, respectively.

0 100 200 300

It is worth adding that no change of crystal structure was revealed by X-ray diffraction
(XRD) examination of the A, and A, crystals down to 12 K. The determined occupa-
tion factors point to 0.22, 0.47 and 0.16 vacancies per f.u. for A,, A, and B, samples,
respectively. EDS measurements showed that the greatest differences in the elemen-
tal content between Ce, Fe, and As are equal to 0.5%, 1.5 % and 0.5 %, respectively
[20]. Thus, growing the CeFe,As,, crystals, with the Cd:As flux and the skutterudite
components with off-stoichiometric Ce content, cause more residual hole carriers and
less clearly exhibit the semiconducting p(T) behavior in the case of a deficit of Ce than
in the case of its excess. There is also a visible relationship between the form of the
grown crystals and their residual carrier density.
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5 Summary

A new technique for the flux method, adequate for crystals growing in a system com-
posed of moderately high vapor-pressure components, is presented. The technique
consists of using the pressure cell for heating the system encapsulated in quartz am-
poule. The argon pressure in the cell is controlled to compensate for the estimated
inner-ampoule vapor pressure. Construction of the equipment and techniques for
pressure control are described. Using quartz tubes with 2-mm-thick walls for the
system encapsulation and cells with 5-mm-thick walls made of creep-resisting steel
tubes, it was possible to carry out all growth processes up to ~100 bar of vapor pres-
sure at a temperature of 920 °C.

Using this technique and As or its solutions in CdAs, compound as the flux, it
was possible to grow of Fe-, Ru- and Os-based skutterudite arsenide crystals, filled
with light rare earths and actinide, i. e., La, Ce, Pr, Nd, and Th. These fillers can form
diarsenide compounds. On the other hand, there were unsuccessful attempts to grow
the skutterudite arsenides filled with trivalent heavy rare earths, like Sm, Yh, and Lu.
Instead, diarsenide phases are formed for these fillers.
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High-quality single crystal growth in heavy
fermion compounds

1 Introduction

Various techniques are applied to grow single crystals of transition metal, lanthanide
and actinide compounds, depending on the melting point and the degree of the vapor
pressure of the melt. Ce, Yb and U compounds are typical in exhibiting a variety of
characteristic properties including spin and charge orderings, spin and valence fluc-
tuations, heavy fermions and anisotropic superconductivity [1]. This variety is due to
the result of competition between the Ruderman—Kittel-Kasuya—Yosida (RKKY) inter-
action and the Kondo effect. The RKKY interaction enhances the long-range magnetic
order, where the f electrons with magnetic moments are treated as localized electrons,
and the indirect f-f interaction is mediated by the spin polarization of the conduction
electrons. On the other hand, the Kondo effect quenches the magnetic moments of the
localized f-electrons by the spin polarization of the conduction electrons, producing a
spin singlet state with a binding energy kg Tx. Tk is the Kondo temperature. Localized
f electrons are thus changed into f-itinerant electrons at low temperatures, forming
heavy fermions.

A meaning of “heavy fermions” can be simply understood from the lattice con-
stant a-value dependence of the electronic specific-heat coefficient y in UX; (X: Si,
Ge, Sn and Pb) with the well-known AuCus-type cubic structure, as shown in Figure 1.
The a-value corresponds to the lattice spacing between the U atoms or the 5f electrons.
USi; and UGe; are Pauli paramagnets, USn; is a spin-fluctuating compound and UPbs
is an antiferromagnet with a Néel temperature Ty = 30 K. This trend is closely related
to the lattice constant (USis: 4.035 A, UGes: 4.206 A, USn;: 4.626 A, and UPhs: 4.792 A).
The corresponding electronic specific-heat coefficient y increases with increasing the
lattice constant, but decreases in magnitude in UPb; because the antiferromagnetic
ordering occurs in UPbs. This means that the largest y value is formed when the elec-
tronic state is very close to the magnetic ordering. The electronic state with the large
y value is named “heavy fermions”. An electronic state of Ty — 0 (Ty: Néel tempera-
ture) corresponds to the quantum critical point. The heavy fermions are formed in the
quantum critical region.
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Lattice constant (A) AuCus-type cubic structure.

We note that the 5f electrons in U compounds are slightly different from the 4f elec-
trons in Ce or Yb compounds in nature. At low temperatures, the 5f electrons are rather
itinerant as in the 3d electrons in the transition-metal compounds even if the cor-
responding U compounds are in the magnetically ordered state. On the other hand,
the 4f electrons of Ce and Yb compounds are mainly localized in the magnetically
ordered state, but are changed into the “heavy fermions” under pressure. When the
heavy fermions are formed, the energy scale in the electronic state is changed from
the Fermi energy e; = 10*K to the Kondo temperature T, which is less than 100 K.
Since the energy scale is small in magnitude, the electronic state can be remarkably
changed by temperature, magnetic field and pressure.

Here, the 3d-electrons in transition-metal compounds are itinerant in the whole
temperature range and become conduction electrons. The Fermi surfaces are thus
mainly composed from the 3d electrons. Correlations between these conduction elec-
trons are reflected in a relatively large y value, together with the magnetically ordered
moment. This is derived from a large partial density of states in the 3d electrons. The
ordered moment is thus produced from a difference between the spin-up (majority)
and spin-down (minority) 3d-partial densities of states.

We emphasize that high-quality single crystals are needed to clarify the char-
acteristic properties in heavy-fermion compounds, especially the superconducting
property. Cooper-pairs are broken by impurities and crystalline defects, and the ex-
istence of a residual density of states in superconductors is crucial in determining
the superconducting property from the temperature dependence of nuclear spin-
lattice relaxation rate 1/T; below a superconducting temperature T,.. Moreover, the
amplitude of the de Haas-van Alphen (dHvA) oscillations, which is proportional to
exp[-a(m_ /H)(T + Tp)], is closely related to the sample quality, where a = anckB /eh.
If the cyclotron effective mass m, is a rest mass of an electron m,, the temperature of
1Kis usual in the dHVA experiment. A much lower temperature of 0.01 K is needed for
m; = 100my. Even if the low temperature is realized using a dilution refrigerator, the
reduction of exp[-a(m//H)Tp] is inevitable in the dHvA amplitude. Here, Tp, is a so-
called Dingle temperature, which is inversely proportional to the scattering lifetime
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of the carrier 1. Therefore, sample quality with a large 7 value is essentially important
to observe the dHvA oscillations for the heavy-fermion compounds.

Followings are our typical examples in growing high-quality heavy-fermion com-
pounds. These are classified into seven methods, as shown in Figure 2, on the basis of
the degree of the vapor pressure of the melt.

1) Czochralski method

2) zone-melting method
Open type 3) floating-zone method
(low vapor pressure
of the melt) 4) Solid state
electrotransport method

Single crystal growth <
5) flux method

Closed type 6) Bridgman method

7) chemical transport method

(high vapor pressure
L of the melt)

Figure 2: Seven methods of single crystal growth.

2 Single-crystal growth

2.1 Czochralski method

Various techniques for single-crystal growth have been applied to heavy-fermion com-
pounds, depending on the melting point and the degree of the vapor pressure of the
melt. If the vapor pressure is low, the Czochralski method is a powerful method to
obtain a single-crystal ingot of large size. The rf-furnace is used for the Czochralski
method when the melting point T, is less than 1,500 °C, and the tungsten crucible is
available for CeCug (melting point T,,, = 938 °C), for example, as shown in Figures 3(a)
and (c). In this case, the tungsten crucible, which is surrounded by an rf-working coil,
becomes a heater for the CeCug melt. A large ingot 10-mm in diameter is available
in this temperature-stable rf-furnace. In the furnace shown in Figure 4, the tungsten
crucible is surrounded by the heat-shielding materials such as a Tamman tube or a
quartz tube. Since CeCug has a low melting point, the quartz tube is the best material
because gasses are not emitted from the quartz tube during heating. Thus, the temper-
ature around the crucible becomes stable by setting the heat-shielding material. The
pulling speed is 10 mm/hr. Usually, the furnace gas is filled with argon gas, but helium
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(a) (b)
torch
necking
Cu-hearth
© CeCuy —> |[«— 10mm

UPty —>| {(— 10 mm

CelrSi; —>  |«— 10mm

Figure 3: (a) CeCug ingot in the rf-furnace, (b) pulling process of a UPt; ingot in the tetra-arc furnace,
(c) CeCug, UPt3, and CelrSis ingots grown by the Czochralski method.

gas is much better because a pipe line through which helium gas flows is easily cooled
by liquid nitrogen. This becomes a getter for impurity gasses contained in the helium
gas. Here, choosing the crucible material is a challenge because the transition metals
and rare-earth metals often react with the crucible. So, tungsten or boron nitride is
usually used as the crucible.

Now, we present a change of electronic states in Ce,La;_,Cug as a function of the
constitution x. Ce,La;_,Cug crystallizes in the monoclinic structure at low tempera-
ture, as shown in Figure 5. Note that CeCug crystallizes in the orthorhombic structure
(Pnma: a = 8.105 A,b=51054, c =10.159 A) at room temperature, but it changes into
the monoclinic one (P2,/c: a = 5.080 A, b =10.1214, ¢ = 8.067A, B = 91.36°) below
about 200K [2], similarly below about 500K in LaCug (a = 5.143 A, b =102044, ¢ =
8.144 A, B = 91.40°). In the following, we use the notation of the monoclinic structure.
Ce,La;_,Cug (x = 0.094) corresponds to an impure Kondo system, while CeCu, belongs
to the coherent Kondo lattice or a typical heavy fermion, with y = 1600 mJ/( K>-mol).
Figures 6(a) and (b) show the logarithmic scale of temperature dependences of elec-
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trical resistivities p and p,, respectively, in Ce,La;_,Cug [3]. We define here the mag-
netic resistivity pr, = Pce 1a,_, cu, — PLacu,- 1he electron scattering with phonon and
crystalline defects are thus subtracted in p,,,. As shown in Figure 6(a), the electrical
resistivity for x = 0.094 shows a resistivity minimum around 30 K and a — log T depen-
dence at lower temperatures, which is characteristic of the Kondo effect, and finally
reaches a constant resistivity, or the so-called unitarity limit. The Kondo temperature
for the x = 0.094 sample is estimated as Ty = 3.7 K from the resistivity below 20 K.
On the other hand, CeCug also indicates the —log T dependence below 300K and a
peak around 10-20 K, decreases steeply with decreasing temperature and finally fol-
lows a Fermi-liquid relation of the resistivity p = py + AT?, with an extremely large
value of A = 42 pQ~cm/K2. Note that a large VA value correlates with a large y value of
1600 mJ/(K*-mol).

Figures 7(a) and (b) show the cerium concentration dependence of the residual
resistivities p,, in Ce,La;_,Cus. The residual resistivity in CeCug is larger than that of
LaCug, but is the same order as LaCu¢. Here, we emphasize that the residual resistivity
of Ce,La,;_,Cug can be simply explained by an alloy model, with each Ce atom con-
tributing a resistivity equal to the unitarity limit 320 pQ-cm. As shown in Figure 7(b),
the residual resistivity per mole cerium decreases almost linearly with concentration
x and tends to become zero in CeCug: 5pQ-cm in the present sample. The residual re-
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20k ] 100f resistivities and (b) the molar resid-
ual resistivities. Solid lines in (a)
0 L 0 and (b) are 320x(1 — x) pQ-cm and
0 0.5 1.0 0 0.5 1.0 320(1-x) pQ-cm, respectively, cited

x in Ce,La, Cu, from ref. [3].

sistivity thus follows the so-called Nordheim law, 320x(1 — x) or 320(1 — x) as expected
for an alloy model.

The Czochralski method is also applied to the compounds with high melting
points, for example, about 2,500 °C in the tetra-arc furnace, as shown in Figure 3(b)
and Figure 8. In this case, as shown in Figure 3(b), the crucible is unnecessary. The
starting materials are set on the water-cooled Cu-hearth plate, and the single crystals
are grown by the Czochralski method in the tetra-arc furnace. The heating tempera-
ture is continuously changed because the amount of the melt is reduced by pulling an
ingot from the melt. It is necessary to adjust the heat current and the distance between
the tip of the torch and the melt. The pulling speed is 10-15 mm/hr. It is better to use
a single crystal as a seed.

UGe, with the orthorhombic crystal structure is a congruent compound, as shown
in Figure 9(a) from a U-Ge alloy phase diagram [4]. A pulled ingot of UGe, is shown in
Figure 9(b). The single crystal was not good in quality, revealing the residual resistiv-
ity ratio (RRR = pgr/pg, Prr: T€Sistivity at room temperature, p,: residual resistivity)
RRR = 10-50 for the first trial but reaching p, = 0.19 pQ-cm and RRR = 910 in the
final trial, as shown Figure 9(c) [5]. UGe, is a ferromagnet with a Curie temperature
T = 52K, but becomes a spin-triplet superconductor under pressure [6].

Here, the typical compounds with high melting points are UPt; (T,,, = 1700 °C) [7]
shown in Figure 3(c), CeRu,Si, [8], CeRh;B, [9], UB, (T}, = 2385°C) [10] and UC (T, =
2530 °C) [11]. The melting points of CeRu,Si, and CeRh;B, are unknown, but are esti-
mated to be 2,000-2,500 °C. These compounds are most likely to be congruent com-
pounds as in UGe,.

The Czochralski method is also applied to the incongruent compounds such as
CeRu, [12], USi; [13] and CelrSi; [14]. For these compounds, the off-stoichiometric
starting materials of CeRu,g, USi,¢ and CelrSi;; were used in the tetra-arc fur-
nace. Large single-crystal ingots are shown in Figure 3(c) for CelrSi;. In general,
ternary alloy phase diagrams are unknown. CelrSi; single crystals are not obtained
by the Czochralski method using the starting materials with the stoichiometric com-
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Figure 8: Schematic view of the tetra-arc furnace.

position of Ce:Ir:Si=1:1:3. We simply supposed the incongruent phase diagram for
CelrSis, as schematically shown in Figure 10(a). We selected the starting materials of
Ce:Ir:Si=1:1:3.5. This is because there exist no intermetallic compounds in the Si-rich
side in the R-T-Si-alloy phase diagram, as shown in Figure 10(b).
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Figure 9: (a) U-Ge-alloy phase diagram, (b) a pulled single-crystal ingot of UGe,, and (c) the corre-
sponding temperature dependence of the electrical resistivity, cited from ref. [5].
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2.2 Zone-melting method

The zone-melting method is simple but is useful to grow single crystals. Figure 11 de-
picts one of the examples. First, we prepare a long polycrystal ingot, which is placed on
a water-cooled Cu boat. An rf-working coil moves from the left-hand side to the right-
hand side, with a speed of 5-10 mm/hr. For example, we grew single crystal of CeRu,
by this method, with a stoichiometric constitution of Ce:Ru=1:2, whereas we could not
succeed in growing single crystals by the Czochralski method, with the stoichiometric
constitution, as just mentioned.

RF - working coil

\ Sample
Water 00000
—_— c 2
D — >

00000

B
Water - cooled boat  Movable

1 Pump out

Figure 11: Schematic view of the zone-melting apparatus.

A simple technique based on the zone-melting method is as follows. We use a horizon-
tal electric furnace. Polycrystals with various sizes are placed in a carbon boat, which
is encapsulated in a quartz tube and is set into the electric furnace with a tempera-
ture gradient. The temperature is heated up to a temperature higher than a melting
point of the compound, e. g., AuAl,, and is slowly cooled down, taking four days in
total. This is a simple and effective method in the case of AuAl, because the volume of
AuAl, expands in the process of crystallization.

2.3 Floating-zone method

First, we explain the single-crystal growth of rare earth hexaborides RB; (R: La, Ce,
Pr, Nd) with a cubic structure using the rf-furnace under a high Ar gas pressure of
5-8kg/ cm?. The rf-furnace is the same one used in the Czochralski method, as shown
in Figure 4. A melting point T, = 2,550 °C in CeBy is extremely high. To heat up and
melt a sintered rod of CeBg, an rf-working coil is small in size compared with the coil
in the Czochralski method, as shown in Figure 12(a). Here, the sintered rod is about
10 mm in diameter. The working coil is fixed and two sintered rods are shifted down
during the growing process. First, we melt the lower rod partially, connect an upper
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Figure 12: (a) Floating-zone for CeBg and (b) an ingot of CeBg.

rod with the lower rod and shift down them with a speed of 10—20 mm/hr. Note that
the speed of the upper rod is slightly faster than that of the lower rod, and the upper
rod becomes single crystals. Later, this single-crystal ingot is used as the lower rod
which corresponds to a seed. A single-crystal ingot of CeBy is shown in Figure 12(b).

In this process of single-crystal growth by means of the floating-zone method, the
sintered rods are essentially important, especially in shape, to grow a high-quality
single crystal. The sintered rods are produced as follows: (1) synthesis: CeO, + 8B —
CeBg + B,0, 1; (2) making fine powders of CeBg by a process of grinding; (3) a rod is
produced by pressing a rubber tube containing fine powders of CeB, in water; and
(4) a sintered rod is formed by heating.

Single crystals of a spin-triplet superconductor Sr,Ru0, are also grown by a
floating-zone technique using an infrared-radiation image furnace [15], as shown in
Figure 13(a). The growing process of single crystals is the same as just described.
Synthesis of 25rCO; + RuO, — Sr,RuQ, + 2CO, T is carried out at 950 °C for 24 hrs.
The powder is reground and pressed into rods of about 5 mm in diameter and 70 mm
in length. The rods are sintered at 1,350 °C for 3 hrs under a flow of oxygen and/or
air. The speed of growing in the infrared-radiation image furnace is rather slow, at
3-5mm/hr.
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Figure 13: (a) Schematic view of the infrared-radiation image furnace and (b) a single-crystal ingot of
Sr,Ru0,.

2.4 Solid-state electrotransport method

Here, the starting material of a uranium ingot is not of high quality, roughly 99.9 %
(3N), and must be annealed under a high vacuum of 1077 Pa via the solid-state elec-
trotransport method. A starting uranium metal was a rectangular rod of 4x4x150 mm?>;
the melting temperature of uranium is 1,135 °C. Figure 14(a) shows a schematic view
for the solid-state electrotransport apparatus. The ingot was heated up to 1,120 °C by
floating the DC current for the ingot under high vacuum for a long period of two weeks.
Note that the temperature of 1,120 °C was the highest at around a midpoint of the ingot
because the ends of the ingot were fixed by water-cooled electrodes.

We analyzed impurities of the ingot by means of an inductively coupled plasma-
atomic emission spectrometer [16]. Figure 14(b) shows the concentration of impurities
of Mg, Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn for five parts of the ingot. By this anneal-
ing, an Fe impurity of 40 ppm in the starting uranium ingot is reduced to less than 2
ppm in the center part of the rod, and the Cu impurity is completely removed. Impuri-
ties with high vapor pressure such as Mn and Zn were evaporated. The impurities are
reduced qualitatively by three effects: sweeping out by the current flow, diffusion and
evaporation.

Subsequent annealing of the uranium compounds under high vacuum on the ba-
sis of the solid-state electrotransport method drastically improves the quality of the
single crystal and were applied to UPt; and URu,Si,, together with CeRu,, as shown
in Figure 14(c) for UPt;. An annealing temperature is found to be important in UPt;:
RRR = 600-650 (p, = 0.19pQ-cm) in the temperature range of 900-1,000 °C is re-
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Figure 14: (@) Schematic view of the solid state electrotransport apparatus, (b) concentration of im-
purities in the U ingot annealed at 1124 °C for two weeks, cited from ref. [16] and (c) subsequent

annealing of UPt5.

duced to RRR = 500 at 1,200 °C. RRR reaches more than 500 in URu,Si, [17]. In the
case of CeRu,, the p, and RRR values are 0.6—0.8 pQ-cm and 240-270, respectively.

2.5 Flux method

Figure 15(a) indicates single crystals of CeRhIn; grown by the In-flux method, where
the starting materials and flux were inserted into an alumina crucible, sealed in a
quartz tube, heated up to about 1,000 °C in an electric furnace and cooled down to

lower temperatures, taking about 20 days.

In flux was removed at 300 °C by spinning the ampoule in a centrifuge, as shown
in Figure 15(b). Usually, metals with low-temperature melting points such as Zn, Cd,
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Figure 15: (a) CeRhIn; grown by the In-flux method and (b) separation of flux and single crystals by
spinning the ample in the centrifuge.

Al, Ga, In, Sn, Pb, Sb, and Bi are available. In the case of CeRhIns, excess In itself
becomes flux, where the ratio of Ce:Rh:In is 1:1:15. In the lanthanide compounds, it is
possible to grow a series of single crystals from Y to Lu or the corresponding actinide
compounds. The following is one of the example in RCu,Si, grown by using the Sn
flux, with an off-stoichiometric constitution of R:Cu:Si:Sn=1:15:3:50, which is the same
ratio for a single-crystal growth of UCu,Si, [18]. Figure 16 shows single-crystal ingots of
RCu,Si,, except for EuCu,Si, [19]. Note that single crystals of EuCu,Si, were not grown
by the Sn-flux method. If we use In as the flux for EuCu,Si,, single crystals are grown,

Figure 16: Single crystal ingots of RCu,Si, grown by the Sn-flux method, cited from ref. [19].
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but these single crystals are found to be off-stoichiometric, revealing vacancies with a
Cu-filling rate of 91.4 %, with the corresponding spin-glass magnetic susceptibility at
low temperatures. A single crystal, shown next, of stoichiometric EuCu,Si, is grown
by the Bridgman method. This compound is close to the Eu-trivalent compound.

We present here the experimental results of rare-earth compounds RCu,Si, with
the ThCr,Si,-type tetragonal structure [19], as shown in Figure 17, where the 4f elec-
trons are localized. Note that CeCu,Si,, EuCu,Si, and YbCu,Si, are excluded in the
present discussions. It is found that the Néel temperatures Ty roughly follow the de
Gennes factor, as shown in Figure 18(a), namely

Ty ~ (g — DT +1) a)

where g; is the Landé g factor and J is the total angular momentum. The Néel temper-
ature of PrCu,Si, highly deviates from this scaling. This is due to the quadrupole inter-
action. The magnetic resistivities p,,, are obtained by subtracting the resistivity of a
non-4f reference compound LuCu,Si,, [p(LuCu,Si,) - po (LuCu,Si,)] from [p(RCu,Si,) —
Po(RCu,Si,)], namely, py,q = [P(RCu,Siy) —po (RCU,Si,)] ~[p(LuCu,Si,) —po (LuCu,Siy)].
The temperature dependence of Pmag(T) is shown in Figure 18(b). Note that Pmag(T)
above 200 K is almost temperature-independent because the temperature above 200 K
islarger than A. Namely, the overall splitting energy in the 4f crystal electric field (CEF)
scheme A in RCu,Si, is smaller than 200 K. pp,,,4(200 K) is roughly explained by the de
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Figure 17: Temperature dependences of the electrical resistivities in (@) RCu,Si, (R: Y, La, Pr, Nd, Sm,
Gd, Tb, Dy, Ho, Er, Tm and Lu), (b) CeCu,Si,, EuCu,Si, and YbCu,Si, and (c) YCu,Si,, LaCu,Si, and
LuCu,Si,, where the residual resistivities p, are subtracted in these compounds, cited from ref. [19].
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Figure 18: (a) Néel temperature Ty vs de Gennes factor, (b) temperature dependence of the magnetic
resistivity pmag and (c) prmag at 200 Kvs Ty in RCu, Siy, cited from ref. [19].

Gennes factor, but is well-scaled by Ty, as shown in Figure 18(c), meaning that both
Pmag(200 K) and Ty are the same in magnetic origin.

In the heavy fermion state, the magnetic specific heat Cy,,, is changed into the
electronic specific heat C,. This means that the localized 4f electrons move in the
crystal. The Fermi liquid state with an extremely large effective mass is realized at low

temperatures. The magnetic resistivity is correspondingly changed into the resistivity
due to the electron-electron scattering

Pee = AT? )

where A is extremely large, A = 1.0 p(}cm/K2 in a heavy fermion compound CeCu,Si,
with y = 1.1J/(K*>mol) and A = 0.040 pQ-cm/ K% in YbCu,Si, with y = 150 mJ/ (K2-mol).
Note that the A values in the usual s and p electrons systems are extremely small in
magnitude, e. g., A = 3x10”" uQ-cm/ K% in Al and it is not easy to measure the A value
correctly. A relationship between the A and y values is called a Kadowaki—-Woods plot,
revealing a relation of VA ~ y [20].

A series of RIn; (R: rare earth) and Acln, (Ac: actinide, Th, U, Np, Pu) were grown
mainly by the In-flux method [21]. YIn;, Lalns, Celns, PrIn, and NdIn; were, however,
grown by the Czochralski method in the rf furnace. A small amount of In impurity is
found to be included in these compounds grown by the flux method, but is not in-
cluded in the samples grown by the Czochralski method.
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Figure 19: de Haas-van Alphen oscillations and the corresponding fast Fourier transformation (FFT)
spectra in Pulns, cited from ref. [23].

Following is an example in the case of Puln; [22]. Figure 19 shows the de Haas-van
Alphen (dHvA) oscillations and the corresponding fast Fourier transformation (FFT)
spectra. The angular dependence of the observed dHvA frequency named branch y
agrees well with the result of the 5f-itinerant band calculations, namely, a nearly
spherical band 27-electron Fermi surface at I'. Note the two kinds of dHvA experi-
ments Ex1 and Ex2. Ex2 was carried out for nine days after Ex1. The dHvA amplitude
of branch y is extremely reduced as a function of time, namely at Ex2, which is due to
point defects produced by a-decay of 2?Pu. On the other hand, the dHvA amplitude
of F = 5.5 x 10° Oe is the same as that between Ex1 and Ex2, being unaffected by the
radiation damage. This dHvA signal is not due to Puln; but due to In impurities that
might be included in sub-grain boundaries of the Puln; single crystal sample. Finally,
we note Uln, [23], which was not grown by the usual self-In flux method, but was
grown in the growing process of UPtIns.

A change of Fermi surfaces based on the dimensionality of the electronic states
could be realized when the c/a ratio of the tetragonal structure is continuously
changed. Figure 20 shows several different tetragonal structures in T-Ga (T: transi-
tion metal) binary compounds [24]. The following is a main point in this study. The
smaller the tetragonal c-value is, the more enhanced the one-dimensionality of the
electronic state is. The larger the c-value is, the more enhanced two-dimensionality is.
We expect that nearly one-dimensional characteristic Fermi surfaces can be realized
in V,Ga; (space group No. 127, a = 8.936 A, ¢ = 2.683 A, formula units per cell Z = 2),
and two-dimensional Fermi surfaces in ZrGa; (No. 139, a = 3.965A, c = 17.4614, Z = 4)
and ZrAl;. Fermi surfaces in CoGaz (No. 136, a = 6.230 A, c = 6.431A, Z = 4) are most
likely three-dimensional because the c-value is almost the same as the a-value. In con-
trast to these compounds, TiGaz (No. 139, a = 3.789 A c=87344,7=2) crystallizes
in a typical tetragonal structure as in the ThCr,Si,-type tetragonal structure.

Single crystals of these compounds were grown by the Ga (Al) self-flux method,
and de Haas-van Alphen (dHvA) experiments were carried out, together with the full-
potential linearized augmented plane-wave (FLAPW) energy-band calculations. Inter-

printed on 2/13/2023 8:11 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

206 —— Y.Onukietal.

(a) V,Gas (b) CoGays (c) TiGa, (d) ZrGa; and ZrAl,
c | [001] ¢ | [001] ¢ | [001] c | [001]
Gal Ga2 CoGal Ti 7r
v ()
100
[/] . Ga2 Gal Gal
a-axis (All)
[100] Ga2 G'cllS
— [100] (A3)
[001] a-axis /
a-axis
(001)
/
[100]
“axis
001
\ _(oon
(111)
87th hole 109th electron 25th hole 52nd electron

Figure 20: Tetragonal crystal structure, a single crystal, and the corresponding Fermi surface in
(@) V,Gas, (b) CoGas, (c) TiGaz and (d) ZrGas and ZrAls, cited from ref. [24].

esting are the characteristic shapes of single crystals in these compounds, as shown

in Figure 20. The characteristic features of the crystal structures and single crystals

are summarized as follows:

1) InV,Gas, the crystal structure is flat along the tetragonal [001] direction (c-axis)
and the corresponding single crystal is of needle shape along the [001] direction.

2) CoGay is tetragonal in the crystal structure, but is approximately cubic, as shown
in Figure 20(b). Correspondingly, CoGaj is of pyramidal shape, which is character-
istic of the crystals with the fcc structure, and also with the diamond-type struc-
ture. The flat plane of the pyramid corresponds to the (111) plane.

3) The shape of a single crystal in TiGa; is typically tetragonal. The flat plane of a
rectangular single crystal corresponds to the tetragonal (001) plane (c-plane).

4) In ZrGa; and ZrAls, the crystal structure is elongated along the tetragonal [001]
direction, and the corresponding single crystal is of thin-plate shape of which the
flat plane corresponds to the tetragonal (001) plane.

Reflecting the crystal structures or the corresponding Brillouin zones, the Fermi sur-

faces, which are clarified by the dHvA experiment and band calculations, are charac-
teristic, are summarized as follows:
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1) A nearly one-dimensional plate-like Fermi surface is obtained in the band calcu-
lations, as shown in Figure 20(a). The plate is, however, wavy in shape, and the
electronic state is not one-dimensional but nearly three-dimensional. Therefore,
Peierls instability is not realized in this compound.

2) The Fermi surfaces in CoGa, are very similar to those of Ni;Ga with the AuCus-type
cubic structure. The band 109th electron Fermi surface is typical between these
two compounds, as shown in Figure 20(b).

3) The Fermi surfaces in TiGa; are also very similar to those of YCu,Si, with the
ThCr,Si,-type tetragonal structure. The band 25th hole Fermi surface is typical
between these two compounds, as shown in Figure 20(c).

4) The flat Brillouin zone often produces the cylindrical Fermi surface, which is real-
ized in ZrGa; and ZrAl;. The band-52nd electron Fermi surface is typical, possess-
ing concave and convex shapes in the cylinder, as shown in Figure 20(d).

2.6 Bridgman method

A single crystal of CePt;Si with the non-centrosymmetric tetragonal structure (P4mm)
is grown by the Bridgman method in a Mo crucible [25], as shown in Figure 21. First,
polycrystals of CePt;Si are prepared by arc-melting the starting materials with a ratio
of Ce:Pt:Si=1:3:1 and the polycrystals are inserted into a Mo-crucible. A top-plate of the
Mo-crucible is sealed using the tetra-arc furnace. Note that the usual Cu-hearth plate
is changed into another water-cooled Cu-holder, as shown in Figure 21. The crucible
is heated up to 1,350 °C in Ar-gas and cooled down slowly in a furnace, taking 7 days
in total. We used a siliconit furnace reaching a maximum temperature of 1,500 °C, as
shown in Figure 22. Usually, the crucible is shifted down slowly, and the melt is en-
hanced to crystallize from the bottom to the top of the melt. In the present case, the
crucible is set in the temperature gradient and a bottom of crucible is narrow in size,
enhancing that the melt crystallizes as a single crystal. Note that we could not succeed
in growing single crystals of CePt;Si by the Czochralski method in a tetra-arc furnace,
suggesting an incongruent compound of CePt;Si.

Figure 21: Sealing set of a

top plate of the Mo-crucible
using a tetra-arc furnace and a
CePt3Siingot.
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In the lanthanide compounds, Eu, Sm and Yb are high in vapor pressure. It is impossi-
ble to grow these single crystals by the open-type techniques such as the Czochralski
method. The flux method is most likely the best technique if we know the flux and the
starting materials’ constitution. It is, however, difficult to grow single crystals with the
stoichiometric constitution of the starting materials. Eu compounds are one example.
Most of the Eu compounds are different from the other rare-earth compounds includ-
ing the cerium compounds in the electronic state. Namely, the rare-earth compounds
are trivalent, but a Eu-divalent (Eu®*) electronic state is more stable than a Eu-trivalent
(Eu®*) state. Large lattice parameters of the Eu compounds, compared with those of
the other rare earth compounds with the trivalent electronic state, are a good indi-
cation of the divalence of Eu. The energy difference between Eu®* and Eu?* states is,
however, not significantly large. Therefore, the Eu?*-electronic state can be changed
by applying pressure because high pressure is applicable in the technique just treated.

Single crystals of EuT,Si, and EuT,Ge, were mainly grown by the Bridgman
method using the Mo-crucible at temperatures heated up about 1,500 °C, as shown
in Figure 23. In the case of EuRh,Si,, we arc-melted the starting materials of Rh and
Si with a stoichiometric constitution, Rh:Si=1:1[26]. Note that a melting point of Rh is
extremely high, T, = 1963 °C, while T, = 1452°C in RhSi. Then, Eu and RhSi materi-
als with 1.8:2 were inserted into a Mo-crucible and sealed by arc-melting a cap made
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Figure 23: Single crystals of EuT,Si, and EuT,Ge, grown by the Bridgman method using the Mo-
crucible, except Eulr,Ge,, EuNi,Ge, and EuPt,Si, grown by the In-flux method.

of Mo in Ar atmosphere. An excess of Eu is necessary to reduce the melting point of
EuRh,Si,, which is supposed to be larger than 1,500 °C. The crucible was heated to
about 1,500 °C and then cooled down to room temperature, taking 8-9 days in total.
As-grown single crystals are small in size, 1 mm or less than 1 mm, but we obtained a
large number of such crystals.

Figure 24(a) shows the temperature dependences of electrical resistivities under
pressure P in EuRh,Si,. Valence instability occurs from a nearly divalent electronic
state, Eu**® (6 < 1) (4f” of Eu>*: S = 7/2, L = 0 and J = 7/2) at high temperatures, to
a nearly trivalent electronic state, Eu3? (8 < 1) (4f® of Ew**:S =L =3andJ = 0)
at low temperatures at 0.96 and 1.27 GPa. Figure 24(b) shows the corresponding P-T
phase diagram, where T, is called the valence-transition temperature. The critical end
point (CEP) in the valence transition, where the first-order transition terminates, is es-
tablished as Pcpp = 2.1GPa and Tcpp = 176 K. The resistivity of EuRh,Si, in the CEP
electronic state, or the resistivity at 2.09 GPa, is similar to the resistivity in EuPd,Si,,
as shown in Figure 24(c). With further increasing pressure for EuRh,Si,, the resistiv-
ity is changed into the resistivity in the nearly trivalent or trivalent electronic state
in EuNi,Si,, EuCo,Si, and EuPd; in Figure 24(d). It is characteristic that an electronic
state between Eu?* and Eu?*, namely, an intermediate valence state, or the moderate
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Figure 24: (a) Temperature dependences of electrical resistivities under pressure P in an antiferro-
magnet of EuRh,Si,, indicating the first-order valence transition, (b) P-T phase diagram in EuRh,Si,,
cited from ref. [26], (c) temperature dependences of electrical resistivities in a temperature-induced
valence transition compound EuPd,Si, and moderate heavy fermion compounds of EuNi,P, and
Eulr,Si, and (d) nearly trivalent or trivalent compounds of EuNi,Si,, EuCo,Si, and EuPds.

heavy-fermion state is observed in EuNi, P, and Eulr,Si,, as shown in Figure 24(c). The
heavy-fermion state in EuNi,P, is formed on the basis of the Kondo effect [27].

2.7 Chemical transport method

Single crystals of U;As,(U;P,) and UAs,(UP,) are grown by the chemical transport
method using iodine as a transport agent in an electric furnace with a distinct tem-
perature gradient [28, 29], as shown in Figure 25(a). Starting materials of powders
U;As,(UAs,) are placed in the low-temperature side (830 °C), and single crystals are
grown in the high-temperature side (900 °C), as shown in Figure 25(b). Note that,
in the transition-metal compounds such as CoS,, powders of CoS, are placed in at
a high-temperature side (700 °C), and single crystals of CoS, are grown in the low-
temperature side (650 °C), as shown in Figure 25(c). The transport agent is powders of
CoBr,, which change into Br, gas at high temperatures [30]. In this case, CoS, pow-
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Figure 25: (a) Schematic view of the chemical transport furnace, (b) single crystals of UsAs, and
UAs, and (c) a quartz tube in which many single crystals of CoS, are grown.

ders, which are placed in the left-hand side of a quartz tube, are completely changed
into single crystals at the right-hand side. Pyramid-like single crystals are shown in en-
larged scale. A high-quality sample with p, = 0.42uQ-cm and RRR = 410 is obtained.

The pyrite-type compounds TX,, including CoS, and CoSe, already mentioned,
crystallize in the cubic crystal structure. The T atom is occupied in the face-centered
positions, where each T atom is surrounded by six nearest-neighbor X atoms which
form a trigonally distorted octahedron, as shown in Figure 26(a). The 3d levels in TX,
split into e, and t,, orbitals by the octahedral CEF. The e, level is higher than the
t)e level in energy. The T-e, (dy: x* - y%, 32° - r?) orbitals in TS, expand along the S
atoms in the octahedron, hybridize with S-3p orbitals and form the antibonding and
bonding orbitals, separated by a large gap. On the other hand, the T-t,g (de: xy, yz, 2x)
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Figure 26: (a) Pyrite-type cubic crystal structure in TX, (T: transition metal, X: S, Se, Te), (b) theoreti-
cal total and partial (3d electrons) densities of states in the paramagnetic CoS,, NiS, and CuS,, after
courtesy of H. Harima and (c) the corresponding temperature dependences of electrical resistivities
in the current along the [100] direction.

orbitals scarcely possess a hybridized partner, forming a localized narrow-band. The
electronic properties of the pyrite-type compounds are thus understood from a pro-
gressive filling of the antibonding 3d-e, band. Namely, the filling of the e, band due to
3d electrons is empty in a band-gap insulator (nonmagnetic Fe) FeS, (tggeg), a quarter
in a metallic ferromagnet CoS, (tzege;), a half in a Mott-Hubbard insulator NiS, (t;’geg)
(complicated antiferromagnet) based on the electron correlations, three-quarters in a
superconductor CuS, (tggeg) and completely full in a diamagnetic wide-band-gap in-
sulator ZnS, (tzégeg). Figure 26(b) shows the theoretical total and partial (3d electrons)
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densities of states in CoS,, NiS,, and CuS, in the paramagnetic state. The correspond-
ing electrical resistivities are shown in Figure 26(c), revealing a ferromagnetic order-
ing at a Curie temperature T = 122K in CoS,, the Mott-Hubbard insulating property
in NiS, and a superconducting transition at T,. = 1.5 K in CuS,. Note that CuS, is crys-
tallized under pressure of 5 GPa and 900 °C.

3 Concluding remarks

We have presented seven techniques for the single-crystal growth of heavy-fermion
compounds containing transition metals, lanthanides and actinides. It is not easy for
us to grow high-quality single crystals because crystal growth is mainly based on ex-
perimental (personal) techniques and knowledge. Solutions or methods to grow high-
quality single crystal are not unique, but rather there exist many variations.

A ferromagnet MnP (T = 291K) was once grown by the Bridgman method [31].
Namely, powders of Mn and P, which are encapsulated in a quartz tube, are gradually
heated up to 800 °C, taking one week, and then powders of MnP are obtained. These
MnP powders are pulverized into fine powders and pressed into pellets. The pellets
are inserted into an alumina and/or yttria crucible, encapsulated in a quartz tube,
heated up to 1,170 °C and slowly cooled down in a temperature-gradient vertical- elec-
tric furnace. This corresponds to the Bridgman method. A single-crystal ingot with
a large size of 10? x 50 mm? was obtained, with an RRR value less than 100. Later,
single crystals were also grown by the chemical transport method without a trans-
port agent [32]. Namely, MnP powders are placed in a hotter part of the quartz tube
at 850 °C, and single crystals of one mm?> are grown in a lower-temperature part at
800 °C. The RRR value was extremely improved, reaching 1,300, and then the dHvA
signals were observed using this sample. Very recently, a usual Sn-flux method was
applied to MnP [33], where powders of Mn and P, together with Sn, with a constitution
of Mn:P:Sn=1:1:10, were inserted into an alumina crucible, encapsulated in a quartz
tube, heated up to 1,150 °C and cooled down slowly, taking ten days in total. The RRR
value was 800-1,100. High-quality samples are grown by this simple method, with a
typical size of 0.2x0.2x (3-5) mm?>. Single crystals of MnP are also grown by the In-flux
method, revealing RRR = 100, with a typical size of 1x1x (3-5) mm>. MnP has recently
proven to become a superconductor under pressure [33], which is a useful technique
to change the electronic state in heavy-fermion compounds.

CelrSi; in Figure 3(c) crystallizes in the tetragonal non-centrosymmetric struc-
ture (I4mm) as in CePt;Si. The Ce atoms occupy the four corners and the body cen-
ter of tetragonal structure, similar to the well-known ThCr,Si,-type tetragonal struc-
ture, but the Ir and Si atoms lack inversion symmetry along the [001] direction, which
structure is called “Rashba-type”. An antiferromagnet CelrSi; with a Néel tempera-
ture Ty = 5.0K also becomes a superconductor under pressure [34]. The huge upper
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critical field H, in superconductivity is realized in CelrSi; under pressure of 2.6 GPa:
H,(0) = 450 kOe for H||[001] and H,(0) = 95kOe for H L [001], with a superconduct-
ing transition temperature T, = 1.6 K. Superconductivity of CelrSi; is of the strong-
coupling nature and is realized in the antiferromagnetic quantum critical region. Most
important is that in the present non-centrosymmetric (Rashba-type) spin-orbit cou-
pling, all the spins of conduction electrons are perpendicular to the magnetic-field
direction of H||[001]. This is because a degenerate Fermi surface, which consists of
conduction electrons with the up- and down-spin states, is split into two Fermi sur-
faces. The corresponding spins of conduction electrons are rotated clockwise in the
tetragonal (001) plane for one Fermi surface, but counterclockwise for the other Fermi
surface. The spin degeneracy is thus lifted in a zero magnetic field. Therefore, no para-
magnetic suppression in superconductivity is realized when the magnetic field is ap-
plied along the [001] direction. This is a reason why the huge H,, value is realized for
H||[001] in CelrSi;.

Superconductivity and magnetism in the non-centrosymmetric compounds have
been developed into a new field in solid-state and condensed-matter physics. The
corresponding Fermi surface splits into two Fermi surfaces due to the antisymmetric
spin-orbit coupling. Moreover, the magnetic interaction is based on the so-called
Dzyaloshinsky-Moriya interaction. Unique magnetism of “skyrmion” is observed
in MnSi [35]. There exist many non-centrosymmetric compounds because the com-
pounds belonging to 138 space groups in total 230 space groups possess no inversion
symmetry. New physics awaits us in our future study.
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Crystal growth of intermetallic thermoelectric
materials

1 Introduction

Considering that more than half of all primary energy, i. e., fossil fuels that mankind
consumes is lost in the form of waste heat, the solid-state conversion of heat to elec-
tricity that thermoelectric materials represents through the Seebeck effect can have a
huge benefit for society [1, 2]. However, it is not easy to achieve a high thermoelectric
conversion efficiency. The conversion efficiency is a function of the figure of merit ZT
which is composed of contradictory requirements for the physical properties. Namely,
ZT = ?0x”'T, where « is the Seebeck coefficient, ¢ is electrical conductivity, x is
thermal conductivity, and T is temperature. Therefore, to achieve a very high thermo-
electric performance ZT, the material should have a high electrical conductivity like a
metal but low thermal conductivity and large Seebeck coefficient like an insulator but
high electrical conductivity. These requirements have made straightforward enhance-
ment of the thermoelectric performance difficult. However, recently, novel principles
have been proposed to try to enhance the power factor [3-10]. In regard to the paradox
of conducting electricity but blocking heat, nanostructuring has been shown to be ef-
fective to achieve phonon-selective scattering and thereby enhance ZT [11, 12, 1, 13-16].
Therefore, in the thermoelectric fields, single crystals are usually not sought after
so much because the grain boundaries in polycrystalline sintered bodies, especially
nanostructured designed ones, can lead to selective scattering of the phonons and
thereby to higher thermoelectric performance. But there are several notable examples
of thermoelectric materials where the crystal growth is very important, and this will
be reviewed in this chapter, which contains sections on borides: cluster compounds
and layered compounds, chalcogenides like SnSe, TiS,, and FeSb, and clathrates.

2 Borides—candidates for the promising
high-temperature power-generation applications

2.1 Introduction

Borides have been of interest as thermoelectric materials since relatively good thermo-
electric properties were discovered in boron carbide around a third of a century ago
[17, 18]. It is also one of the few thermoelectric materials that has a history of commer-
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cialization, with the Hi-Z company of the US selling modules containing boron carbide
as the p-type element for some years now. Continuing research on boron carbide mod-
ules has been reported [19]. An interesting feature of boron carbide is that, despite
intensive research over the years, there have still been uncertainties in the precise
crystal structure, of which a recent work has elucidated some previously unknown lo-
cal crystal-structure modifications [20]. Recently, borides have gained renewed inter-
est as several promising thermoelectric applications have been proposed for the very-
high-temperature region, which requires high temperature stability that few thermo-
electric materials possess [21]. In particular, the topping cycles for power plants have
the possibility to be implemented relatively quickly with very large gross impact for
improved power generation [22]. And new phenomenon, such as thermoelectric en-
hancement in the samarium phase of REB (RE = rare-earth) [23, 24] and excellent p-n
control in Zr-doped elemental beta-boron [25], have been discovered. Relatively novel
borides for boron cluster compounds like REB,,Si, and layered compounds like the
AlB,-analogues have also been discovered with promising thermoelectric properties
[26-31]. The topics that particularly relate to single crystals and crystal growth will be
reviewed. The reason that crystals are advantageous for boron cluster compounds like
REB,,Si, and REBg is that they typically possess very large Seebeck coefficients and
have relatively low thermal conductivity due to a variety of mechanisms that have been
reviewed before [32-36]. Their weak point is their typically relatively low electrical
conductivity from variable range hopping (VRH). Therefore, there is not much merit
for nanostructuring polycrystalline material to try to engineer low thermal conductiv-
ity, but more advantageous having crystals that exhibit the highest electrical conduc-
tivity possible. VRH materials in general would not be considered as thermoelectric
materials up to the mid-high temperature range, but at very high temperatures, as the
hopping conduction becomes more robust, they can become competitive.

2.2 Crystal growth and thermoelectric properties of REB,

For REB, extensive research was first carried out on the prototypical YB¢, compound.
As a compound with a relatively complex crystal structure with ~1, 600 atoms in the
unit cell, there were initially some various reports as to the composition and detailed
crystal structure of the compound, but much was clarified by Richards and Kasper,
and the YBg4 notation was adopted [37]. Small crystals sufficient for structure deter-
mination could be obtained from simple melts. The first synthesis of YB¢¢ crystals was
accidently obtained from ytrrium and a boron mixture melted in a vacuum induction
furnace [38]. The crystal structure of YB is cubic (space group F 'm3c) with a large unit
cell of a = 23.44 A (Figure 1). Despite the large amount of atoms in the unit cell, the
structure can be said to be made up of just three structural components: The “super-
icosahedron” B12(B,,)12, where 12B,, icosahedra are connected to all the apices of an
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Figure 1: Crystal structure of REBgg.

icosahedra, Bg, cluster which only contains ~42 B atoms due to partial occupancy,
and yttrium atoms.

Growth of larger YB¢¢ crystals suitable for transport properties’ measurements
was first successfully carried out by the pedestal growth method where crystals are
pulled from cooled copper boats [39]. They report that growth attempts by a sealed
crucible Bridgman technique and Czochralski technique using BN crucibles were un-
satisfactory. Golikova and coworkers have grown REB, crystals by zone melting [40].
Particularly high quality YB single crystals 50 mm in length and longer were grown
by Tanaka and coworkers using the floating-zone (FZ) method [41, 42]. The composi-
tion of congruent melting is reported to be [B]/[Y] = 62. Details of the FZ method are
described elsewhere in this book, but a typical apparatus picture and schematic used
to grow such boride crystals is shown in Figure 2. Monochromator-grade extremely
high-quality crystals were grown by the indirect-heating FZ method, where the heat-
ing is from the radiation of a tungsten ring heated by the inductive rf method [42]. They
report high-quality growth both with a convex growth interface for congruent compo-
sition, and also growth under incongruent conditions. Application of YB¢, crystals
was envisioned in the form of using them as soft X-ray (1~2 keV) monochromators in
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Figure 2: (@) Scheme and (b) A floating-zone crystal-growth apparatus and (c) SmBg, crystal picture.

synchrotron radiation sources by utilizing the large unit cell [43]. Usage in the case of
high-intensity sources was found to be difficult because of the relatively low thermal
conductivity of YB¢g leading to crystal damage from insufficient heat dispersal.

Inregard to thermoelectric properties, REB¢4 have low thermal conductivity, actu-
ally with glass-like behavior [44, 45]. The large unit cell, i. e., crystal complexity, was
considered to contribute to this. A quantitative analysis showed that disorder actually
may be the dominant factor, with the partial occupancies of the rare-earth possibly
playing a large role [34]. REB typically exhibits large Seebeck coefficients which are
advantageous but poor electrical conductivity resulting in ZT < 0.01 [36]. Two recent
discoveries have generated renewed interest in this system. First of all, the homogene-
ity region of YB¢¢ was for a long time considered to be 56 < [B]/[Y] < 68. Accidentally
from YB,,Si, crystal growth and afterwards purposely, a much more metal-rich YB,4
crystal was found to be possible to be grown [46]. A new yttrium site was also observed
at (1/4,1/4,1/4), replacing in part the B-B dumbbell. Assumedly from delocalization,
the ZT of YB3 attained a value of 0.1 which is a 30 times enhancement compared to
previously measured YB¢, crystals. The second discovery is the ZT enhancement dis-
covered in SmBg, leading to ZT = 0.13 which is 40 times an enhancement compared to
YBy, (YBg,) [23, 24]. The mechanism is not fully clear but mixed valency of samarium
has been indicated, and is considered to be playing a role. In any case, there is a strong
renewed interest in this long time well-known system.
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2.3 Crystal growth and thermoelectric properties of REB,,Si,

Tanaka and coworkers discovered the novel YB;, compound, but crystal growth for
this compound was found to be difficult because the compound decomposed into
more stable boride phases before melting [47]. An addition of Si was found to stabilize
the melt at lower temperatures and enable crystal growth [48]. Recently Pt doping has
been reported to enable melt growth of YB;,-type samples without the need for Si [49].
Arc-melting of REB,,Si, yields polycrystalline samples with small single crystals for
structural determination also able to be extracted. In regards to the nomenclature, to
avoid confusion, the unified notation of REB,,Si, is used, but in actuality, the boron
and silicon contents vary [35]. The main framework of the crystal structure of REB,,Si,
is composed of five structurally independent B,, icosahedra and the B;,Si; polyhedron
[50]. As an interesting structural feature, it has a chain of By, icosahedra and adjacent
bond-alternating rare-earth atom ladders along the c-axis. Incidentally, this has led to
interesting magnetic properties such as strong coupling, indicated to be mediated by
the icosahedra [51, 52] and dimer-like behavior [53].

The floating-zone method yields large crystals of REB,,Si, [48, 35]. However, it has
been noted that, for typical growth, even with floating-zone growth, that the REB,,Si,
crystals tend to have microcracks. For polycrystalline arc-melted samples, the addi-
tion of Zn was discovered to function as a non-intrusive additive (after heating there
was no zinc left) to improve the crystallinity of the YB,,Si, samples [27], so there are
probably further methods to control the microstructure. It has been speculated that
the origin of the effect of the Zn addition may possible be a scavenging effect or im-
proved local mixing during the melt synthesis, for example. Crystal-structure analysis
of a series of transition metal-doped YB,,Si, indicates that for the Zn-added sample
there is an additional uptake of silicon which may have yielded this effect [54]. In-
cidentally, for Rh and Ni doping, it is indicated that a few percent of the transition
metal is doped into the 4h site between B,, icosahedra leading to a transformation to
B,; polyhedron. Recently, the crystallographic directions of an FZ-grown YB,,Si, crys-
tal were determined for the first time. The growth direction was found to be [510], and
an interesting layered feature was realized for the first time along this direction, with
the structure composed of dense boron cluster layers and yttrium layers [28].

In regard to thermoelectric properties, REB,,Si, are not particularly high perfor-
mance, with a highest value of ZT = 0.12 for non-doped ErB,,Si,, e. g., extrapolated
for very high temperatures [55]. However, as a base system, REB,,Si, appears to be
better compared to the REB¢; compounds in general, except for the samarium phase.
This is due to an improved electrical conductivity in REB,,Si, that is possibly due
to the reduced disorder, while still retaining the low thermal conductivity of boron-
icosahedra compounds [26]. The interplay of disorder on the electrical and thermal
properties remains an interesting parameter to further control in these variable range
hopping compounds [56]. An alternate recent interesting development comes from the
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anisotropic crystal structure discovered reported previously in this chapter. Signifi-
cant anisotropy in the thermoelectric properties was found with the electrical conduc-
tivity being a maximum eight times larger along [510] compared to [052]. This results
in the power factor being 3.6 times larger along [510] (see [28]).

2.4 Crystal growth and thermoelectric properties of
AlB,-analogue compounds, REMB,

AlB,-analogues are an interesting group of layered borides. Their prototype is the well-
known AlB,-type structure compounds which have hexagonal [6] boron layers sand-
wiching metal layers. Kuzma and Rogl have discovered many REMB, (M = non rare-
earth metal) compounds and the two main structure types: YCrB,-type or a-type [57]
and ThMoB,-type or B-type [58], as depicted in Figure 3. These can be systematically
understood as REMB, having a metal-to-boron ratio of 1:2, the same as AlB,-type, and
because of the different size metals of RE and M, instead of homologous [6] hexagons,
they are sandwiched by [7] and [5] polygons, respectively, which are arranged in the
a-type or B-type formation. RE,MB¢ can also be described by a metal-to-boron ratio
of 1:2, and because it is more homogeneous than REMB,, polygons are [5], [6], [7]
(see [59]).
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a-type Pbam defects in a-type p-type Crmmm

Figure 3: Crystal structure of a-type and B-type REMB,, viewed along the c-axis. The middle figure
depicts a B-type building-defect fragment inserted into the a-type host.

In regards to obtaining single crystals of REMB, and RE,MBg, flux growth is the main
method used. In this method, molten solids are used as solvents to mediate the crystal
growth. The flux material can be individual metals with low melting points, e. g., Sn,
In, Ga, Al etc. [60], mixture of metals, e. g., IngyZn,, [61] (in at.%) and La—Ni eutectic
[62] or salts [63]. Okada has led the way in growing single crystals of many phases of
REMB,, and RE,MBg, especially the rare-earth aluminoborides [64-66]. The method of
flux growth is reviewed in other chapters of the book, and a simple example is given
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Figure 4: Schematic of flux growth of
REAIB, (a-YbAIB, as an example).

of the crystal growth recipe of REAIB, in Figure 4. If the flux material contains the
same elements forming the target material, it is called self-flux. Al self-flux is used,
and after crystal growth, typically NaOH is used to remove the flux. A very convenient
feature of the growth is that pure rare-earth metal because starting materials are not
necessary, and inexpensive rare-earth oxides can also be used to grow crystals of this
phase [65]. Simultaneous flux growth of both a- and B-type REAIB,, crystals has also
been reported [67].

An interesting phenomena of building defects was discovered in these com-
pounds. This discovery led the observation of multiple magnetic anomalies below
the antiferromagnetic transition temperature Ty in a-TmAIB,, [68]. It was discovered
that -type tiling defects exist in a-type single crystal, as shown in Figure 3, and vice
versa [69, 70]. These defects were indicated to affect the physical properties such
as magnetism [68, 69] and also superconductivity [71]. Existence of such building
defects in layered compounds not limited to borides may be an often-occurring phe-
nomenon which is not widely known. The building defects appeared to be ubiquitous
and unavoidable since they appeared for even apparently high-quality single crys-
tals of TmAIB,. A counterintuitive rapid cooling during the flux growth led to growth
of single crystals that were free of the building defects, and without corresponding
changes in the physical properties [72].

In regard to thermoelectrics, there are two interesting aspects of these compounds
discovered so far. The first is that the thermal conductivity of small single crystals of
TmAIB, were measured by the thermoreflectance method, and it was found that a cou-
ple percent of 5-type fragments in a-TmAIB, led to a ~30 % decrease in the thermal
conductivity, indicating the strong phonon-scattering effect of the building defects
[31]. Since formation of building defects is now found to be controllable by crystal-
growth conditions, this represents an interesting effective control over the thermal
conductivity. The second feature is that theoretical calculations on REMB,, compounds
indicate for YCrB, that there is a relatively narrow gap of 0.05 eV to 0.17 eV [73, 74, 29,
30] semiconductor with relatively high thermoelectric performance, and the possibil-
ity to control p, n characteristics predicted from doping [29]. Furthermore, the REMB,,
compounds have a great versatility and very diverse possible combinations with metal
elements so they should be studied further.
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2.5 Other thermoelectric borides and thin-film crystal growth

In addition to boron carbide, there have been thermoelectric studies on other com-
pounds which take similar rhombohedral structures to a-boron, namely, B;,As,,
B;,P,, B;0,, and BgS;_, (B;5S,). In regard to crystal growth, for example, single
crystals of Bj,As, have been obtained by solvent growth using nickel solvents and
have been thermoelectrically investigated. However, despite having large Seebeck
coefficients (>300uV/K), the power factors were low due to high resistivity [75].
Polycrystalline B;,P, CVD-grown wafers were also reported to exhibit Seebeck co-
efficients larger than 800 uV/K, but with higher resistivity than B;,As, [76]. There is
also an interesting prediction that if stoichiometric B;,0, crystals could be success-
fully grown for the first time, high mobility and high thermoelectric performance
would be expected [77].

Although thermoelectric thin films are not expected to be useful for high temper-
atures, there have been recent attempts for thermoelectric hexaborides [78]. One rea-
son is that SmBg has recently been reported to be a topological insulator [79]. In some
cases, topological insulators have been predicted to possess high thermoelectric per-
formance [80, 1], and in thin films, the surface to volume ratio is much higher than
bulk, indicating a possible larger effect of surface states. Furthermore, CaB for exam-
ple, has good thermoelectric properties but high thermal conductivity. Thin films can
be expected to lower the thermal conductivity. Using decaborane B,yH,, as a boron
source, the CVD film growth of SrB; was carried out [78]. Textured crystalline thin
films of SrB¢ were obtained with very fast growth rates of ~0.25-0.35 um/min. Large
Seebeck coefficients were obtained similar to bulk values but the grain boundaries
from the texture appeared to increase the resistivity. The CVD remains a promising
method to explore thin films for other boride like SmB, and YbBg.

3 Tin selenide single crystals as high-performance
thermoelectric materials

Tin selenide has been a hot topic in the world of thermoelectrics during the last few
years, after a report of an extremely high figure of merit of 2.6 along the b-axis in a sin-
gle crystal [81], raising interesting discussions concerning the remarkable difference
in conversion performance between the single crystals and their polycrystalline coun-
terparts. The room-temperature form of SnSe takes a layered orthorhombic crystal
structure with the space group Pnma. This structure can be interpreted as a distortion
of the rock-salt structure, with different interionic spacing inside the coordination
octahedra of the Sn atom. The views of this structure along the a, b and c crystallo-
graphic directions are shown in Figure 5. The structure is composed of two-atom-thick
SnSe slabs with strong Sn—Se bonds within the b and c planes and weaker Sn-Se
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Figure 5: Crystal structure of the space group Pnma room-temperature form of SnSe, with projection
along the a-, b- and c-axis (respectively (a), (b) and (c)). Sn and Se atoms are depicted as grey and
green spheres, respectively.
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bonds between the planes (but stronger than electrostatic Van der Waals bonds).
This results in an anisotropic material which has claimed to be between the two-
and three-dimensional natures [82]. The atomic slabs are corrugated, arranged in
a zig-zag accordion-like shape along the c-axis and stacked along the a-axis as de-
picted in Figure 5(b). The easy cleavage plane is therefore perpendicular to [100]. This
phase undergoes a transition to a higher symmetry phase (space group Cmcm) around
800K [83, 81], a second order displasive transition corresponding to the continuous
movement of Sn and Se atoms almost entirely along the [100] direction [83].
Although SnSe is a IV-VI intermetallic compound close to the NaCl-type structure
of lead telluride, one of the best performing and most studied thermoelectrics [12, 84],
it did not attract much attention in this field for decades [85]. Although there was some
early interest in evaluating the room-temperature ZT in solid solutions of SnS and
SnSe [86]. Since SnSe has been considered for a long time as a promising material
for photodetecting applications [87, 88, 82] or even more recently for applications in
photovoltaics [89, 90], the growth of SnSe single crystals has been studied thoroughly.
The classical method for producing high quality and large-sized single crystals of tin
selenide has been the Bridgman or modified Bridgman method using pre-reacted in-
gots of tin selenide at temperatures >900 K [87, 88, 81, 91-95]. This method however
requires a double ampoule sealing to prevent the oxidation of the material because
the inner tube is destroyed due to considerable difference in thermal expansion be-
tween the quartz and the crystals [93, 88, 81, 92]. Fast growth speeds of seven mm/h
were found to result in high-quality crystals with small dislocation densities [88], but
single crystals were usually grown for several days [81, 91, 92, 94, 95]. In spite of the
non-congruent sublimation of the stoichiometric composition, the closed-tube vapor-
phase technique has also been demonstrated to be an efficient technique for growing
Sn-rich SnSe single crystals [96]. All crystals would show carrier concentration be-
tween 10" and 10'® cm >, depending on the defects concentration, values typical of
undoped semiconductors. Small crystals of various morphologies could also be ob-
tained by the solvothermal [82] or hydrothermal methods [97]. Much effort has also
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been put in the synthesis of SnSe nanosheets, mainly for photovoltaics and will be
briefly detailed later in this part [98, 89, 99, 100].

The report of the high ZT value of 2.6 along the b-axis of the tin selenide single
crystal was also accompanied by a high value of 2.2 along the c axis and a more mod-
erate value of 0.8 along the layers stacking direction, the a axis, emphasizing the very
marked anisotropy of the properties in this compound [81]. While displaying power
factors up to one mW m ™ K2, values typical of state-of-art thermoelectric materials,
the crystals were exhibiting extremely low lattice thermal conductivities k., far be-
low 0.5Wm ™ K™}, even reaching a minimum of 0.23 Wm ™K™' along the a axis. The
optimal values were obtained above 800K in the ordered high-temperature Cmcm
phase owing to increased carrier mobilities and a reduction in energy gap causing
a jump in electrical conductivity, while maintaining the thermal conductivity at ex-
tremely low values.

Hence, the high ZT values could be attributed almost entirely to these remarkably
low values of «, originating in the very anisotropic bonding character and the ionic
network anharmonicity, as emphasized by the anomalously high Griineisen param-
eters calculated by DFT [81]. Later theoretical studies indeed confirmed the unique
properties of lattice dynamics in SnSe [101-103]. Through neutron-inelastic-scattering
studies, the anharmonic character could be identified as stemming from a very pecu-
liar picture of the electronic structure and bonding unstability [103]. The Se p-orbitals
form a highly polarizable resonant network with long-range interatomic force con-
stants, which result in soft low energy optical modes. They are responsible for the in-
stability of the Cmcm phase and were already evidenced as a source of decrease in ki
in other chalcogenides [104]. Coupled to the presence of stereochemically active lone
pairs on Se atoms, another well-known source of kj,;; decrease [105-107], the anhar-
monicity of phonon transport in SnSe close to the phase transition could be directly
related to the orbital instability via electron-phonon coupling [103]. In addition, first
principles calculations unveiled very short phonon mean-free paths, showing the lim-
ited potential in reducing kj,; by nanostructuring [102]. These theoretical studies also
evidenced a marked anisotropy between the three direction components of k4, pre-
dicting in particular a value along the b-axis that was considerably higher than the
one measured by Zhao etal. ([101-103]).

Subsequent to this discovery, attention has been drawn to the performance in
polycrystals, which are easier and cheaper to produce for applications. However, sev-
eral studies on grain orientation, elemental doping or solid solutions in polycrystals
could never evidence a figure of merit above one [108-116]. In addition, in these ma-
terials, the high-temperature phase could not be measured due to severe plastic de-
formation of the samples above 823 K [108] and material instability evidenced by TGA
above 873K [93]. The thermal conductivities of the majority of undoped compound
were found to be higher than those measured by Zhao et al. (which can be understood
due to the averaging of all directions, for which b- and c-directions show theoreti-
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cal values above 0.5 W.m ! K1), while electrical resistivities were increased due to the
loss of the single crystalline order. Figure 6 shows the distribution of the ZT values
with the thermal conductivity for a selection of poly- and single crystals in doped and
undoped tin selenide. This distribution evidences a clear difference in terms of ZT val-
ues between the single crystals and the poly-crystals and also with Zhao etal.’s lone
value of single crystals in the Cmcm phase. These results raised the question of the in-
trinsic nature of the ultra-low thermal conductivities in the latter single crystals. Wei
etal. noticed the lower density of Zhao et al.’s stoichiometric crystals, only reaching
roughly 90 % of the theoretical density, and discussed the suitability of treating these
materials as real single crystals. It is indeed well-known that porosity or micro-cracks
can be very effective in blocking the thermal transport in materials and can consider-
ably lower the thermal conductivity [16]. Although the presence of a large number of
defects or interstitials in a single crystal can also affect this property, as explained by
Zhao et al., it is more likely that the very low values of k,;; along the b- and c-axes may
not be intrinsic to SnSe but may be related to the preparation method.

Various studies on single crystal SnSe were carried out, trying to reproduce the
high ZT or to dope the material to improve the properties even further. Few teams tried
to re-evaluate the properties of the pristine phase but could not reproduce either the
electrical or the thermal properties [92, 95]. For the former, it has been long known
that the tin selenide system is very prone to structural defects and off-stoichiometry
[96], on which the carrier concentration is very dependent and can vary strongly as
already emphasized earlier. The disparities in electrical properties might therefore be
explained by differences in carrier concentration relative to each synthesis method.
Larger electrical resistivities and thermopowers measured by Ibrahim et al. suggest,
for example, a lower hole concentration in their samples, while Zhao at al. obtained
higher power factors due to carrier concentrations close to 10! cm™. On the other
hand and as already mentioned in the previous paragraph, the differences in ther-
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mal conductivity may be explained by the hypothetical porosity/microcracks yielding
fewer dense crystals. However, anti-site substitutions and/or vacancies, as sources of
additional phonon scattering, could also cause more synthesis-method dependence
of x [101], and explain the scattering of x values among the other reports, with ther-
mal conductivities higher and closer to theoretical studies for the less defective sam-
ples.

On the other hand, doping studies unveiled the potential of the Pnma tin selenide
phase, following theoretical predictions. Contrary to lead telluride, SnSe exhibits a
multitude of bands at the top of the valence band, as well as at the bottom of the con-
duction band, both useful for achieving respective hole and electron concentrations
above 10" cm™ [117, 102]. This feature is a requirement for high performance thermo-
electric materials as it enables a high effective mass, a prerequisite for high Seebeck
coefficients, hence showing the natural predisposition of SnSe towards thermoelec-
tricity. Carrier concentration tuning by substitution of Na and Ag for Sn resulted in im-
proved ZT of 2 at 800 K in the Pnma phase through a remarkable increase in the power
factor, despite thermal conductivities above 0.5 W.m K1 [91, 118]. What is noteworthy
is that the whole temperature range (300-800 K) benefits from the increase in perfor-
mance, resulting in an average ZT above one, which is an important step forward when
considering applications. However, for applications, in the classical thermocouple ar-
chitecture, two different materials are needed: a p-type leg and an n-type one. So far,
mostly p-type tin-selenide compounds have been obtained and studied, despite the-
oretical results indicating the greater potential of the n-type SnSe owing to enhanced
interlayer electronic transport [117]. Some results in n-type polycrystals showed mod-
erately high values [113, 119], but substitution of Bi for Sn was reported to yield a ZT of
2.2 for n-type single crystals [93]. However, these crystals exhibit thermal conductivity
values in the vicinity of 0.3 W.m ' K™!, similar to the controversial report on undoped
SnSe; therefore, they may also show the same surmised porosity features. In these
compounds, at least Bi was demonstrated, by topographic microscope techniques, to
substitute Sn efficiently, while effectively driving the electron concentration to values
ranging from 5.2 10 t0 2.1 10" cm™>.

Overall, even though the intrinsic character of the extremely low thermal conduc-
tivity of SnSe single crystals is still a topic of discussion, the advantage of single crys-
tals over polycrystals has been demonstrated in this system. Owing to a very anhar-
monic bonding character, the phonon mean-free path is naturally very short in these
materials, preventing the polycrystals to reach lower thermal conductivities than in
the single crystals. On the other hand, the absence of grain boundaries and the perfect
orientation in single crystals allows reducing the electrical resistivity, especially along
the in-plane directions and, upon carrier concentration tuning, to reach high-power
factor values and a high figure of merit. Nevertheless, the applicability of such sys-
tems, and in particular the applicability of the first non-fully dense crystals, remains
to be studied.
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Another type of SnSe single crystals, the nanoplates or monolayer nanosheets,
has also recently been in focus, for thermoelectric properties [100] but mainly for pho-
tovoltaics [90], optical applications [99] or even nano-mechanics [120]. Nethravathi
etal. previously showed the promise of chalcogenide nanosheets to be utilized for
thermoelectrics [14]. These SnSe nanoplates and nanosheets are similarly produced by
wet synthesis [89, 99, 100], and in the case of thermoelectric research, they have been
utilized for the fabrication of preferentially ordered polycrystals [100]. They also make
possible the production of thermoelectric non-layered SnTe to be produced in a porous
form of nanoplates, based on the anion exchange reaction of Te for Se [98]. Com-
bined with other 2D layered compounds such as transition metal dichalcogenides,
which will be described in the next part of this chapter, misfit layered compounds
can be fabricated for thermoelectric applications, making possible the tuning of the
cross-plane electrical transport properties by tuning the number of layers of each com-
pounds [121], and these might be essential for low-dimensional applications.

4 Low-dimensional and environmentally friendly
TiS, derivatives: from single crystal to
cost-efficient thermoelectric materials

Transition metal dichalcogenides (TMDCs) and many of their doped derivatives have
received considerable attention over the past 50 years. Such activity has been encour-
aged by the two-dimensional nature of MX,, where M is a group 4, 5 or 6 transition
metal and X is a chalcogenide and the wide range of physical properties that are ob-
served within this system [122, 123]. These layered materials typically exhibit strong
anisotropy in their physical and mechanical properties that range from electrically
insulating (e. g., HfS,) to metallic (e. g., VSe,) [124]. Subsequently, TMDCs have been
used as cathode materials in lithium-ion batteries, [125, 126] and are widely studied
for applications in a range of fields such as molecular sensing [127] or electrochemi-
cal supercapacitors [128]. Very recently, TiS, nanosheets have been identified as suit-
able agents for in-vivo photo-acoustic imaging [129] and as a coating material for PbS
photodetectors with the potential kill cancer cells via localized surface plasmon reso-
nance [130].

For applications in thermoelectricity however, a specific combination of high elec-
trical conductivity, o, high Seebeck coefficient, S, and low thermal conductivity, x,
is necessary [131]. In 2001, Imai etal. reported a value of the thermoelectric power
factor, $%0, of 3.71mW cm™ K2 at 300 K within the ab plane of an n-type TiS, single
crystal [132]. Such electrical properties were similar to those of the commercially avail-
able doped bismuth telluride, at a substantially lower raw-material cost and toxicity.
However, the thermal conductivity remains high for a thermoelectric material with ca.
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68mW cm™ K™ against ca. 15-20 mW cm ™ K™ at 300 K for doped bismuth telluride.
The overall figure of merit of 0.16 at 300 K was relatively high for a tellurium-free, non-
toxic, low-density material but too low for commercial applications where a ZT value
around unity is desired. Nonetheless, the low dimensionality of TiS, and the possi-
bility to optimize electrical and thermal properties via substitution and intercalation
have defined titanium-sulphide derivatives as serious candidates for thermoelectric
power generation.

TiS, crystallizes in a Cdl,-type structure (space group P3m1), where consecu-
tive layers of TiSy edge-sharing octahedra are separated by van der Waals’ gaps and
stacked along the c axis to form a discontinuous two-dimensional array, see Figure 7.
Within the van der Waals’ gaps, a wide range of guest species can be readily interca-
lated to occupy tetrahedral or octahedral positions, or even both in some cases [133].
The guest species range from simple monoatomic cations to large organic molecules,
leading to potential application from cost-efficient bulk thermoelectric power gen-
erators to flexible wearable devices [134]. For specific intercalation levels, the guest
species may form a superstructure arising from the long-range ordering of the guest
cations with vacancies [135]. These superstructures are made possible by the ready
expansion of the interlayer distances and the charge transfer from the guest species
to the empty low-lying electronic states of the highly oxidized titanium layer [136].

Figure 7: Cdl,-type crystal
structure of TiS,.

By far the most widely used synthetic technique to obtain TiS, crystals is chemical va-
por transport (CVT) using iodine or excess sulphur as a transport agent. Because of the
layered structure of TiS,, the single crystals grow preferentially along the [001] direc-
tion to form thin platelets, typically of a few tenths of microns thick. This anisotropic
grain growth is also observed in bulk samples prepared by high-temperature synthe-
sis in evacuated sealed tubes, where the solid-liquid-vapor reaction favors the growth
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of plate-like crystallites [137]. Additionally, careful control of the reaction conditions
can lead to the formation of TiS, dendritic crystals at 800 °C using excess sulphur as a
transport agent in a simple CVT process [138]. Consequently, the physical properties of
TiS, show strong anisotropy, even in consolidated bulk samples, where the plate-like
crystallites align preferentially in the direction perpendicular to the pressure. This di-
rection is referred to as “in-plane” due to the analogy that can be drawn between the
physical properties in this direction and those of the single crystal along the ab plane.
In thermoelectricity, electrical conductivity and thermal diffusivity of a bulk sample
strongly depend on the statistical orientation of the crystallites and therefore on the
direction of the measurement relative to the pressure.

Aside from variations caused by anisotropy, the electrical properties of TiS, have
been disputed as a result of discrepancies between reports from various groups. This
has led to uncertainty over whether TiS, is a semi-metal [139, 140] or a semiconduc-
tor with various values of direct or indirect band gaps [141]. However, it is now well-
accepted that the origin of the variations in physical properties are a result of a devia-
tion from stoichiometry caused by self-intercalation of titanium, leading to a range
of compositions in the form Ti,,,S, and a metallic temperature dependence of the
electrical resistivity [122, 142, 141]. Self-intercalation usually occurs via sulphur loss
through volatilization at high temperature with the excess Ti relocating to an octahe-
dral vacancy in the van der Waals’ gap. The Seebeck coefficient does not depend on
the orientation of the crystal or the level of preferred orientation in bulk samples and
can therefore be used, along with the unit-cell parameters, as a good indicator of the
level of non-stoichiometry. It is clear from the comparison between single-crystal and
bulk materials in a Pisarenko plot, see Figure 8, that the level of non-stoichiometry in
Ti;,S, has a regular impact on the charge carrier concentration, n, and in turn on the
Seebeck coefficient. The large increase in n is a result of charge transfer from the guest
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to the empty t,,-derived conduction band of TiS, and causes the electrical resistivity
to decrease for a given orientation.

The large value of the Seebeck coefficient can be explained by the electronic-
band structure. Calculations have shown the presence of a multi-valley structure with
six small electron pockets around the L points of the hexagonal Brillouin zone, each
with the potential to contribute to a large Seebeck coefficient [132, 143, 144]. Addition-
ally, the disorder generated by the presence of Ti in the van der Waals’ gap of Ti,,,S,
strongly affects phonon scattering and provokes a systematic reduction in the lattice
component of the thermal conductivity from ~43Wm™ K™ forx = 0to 1.2Wm K}
for x = 0.05 at 300K in the in-plane direction of a bulk sample [145]. In the cross-
plane (or out-of-plane) direction, the thermal conductivity is typically lower due to
the effective phonon scattering at the layer interfaces. Fine tuning of the level of Ti-
intercalation succeeded in improving the thermoelectric figure of merit, and a maxi-
mum ZT of 0.48 at 700 K was observed for Ti; o,55,.

The growth temperature applied during the chemical-vapor transport synthesis
of TiS, directly affects the transport properties, suggesting that the off-stoichiometry
can be controlled and exploited in single crystals. Elemental Ti and S are sometimes
pre-reacted in sealed tubes to form polycrystalline TiS, before being placed in a tube
furnace [143]. Hot- and cold-zone temperatures are usually kept between 873 and
1073 K. Subsequently, measurements of the transport properties on doped-Ti;,,S,
single crystals where x is constant across the doped samples constitute a powerful
tool to investigate the effect of doping, via substitution or intercalation, without the
additional influence of density, grain-size distribution, boundaries etc. Using this
approach, Daou et al. established that Ta** substitution on the Ti site was particularly
effective at reducing the lattice thermal conductivity, more than controlled Ti self-
intercalation [146]. Similarly, Abbott et al. investigated a range of TiS, single crystals
doped with As, Mo, Ce, Y, Hf and Zr. While the thermoelectric properties were rather
poor, they observed a direct correlation between the infrared reflectivity minima and
the Seebeck coefficient.

TiS,-based misfit-layer compounds in the form (MS),,, (TiS,), (M = Pb, Bi, Sn) are
natural superlattices that have recently shown very promising thermoelectric prop-
erties with substantially reduced thermal conductivity compared with pristine TiS,
[147, 148]. While TMDC misfit-layer compounds have been known for decades, there
have been some initial confusion with these compounds being designated as MNbS;
and MTaS; (M = Sn, Pb) [149]. The Structure of (PbS), 15(TiS,), was determined from
X-ray diffraction analysis of a single crystal and consists of two subsystems, PbS and
TiS,, that interweave to form a misfit superstructure of PbS and TiS, layers stacked
along the c axis in a PTTPTTP sequence, Figure 9 [150]. The small single crystal (0.025x
0.12 x 0.20 mm?>) was prepared from the reaction of the elements in evacuated quartz
tubes in the presence of a small amount of iodine to favor crystal growth. Recent re-
search focused on understanding the physics behind the ultra-low lattice thermal con-
ductivity that originates from a large concentration of defects, such as stacking faults
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Figure 9: Simulated crystal structure
of misfit compound (PbS), 15(TiS,),.

and the softening of transverse modes of lattice waves caused by the weak bonding be-
tween consecutive heterolayers. However, these effects are accompanied by too great
a charge transfer from the MS subsystem to the TiS, conduction band that leads to
highly metallic behaviour. So far, the highest reported figure of merit was measured
for (SnS); ,(TiggCug,yS,), with ZT = 0.42 at 720 K [147, 151]. Undoubtedly, TiS,-based
misfit compounds form a very promising new family of thermoelectric materials with
a wide range of tuning opportunities. In this context, larger single crystals would en-
able a more thorough examination of the intrinsic properties of such a system and give
valuable insight into further strategies to adopt.

Certainly one of the most promising topic for thermoelectric TiS,-based materials
is the emergence of flexible TiS,/organic hybrid superlattices. Single crystals (4 x 4 x
0.1mm?>) were grown using chemical-vapor deposition where 20 mg/ml of excess sul-
phur was used as a transport agent in a transport tube held at 632 °C in the growth re-
gion [152, 134]. A simple two-step process involving electrochemical intercalation and
a solvent-molecule exchange was carried out to obtain a flexible TiS,/organic hybrid
single crystal. The TiS, single crystal was used as a cathode and a platinum sheet was
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used as an anode in a hexylammonium/DMSO electrolyte solution. A constant voltage
was applied in order to reduce part of the Ti*" into Ti’**, resulting in organic cation in-
tercalation driven by Coulomb forces. The obtained TiS, [(hexylamine), (DMSO), ] was
immersed in water to form TiS,[(hexylamine), (H,0),]. The thermoelectric properties
of the obtained flexible crystal are extremely promising with a ZT of 0.28 at 373K,
mainly due to an ultra-low thermal conductivity, reduced by an order of magnitude
compared with TiS,. Following these results, the work on TiS,/organic hybrid super-
lattices was pursued and a flexible thermoelectric device was manufactured using PE-
DOT:PSS as a p-type counterpart, achieving a maximum power density of 2.5 W m™ for
a 70 K temperature gradient [153].

5 Properties of correlated semiconductor FeSb,:
from single crystal to nanocrystalline materials

In the past few decades, reducing phonon mean-free path via nanostructuring [1] has
been employed to improve the thermoelectric figure of merit of thermoelectric materi-
als. Reducing the phonon mean-free path provides an excellent alternative to improve
the ZT by reducing the lattice thermal conductivity without significantly affecting the
power factor. Thus, as described previously in this chapter, materials such as single
crystals where the phonon mean free paths are large are not commonly favorable for
thermoelectrics. There are several exceptions such as borides and clathrates where
the intrinsic lattice thermal conductivity is already low [44, 45, 34, 154]. A large value
of phonon mean-free path, however, can result in an enhancement of the Seebeck co-
efficient via the so-called phonon drag mechanism. In this mechanism, transport of
phonon “drags” charge carriers towards the cold end of the junction, therefore cre-
ating additional contribution to Seebeck coefficient. This effect has been observed
mainly in pure semiconductors, such as in isotopically pure Ge [155], which results
in a Seebeck coefficient ~30 mV/K. Herring et al. [156] proposed a phenomenological
explanation of the phonon drag mechanism, revealing the dependence of Seebeck
coefficient on the phonon mean-free path, carrier mobility, carrier concentration, etc.
Despite this beneficial effect, phonon drag itself cannot be utilized due to its inability
to overcome the high lattice thermal-conductivity due to high phonon mean-free path.
Calculations shows that the ZT obtained purely from the phonon drag effect will never
exceed 1/4 (Goldsmid [157] and the references cited therein).

On the other hand, strong electronic correlation, particularly in a compound class
called Kondo insulators, has attracted much attention due to its potential in thermo-
electrics [158]. In such systems, a hybridization between localized f or d orbitals and
conduction bands result in the formation of a narrow gap and steep density of states in
the vicinity of the Fermi level. By adjusting the position of the Fermi level with respect
to the band edge, a high value of power factor can be obtained. Several compounds
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in this class such as FeSi [159], Ce;Pt;(Sh,Bi), [160, 161], and CePd; [162] show large
Seebeck coefficients at low temperatures with absolute values exceeding 100 pV/K. It
should also be mentioned that utilizing magnetic interactions to enhance the effective
mass to a certain degree and thereby enhance the power factor, is another interesting
effort recently being actively carried out [5, 6].

The binary antimonide FeSb, has attracted attention in the past several years due
to its interesting and unusual thermoelectric properties at low temperatures. Partic-
ularly, a single crystal of this compound [163] shows a tremendous Seebeck coeffi-
cient (~—45mV K ™) and power factor (~2.3 mW cm™! K~2) at low temperatures, which
makes it a good candidate for thermoelectric cooling applications at cryogenic tem-
peratures, despite its high thermal conductivity. In this section, various single-crystal
growth methods and their effect on the thermoelectric properties will be discussed.
Comparison between the single crystals with the bulk polycrystalline and nanocrys-
talline materials will also be presented.

FeSb, crystallizes in orthorhombic marcasite structure where each iron is coor-
dinated by six antimony atoms in an octahedral environment. The crystal structure,
depicted in Figure 10 is characterized by a network of edge and corner-sharing octa-
hedra. Single crystal refinements [164, 165] revealed the full atomic order in the space
group type Pnnm without any significant deviation from 1:2 stoichiometry. FeSb, is
formed incongruently via a peritectic reaction: L + Fe,,,Sb & FeSb, at 750 °C with a

Figure 10: Crystal structure of FeSb, (crystallographic data taken from Chumak et al. [164]).
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liquid composition of 90 at.% Sb [166]. The phase FeSb, is directly in equilibrium with
antimony, forming a eutectic point L. & FeSb, +(Sb) at 624 °C and at ~97 at.% Sb. Such
a situation is beneficial for the single-crystal growth of this compound with the flux
method, previously described in Section 2.4 of this chapter.

Considering the phase equilibria around FeSh,, its single crystals can be obtained
by a self-flux method using antimony as the flux material. In such a case, a mixture
of iron and antimony with the composition of more than 90 at.% Sb is sealed un-
der vacuum or protective atmosphere and heated up to reach complete fusion of the
elements. After homogenizing the melt, the mixture is slowly cooled down to 600—
650 °C. The single crystals can be isolated from the flux either by decantation, cen-
trifugation at high temperature or by evaporating the antimony. This method has been
used to produce large single crystal with dimension up to ~5 mm. The crystal’s mor-
phologies produced by this method can vary from rods to irregular polyhedra/gran-
ules [165, 163, 167].

The chemical-vapor transport (CVT) method is another method to grow large sin-
gle crystals of FeSb,. In this method, the single crystals of the desired phase are grown
from the gas phase. Since most metals and intermetallic compounds have low va-
por pressure below their melting/decomposition temperature, the addition of a trans-
porting agent is required. The transporting agent will react with the starting materi-
als, forming various gaseous species, which will be transported and deposited at the
growth zone as single crystals. Halogen, such as iodine or bromine, is commonly used
as the transporting agent.

Typical crystal growth by this method requires a two-zone furnace to create a tem-
perature gradient between the source and the growth sites. The temperature gradient
is required to alter the equilibrium condition. Generally, based on the Le Chatelier
principle, an increase in the temperature will shift the equilibrium to the endother-
mic side of the reaction. Therefore, the enthalpy of reaction plays a big role in CVT
method, and its sign will determine whether the growth will occur at the hotter or the
colder zone. Detailed information about this method can be found in, e. g., Binnewies
etal. [168, 169].

For FeSh,, chlorine [170] and bromine [171] have been utilized as transport agents
to grow large single crystals of this compound. A tube with a dimension of ~1.2x 25 cm
with the pressure of chlorine of 75 torr was used to grow the crystal [170]. The tempera-
tures of the source and the growth zone were set at 700 °C and 650 °C, respectively and
the duration of the transport period was five—ten days. Prior to the growth process, a
back transport process was performed for approximately a day, i. e., the temperature
of the source and the growth zones were reversed. This process eliminates the nucle-
ation sites in the growth zones introduced during the filling of the materials into the
tubes. Unfortunately, not so many details on the growth parameters of FeSb, crystals
with CVT method are presented in the literature [172, 171, 173].

The properties of FeSh, are strongly dependent on the quality of the samples,
which may stem from various preparation methods. For example, the large value
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of Seebeck coefficient at low temperatures (|S| > 1 mV/K) can only be obtained in
high-quality single crystals [174, 167, 175, 163, 176, 172], whereas for the polycrys-
talline samples, the maximum absolute value of Seebeck coefficient ranges from
~60-800 puV/K [177-180] depending on the preparation methods. Even a slight dif-
ference in the growth condition and the purity of the starting materials within the
same method can alter the properties significantly, e.g, [181, 165, 177, 167]. Table 1
summarizes the thermoelectric figure of merit (ZT) of various FeSh,-based materials.
To date, the maximum ZT of this material is still one or two orders of magnitude lower
than unity.

Table 1: Thermoelectric figure of merit (ZT) of various FeSb,-based materials. (Abbreviations: SC: sin-
gle crystal, PC: polycrystal, CVT: chemical-vapor transport, BM: ball milling, HP: hot pressing,
DCHP: direct-current hot pressing, SPS: spark-plasma sintering).

Composition Type Crystal Growth Method T Reference
FeSb, SC self-flux 0.005at 12K [163]
FeSb; g¢Teo.16 SC CVT (Bry) 0.013at~125K [171]
FeSb, PC Melting-BM-HP 0.013 at 50K [182]
Fe(Sbg.oTeg.1)» SC self-flux ~0.05at~100K [183]
FeSby 975A80.025/A80.77Sbg 23  PC Melting-BM-DCHP ~0.02at~60K  [184]
FeSb,/0.045Cu PC Melting-BM-DCHP ~0.027 at 60K [185]
FeSb, PC Melting-annealing-hot 0.021 at~70K [186]
deformation in SPS
FeSb geTeg 16 PC  Melting-BM-DCHP at 500°C  0.022at100K  [187]

The reproducibility of the colossal Seebeck coefficient of ~—45mV/K is still question-
able. So far this value has been reported only by the same group of authors (Bentien
etal. [163]; Sun et al. [188, 172]). Recently, Takahashi et al. [174] came close to reproduc-
ing the value by adjusting the size of the single crystals. However, the maximum abso-
lute Seebeck coefficient obtained was ~27 mV/K. A significant anisotropy in the elec-
trical resistivity of the self-flux grown crystals was observed, which showed semicon-
ducting behavior along a and b axes and a metal-insulator transition at above ~50 K
along the c axis [165]. About a decade later, the same group of authors [181] repro-
duced the result and showed that the crystal with metal-insulator transition could be
obtained by decanting the flux at 650 °C, while those without metal-insulator transi-
tion were obtained by decanting/centrifuging the mixture at 690 °C. It is important to
note that the MIT behavior is not observed by other groups of authors.

Another interesting finding regarding the effects of various starting materials
on the properties of the grown crystals was also reported [167]. They found out that
even a ppm level of impurity can deteriorate the Seebeck coefficient, even though the
maximum Seebeck coefficient they had was one order magnitude lower than Ben-
tien et al. [163]. This discrepancy may be caused by the difference in the cooling rate,
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where Takahashi etal. used 9°C/h from 775°C to 640 °C, while Bentien etal. [163]
used a much slower rate of 0.375 °C/h with the same temperature range.

Despite its sensitivity towards impurity, FeSb, crystals grown by CVT method
(with Br, as transporting agent) show a high Seebeck coefficient at low temperatures
[173, 176, 172], indicating their high quality. Absolute values of Seebeck coefficients
ranging 10-30 mV/K [176, 172], as well as the transition from diamagnetic to an en-
hanced Pauli paramagnetism at ~50 K [176] were observed in samples grown by CVT.

Due to the reproducibility problem, which seems to be extremely sensitive to the
sample preparation, the origin of the colossal Seebeck coefficient still remains under
debate. Several authors (Petrovic et al. [189]; Bentien et al. [163]; Sun etal. [173, 172];
Herzog et al. [190]) proposed strong electronic correlation while the others (Pokharel
etal. [191]; Tomczak etal. [192]; Battiato etal. [193]; Takahashi et al. [174]) proposed
phonon drag as the mechanism. The behavior of FeSb, showed some resemblances
to that of FeSi [159], a correlated semiconductor. The electrical resistivity of FeSh, is
characterized by its semiconducting-like behavior, showing a plateau at ~20 K, from
which two energy gaps were extracted, Ey; = 4-10meV and Eg, = 26-36 meV ([172]
and the references cited therein). Similar to FeSi [194], upon aliovalent substitution
on the Sb site, several authors reported transition from correlated semiconductor to
unconventional metals with enhanced effective mass [177, 171, 195]. Magnetic ordering
was also observed upon Te doping (Fe(Sb,_, Te,),), showing transitions from metallic
state at x = 0.001 to canted antiferromagnetism at 0.1 < x < 0.4 and ferromagnetism
at x = 0.2 [195]. The Seebeck coefficient is markedly reduced below -1 mV/K with Te
doping due to an increase of charge-carrier concentration, however, the reduction of
the lattice thermal conductivity is not enough to significantly boost the ZT [171]. Iso-
valent substitution by As also reduces the absolute value of Seebeck coefficient due
to additional charge carrier induced by defect or other impurities [172]. It is also inter-
esting to note that doping on both Fe and Sb sites also shifts the temperature of the
maximum Seebeck coefficient towards the higher temperature [172, 171, 178].

Theoretical calculation [192] revealed that electronic correlation itself is not
enough to explain the value of Seebeck coefficient at low temperature, suggesting
additional mechanism such as phonon drag effect. High pressure transport measure-
ments of a FeSb, single crystal demonstrated a weak dependence of the energy gap
value on the applied pressure [175], in contrast to the usual Kondo insulator scenario.
Furthermore, a first-principle study on the thermal conductivity of FeSb,, focusing on
the anharmonic lattice approximation, uncovered long phonon mean-free paths of
over 100 pm at 20 K [196]. Such a long MFP would be beneficial for the phonon drag ef-
fect. Later on, Battiato et al. [193] proposed a combination of narrow in gap states and
phonon drag as the main driver of the colossal Seebeck coefficient. The origin of the
in-gap states stems from the defects, particularly from the excess Fe, i. e. Fe;,,Sb,_,.
Their calculation showed that the minimum value of x of 4.5 x 10~ should be enough
to induce the in-gap states, a value that would be nearly impossible to detect via
standard experimental methods, such as single-crystal refinement or electron-probe
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microanalysis. A similar proposition was also pointed out by Gippius etal. [197],
stating that the defect concentration x in FeSb,_, should be much less than 1%.

An experimental work [191] showed that by changing the grain size, the ZT of
bulk nanocrystalline FeSh, was not significantly improved despite the remarkable
reduction of the thermal conductivity. Lowering the grain size led to an increase of
the grain-boundary phonon scattering, and thus reducing the magnitude of the See-
beck coefficient from the phonon drag effect. Similar observations were also reported
in nanocrystalline FeSh, prepared by soft-chemistry methods [180, 198, 199], where
the maximum absolute Seebeck coefficient was reduced to a value close to or below
100 pV/K. Indeed, such methods can also introduce a significant amount of impurity,
which also suppresses the magnitude of Seebeck coefficient. A most recent publica-
tion by Takahashi etal. [174] showed quasi-ballistic phonon dragging of heavy elec-
trons in FeSh,. By changing the sample cross section to the sub-millimeter range, close
to the calculated phonon mean-free path [196], they demonstrated the size depen-
dence of the Seebeck coefficient, which supports the phonon drag effect. Another im-
portant finding from this experiment is the reduced electron mobility that results from
an enhanced effective electron mass (m* = 5.4m). As the phonon-drag component of
Seebeck coefficient is inversely proportional to the carrier mobility [156], the reduced
mobility is also responsible for the enhancement of the Seebeck coefficient. The com-
bination of the long phonon mean-free path and large effective mass (low mobility)
open a new alternative mechanism to obtain suitable material for Peltier cooling at
cryogenic temperature. Takahashi et al. [174] showed by calculation that with phonon
mean-free path in the order of few hundreds of micrometers and large effective mass
of =1000m,, ZT from phonon drag on such a strongly correlated system may reach
unity at low temperatures.

6 Clathrate-Vill BagGa,Sn,,_, compounds

High ZTs have already been discovered in numerous Zintl phases and related com-
pounds, like Yb,,MnSh;;, skutterudites, and clathrates [200]. The term clathrate
(inclusion compound) comes from the Latin word clathratus and is widely used
to describe cage compounds where the guest atoms are encapsulated in the three-
dimensional framework composed by the host atoms [201]. One of the earliest com-
pounds that satisfies the standard of clathrate was a water clathrate with the for-
mula Cl,(H,0)g, which formed at low temperatures with water molecules that had
interacted through hydrogen bonding crystallizing around Cl, molecules [202]. Gas
hydrates are nonstoichiometric crystalline solids that could be formed when the gas
(such as Xe, CH,, H,, CO,, etc.) is frozen with water at high pressure [203]. The gas
atoms are guests trapped within the large cages of the ice structure.

In terms of thermoelectric energy conversion, intermetallic clathrates have at-
tracted great attention since they are materials exhibiting the properties of ‘phonon-
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glass electron-crystal’ (PGEC) proposed by Slack [204]. In this section, we will mainly
review the researches on tin clathrates, their preparation method and their thermo-
electric properties. Depending on the composition and structure, there are various
categories of intermetallic clathrates. Figure 11 shows the crystal structure for type-I
and VIII clathrates. The general formula for type-I clathrates (with a cubic structure
and space group Pm3n) is AgE,E,q_,, where A denotes alkali metals (Na, K, Rb, Cs) or
alkaline earth elements (Mg, Ca, Sr, Ba) and E'\E represents groups 13 (triels = Al, Ga,
In) or group 14 elements (tetrels = Si, Ge, Sn). There are two types of cages existing
in the type-I clathrate structure, namely two smaller pentagonal dodecahedra with 12
pentagonal faces and six larger tetrakaidecahedra with two hexagonal and 12 pentag-
onal faces. Both kinds of polyhedra are filled with the guest atom A on the Wyckoff
sites 2a and 6b, respectively. A cations exhibit large anisotropic displacement param-
eters (ADPs) and may be considered as ‘rattlers’. The localized vibrational modes of A
cations will remarkably contribute to the degradation of thermal conductivity of these
materials [205, 206].

Figure 11: Crystal structures for type-I (left) and VIII clathrates (right. Blue, black, red and green
spheres represents Wyckoff sites 2a, 8c, 12d and 24g, respectively).

Clathrate materials are related to Zintl phases and could be understood by the valence
counting following the Zintl-Klemm method. In ternary Zintl AgE, E,¢_,, electrons do-
nated by electropositive A atoms are accepted by the E\E' atoms that constitute a co-
valently bound anionic framework through sp>-like bonding, thus each E\E’ atom is
surrounded by four other E\E' atoms [207]. Correspondingly, the clathrate AgE,E,¢_,
is semiconducting when all E\E’ atoms forming the framework possess four valence
electrons, leading to 184 valence electrons in each formula unit. This principle is also
true for the tin clathrates BagGa;4Sns,, considering that each Ba, Ga and Sn could
provide two, three and four valence electrons, respectively [208]. Differential thermal
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analysis (DTA) and in situ synchrotron XRD confirmed that BagGa;Snj; is dimorphic
with a reversible type-I phase transforming to a type-VIII phase around 740K [209].
A lower transformation temperature of 600 K was also reported [210]. Nevertheless,
at higher temperatures, type-VIII BagGa;sSn;, are superior to type-I BagGa;sSnsg in
terms of thermal stability and hence more preferable for application. The electron
counting in the context of Zintl concept shown previously agrees well with the the-
oretical investigation. The first principles of electronic-structure calculations employ-
ing the full potential linearized augmented plane wave (FP-LAPW) approach support
that both type-I BagGa;cSnsy and type-VIII BagGa;¢Sns, are indirect semiconductors
with band gaps being 0.51 and 0.32 eV, respectively [211]. Li et al. reported E; = ~0.6 eV
for type-VIII BagGa;cSn;, by CASTEP with generalized gradient approximation (GGA)
[212]. Other different band gap values, such as E, = 0.16eV [213] and E; = 0.19eV
[214] have also been calculated for type-VIII BagGa;cSn;. For indirect-gap semicon-
ductors, the optimum band gap for thermoelectric application is 6-10kgT with kg =
Boltzman constant and T = operating temperatures of the thermoelectric devices, ac-
cording to the investigation by Chasmar and Stratton [215], and by Mahan later [216].
Therefore, the requirements for strong thermoelectrics are met by type-I1 BagGa;sSns
and type-VIII BagGa;sSnsg.

Hitherto, both n- and p-type type-VIII BagGa;4Sn;, single-crystal clathrates (with
size <6 mm) have been studied. Single crystals of type-VIII BagGa;;Sns, grown by the
self-flux method could display different carrier types and different carrier concentra-
tions. Generally speaking, single crystals grown from the Ga flux are p-type. In con-
trast, the dominant carriers will be electrons in crystals grown from the Sn flux. Fur-
thermore, the carrier concentrations are likely to be adjusted by tuning the relative
amount of the flux. Both the electrical resistivity p and the magnitude of the See-
beck coefficient @ decrease with the increasing amount of the excess flux, as a con-
sequence of the changes in the carrier concentration. As shown in Table 2, for the
n-type crystals, the carrier concentration and lattice parameter gradually increases
from 3.3 x 10" cm™ to 5.5 x 10" cm ™ and from 11.590(3) A to 11.596(2) A, respectively,
with the amount of excess Sn, x in BagGa;,Snsg,,, increasing from x = 10 to x = 30.
However, for p-type samples the changes in the lattice parameter is too small to ob-
tain such a trend. On the other hand, it is worth noting that the p-type samples have
carrier concentrations 1.1x10%° cm™3 to 1.7x10%° cm 3, which are two ~ three times the
values of the n-type ones. According to the onset temperature (Ty,,,) of the intrinsic
conduction and the Seebeck coefficient a,,, at T,.4, the average band gap values 0.37
eV for n-type samples and 0.38 eV for p-type samples are calculated using the equa-
tion E; = 2apaxTmax [217]. Both values are comparable with the E, = 0.32eV from
the first principles of electronic-structure calculation. Despite no reliable thermal-
conductivity values available because of the small sizes of the crystals, highest ZT
values were roughly estimated in p-type Ba;g;Ga 59551050 o5 with ZT = 1.0 and n-type
Ba;96Gay504Sn50 06 With ZT = 0.9 below 500 K [218].
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It is widely acknowledged that thermoelectric performance depends strongly on the
carrier concentration or point defects, and doping is one of the effective method to
tune the carrier concentration or create phonon-scattering centers and thus improve
the thermoelectric performance. To get high-performance type-VIII BagGa;sSns, sin-
gle crystals, many attempts have been conducted by substituting various elements
with different valance states for Ba, Ga and Sn. As summarized in Table 2, isovalent Al
and In and electron-deficient Mg, Cu and Zn have been used to replace Ga. Single crys-
tals of type-VIII BagGa4_,Al,Sns, and BagGa;s 9_,In,Sn;, have been grown from the
Sn flux. The solubility of Alin type-VIII BagGa;sSns is rather high, amounting to about
10.5. By contrast, the solubility of In is relatively small, only around 0.6, which could
be attributed to the difference between the covalent radii of In (1.44 A) and Ga (1.26 A).
In both series, the lattice parameter increases with the increasing amount of Al or In
until the amount of Al or In reaches their respective solubility. Upon incorporation of
In, the carrier concentration decreased from 4.3 x 10" cm™ of the Ba;gsGa;56Sn50;
to ~3.5 x 10 cm ™, whereas mixed results were found in the Al containing samples
with all materials showing carrier concentration around 4 ~ 5 x 10" cm™. All the
type-VIII BagGayg_,Al,Snsq and BagGays 9_,In,Snzq show very low thermal conductiv-
ity in the temperature range of 300-600 K. The thermal conductivity x remains below
1Wm K until 550 K, after which the k starts increasing due to the bipolar effect [1].
In summary, n-type Bag oyGays 661N 20503014 shows a maximum ZT of 1.05 at 540K
and p-type Bag 1,Ga;o1Als 47503 , displays a ZT = 1.2 at 500 K. The latter ZT is not only
higher but also achieved at lower temperature, indicating that the cheaper Al is of
higher price-to-performance ratio to enhance the type-VIII BagGa;sSns,.

Sb has been chosen as the dopants on the Sn sites for n-type doping because
Sb has one extra valence electron compared with Sn [218, 229]. Both p- and n-type
Sb doped BagGa;sSn;, were prepared using Ga and Sn as flux, respectively. For crys-
tals grown from the Sn flux, the carrier concentration increases gradually from 8.8 x
10" cm 3 for the Ba, s Gay5 g9Sn30 11 t0 1.43x10%° cm ™ for Bag o; Gayg 57SN,g 6,Sbg 51 and
then to 2.95 x 10%° cm ™ for BaygeGayg 25SN59375bg 35 A ZT of 0.98 was estimated in a
p-type Sb substituted Bag o Gay6.675M25.615b0 72

Both p- and n-type Cu-doped BagGa;cSns, single crystals were also grown from Ga
and Sn flux. The solubility of Cu in the crystals grown from Ga is only around 0.014,
much smaller than 0.125 in the samples from the Sn flux. Since the valance electron
number for Cu is less than that of Ga by 2, it is easy to understand that for the p-type se-
ries BagGa,4_,Cu, Sns, the carrier concentration for the Cu containing samples—1.8 x
10% cm™—is higher than 1.4 x 10°° cm™ of pristine Ba;q;Ga;s95Sn50,05. By contrast,
in the n-type series BagGa;_,Cu,Sns, all the Cu-containing samples have a smaller
electron concentration around 3.3 x 10%° cm™ when compared with 4.3 x 10%° cm™
for n-type pristine Ba;g5Ga;59Sn3q ;. In the n-type series BagGa;¢_,Cu, Sns, the detri-
mental effect of the reduced carrier concentration on the electrical conductivity was
weakened by an increase in the mobility, leading to ~50 % enhancement in electri-
cal conductivity. Combined with a thermal conductivity below 1Wm ™ K™%, a current
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record high ZT for a clathrate was observed in Ba;ggGays ¢5Cug 1255n3 o, With ZT = 1.45
at 520 K.

Both Mg and Zn have one less valence electron when compared with Ga. The
incorporation of Mg in the n-type BagGa;sSn; resulted in a decrease in the carrier
concentration from 4.14 x 10" cm™ to 1.7 x 10" cm ™ for Ba;g6Ga599Mg( 420SN30,05
and thus an increase in the Seebeck coefficient. A power factor as high as 1.26 x
10°Wm™'K? was found in BasgeGajsgoMgos0SNs00s at around 430K.
Zn doping led to a remarkable enhancement of the thermoelectric performance
of pristine Ba;g;Ga;5955n30 5. High ZTs = 0.97 and 1.07 were found in p-type
Bag 01Gay5,89Z10,006 5113010 and Bag 09Gays g3Z10,0975M30,12 at 500 K, respectively.

Very recently, Eu was also proved effective to optimize the thermoelectric prop-
erties of p-type type-VIII BagGa;;Sn;, when replacing Ba in part [226]. The carrier
(hole) concentration increases with the initial amount of Eu from 6.31 x 10* cm™
to 2.019 x 10%° cm™3, indicating that Eu is an effective acceptor dopant in type-VIII
BagGasSnsg. The mobility also decrease with the increasing carrier concentration,
probably because of enhanced carrier-carrier scattering. Again, the thermal con-
ductivity could not be obtained experimentally due to the small size of the crystal.
Ba;;;Eug1,Ga 5835150 39 Was estimated to have the highest ZT = 0.87 at 483 K. More
Eu atoms tend to replace Ba atoms when the n-type counterparts were grown from the
Sn flux. A ZT of 0.46 were found in Ba;59Eug 55Gay5.435n50 39 at 550 K [227].

Other than single crystals, Kuznetsov etal. prepared n-type polycrystalline
BagGa;sSns, by reacting stoichiometric amounts of high-purity elements at a tem-
perature higher than the melting point. Through fitting the temperature dependence
of the electrical resistivity, a band gap E, = 0.6 + 0.1eV compares well with the cal-
culated values was obtained, along with an activation energy of 15 + 1 meV for the
extrinsic donors [230]. At room temperature, polycrystalline BagGa;sSns, exhibits a
carrier concentration of 2.2x 10 cm >, which is lower than those of the single crystals
prepared by self-flux growth.

In this section, we have reviewed the thermoelectric properties of single crys-
talline type-VIII BagGa;4Sn;, clathrates. A high ZT = 1.45 at 520K was achieved for
the n-type Ba;5Gay;5,6;Cug 1255030 5. Several p-type single crystals with ZT,,,, around
unity were also discovered, making type-VIII BagGa;¢Sns, clathrates promising for ap-
plication in the intermediate temperature range. Given that more various dopants and
structure tailoring routes are possible, even higher ZT values are quite possible in the
near future, especially for the p-type type-VIII BagGa;sSn;, clathrates.
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Janez DolinSek
Electronic transport properties of complex
intermetallics

1 Introduction

Complex metallic alloys (CMAs) are a class of crystalline intermetallic phases possess-
ing the following features [1]: (1) their crystal structures are based on giant unit cells
comprising several tens up to many thousands of atoms; (2) inside the unit cells the
atoms are arranged in clusters, and a multitude of different coordination polyhedra
lead to a high number of different atomic environments, where icosahedrally coordi-
nated environments play a prominent role; (3) a particular property of the structure
is inherent disorder, where various types of disorder are present. Configurational dis-
order results from statistically varying orientations of a particular subcluster inside a
given cage of atoms. This type of disorder can also result from incompatibility prob-
lems in cluster packing when these lead to local atomic displacements. Chemical or
substitutional disorder results from fractional occupancy of certain lattice sites by var-
ious elements. Partial site occupation (occupancy smaller than one) results from ge-
ometrical constraints and so does split occupation where two neighboring sites are
alternatively occupied since they cannot be occupied simultaneously because they
are too close in space. Quasicrystals (QCs), representing long-range ordered structures
without translational periodicity that obey crystallographically forbidden symmetries
of a 5-, 8-, 10-, and 12-fold rotation axis, can be considered as a limiting case of a CMA
with an infinitely large unit cell.

Due to the high degree of inherent quenched disorder, the thermodynamic sta-
bility of CMAs and QCs remains an open question [2]. A crystal structure in thermal
equilibrium should have minimum free energy F = U — TS, where U is the internal en-
ergy and S is the entropy. At high temperatures, the disorder in the lattice (static and
dynamic) can maximize the entropy and provide entropic stabilization of the struc-
ture, so that the existence of thermodynamically stable high-temperature CMA and
QC phases is unambiguous. At lower temperatures, the entropy term TS decreases, and
the system should minimize the internal energy U to stabilize the structure. However,
the large amount of chemical and structural disorder leads to finite configurational
entropy, so that phase stability at absolute zero in relation to the third law of ther-
modynamics becomes a subtle question. The meaningful questions here are: (1) can
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CMAs and QCs exist as stable phases at absolute zero or we are observing a quenched
metastable high-temperature state whose ergodicity is broken on the experimental
time scale and (2) what is the stabilization mechanism?

The stability of a solid at absolute zero is related to its cohesive energy [2], defined
as the energy required to separate constituent atoms from each other and bring them
to an assembly of neutral free atoms. In a solid with metallic bonding, the negatively
charged electron gas is attracted electrostatically by the periodically arranged positive
charges of the lattice ions, whereas the electrons are coupled among themselves by
a repulsive interaction, both effects summing up into the electrostatic energy of the
crystal, gy < 0. The kinetic energy of the electrons is positive, €;, > 0, and due to Pauli
exclusion principle, only two electrons with opposite spins can occupy the same state.
As aresult, a Fermi sphere is formed in the reciprocal space, and the kinetic energy is
inevitably increased, acting against the electrostatic stabilization of the structure. The
system is stabilized when the total energy €, = € + &y, is smaller than the energy of
the assembly of free atoms ) &; (where ¢; is the ground-state energy of the i-th isolated
atom) and the difference between the two energies is the cohesive energy. The kinetic
energy of the electrons thus plays a critical role in the cohesive energy of a solid, as it
acts against the stabilization of the structure.

To achieve stability, nature often devises a mechanism to lower the kinetic energy
of the electron system as much as possible, by forming a pseudogap or a true gap in
the electronic density of states (DOS) across the Fermi level ;. [2]. The depleted elec-
trons from the Fermi level region (where their kinetic energy is the highest) are redis-
tributed into the DOS at lower energies, and the resulting reduction in &, increases
the cohesive energy and hence the stability of the structure. In CMAs and QCs, a pseu-
dogap close to e was frequently found both experimentally and theoretically, with
its depth being generally about 20-80 % of the free-electron DOS and a width in the
range As = 1-2eV. There are two known mechanisms for the formation of a pseudogap
in metallic systems [2]: (1) orbital hybridizations and (2) Fermi surface—Brillouin zone
(FsBz) interactions. The orbital hybridization effect is important in systems with some
degree of covalent bonding, predominantly in alloys that contain transition metal el-
ements. When transition metal atoms are close in space to other atoms, their d states
overlap with p (or sp) states of non-transition metals, resulting in orbital hybridiza-
tion and the formation of split bonding and antibonding levels. In a crystal, these
levels broaden into bonding and antibonding subbands, leaving a pseudogap in the
DOS in between. In the case that the pseudogap forms at €, it contributes to the stabi-
lization of the structure. The FsBz-interactions-induced pseudogap is encountered in
systems with predominantly metallic bonding. For a crystal with N atoms in the unit
cell (assumed for simplicity to have cubic symmetry) and the electron concentration
e/a (denoting the number of valence electrons per atom), a spherical Fermi surface of
diameter 2k is formed, defined by the relation N(e/a) = 871](2 /3, where the Fermi wave
vector kj is given in units of 2i7/a, and q,, is the lattice constant. For a specific electron
concentration e/a, the diameter of the Fermi sphere 2k, is such that the Fermi surface
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touches the Brillouin zone planes. Since a band gap in the energy dispersion relation
e(k) opens at the Brillouin zone boundary, this produces van Hove singularities in the
DOS just below the Fermi level (since dg/0k is small there, many electronic states have
similar energies) and a depletion of the DOS (a pseudogap) at &z due to the fact that no
electronic states are available within the band gap. The condition for the Fermi surface
to touch the Brillouin-zone plane can be expressed by the Hume—-Rothery interference

condition [2],
2%k = |G| 6

(or (ZkF)2 = |GJ%), where G is the critical reciprocal lattice vector, which can be ex-
pressed as IG]> = h? + k* + I (in units of (Zﬂ/ao)z), where {hkl} are Miller indices of
the lattice planes that diffract the electrons to produce standing waves and introduce
a band gap into the &(k) relation. The creation of a pseudogap in the DOS at &5 by the
FsBz interaction leads to e/a—dependent phase stabilization, which is alternatively
called the Hume—Rothery stabilization mechanism, and plays a crucial role in inter-
preting the Hume—Rothery electron-concentration rule [2]. In CMAs, the large number
of atoms in the giant unit cell increase the number of Brillouin-zone planes. This, in
turn, increases the number of directions in the reciprocal space along which the in-
terference condition eq. (1) is fulfilled. The larger the number of Brillouin-zone planes
interacting with electrons at €, the deeper is the pseudogap in the DOS formed at €.
This leads to an efficient lowering of the electronic energy in favor of stabilization of
a given structure. An FsBz-induced pseudogap is considered to play the key role in
the e/a-dependent stabilization of structures, in which the diffraction spectrum con-
sists of a series of discrete Bragg peaks, thus being applicable to both CMAs and QCs.
It has been shown that the origin of a pseudogap at € can be interpreted in terms
of FsBz interactions or the interference condition even for strongly orbital hybridiz-
ing systems, such as Mackay-icosahedron (MI)-type Al-Mn quasicrystalline approx-
imants [3-5].

The presence of a pseudogap in the DOS at & can have a profound effect on
the electronic-transport properties of CMAs and QCs. A pseudogap that changes sig-
nificantly with energy around & on the scale of several kzT can introduce anoma-
lous, non—metallic-type electronic-transport coefficients in a metallic system. In this
sense, the electronic-transport properties of a CMA phase are intimately related to its
electronic-stabilization mechanism. Here we present the electronic-transport prop-
erties of two prototype large-unit-cell CMAs, the structurally ordered y—Mg;;Al;, and
the inherently disordered f—Mg,Als;, and the quasiperiodic i-Alg, Cu,3Fe 3 icosahedral
quasicrystal (i—-QC). We show how the energy-dependent electronic DOS g(¢) func-
tion in the Fermi-level region can be reconstructed from the temperature-dependent
electrical resistivity and the thermoelectric power. We also discuss the relationship
between the experimentally determined pseudogap in the DOS at & and the Hume—
Rothery electronic-stabilization mechanism. This book chapter is based on the pre-
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vious experimental investigations of the Mg—Al CMA phases [6] and the i-Al-Cu—Fe
QCs [7].

2 Samples’ description

The investigated CMAs were two binary phases from the AlI-Mg system, the y—Mg;;Al,,
and the f—Mg,Al;. Since these alloys are free from transition-metal elements, orbital-
hybridization effects must be small, and the pseudogap in the DOS is expected to
originate from the FsBz interactions. The alloys should thus be stabilized by the
Hume-Rothery stabilization mechanism. The y—Mg;;Al;, phase belongs to the class
of gamma-—brasses [2] and contains 58 atoms in the cubic unit cell with space group
I43m and lattice constant a = 1.05438 nm. The range of the y phase in the A1-Mg equi-
librium phase diagram is strongly temperature—dependent [8]. At room temperature
(RT) and below, it is almost a line compound, whereas at about 450 °C its stability
range extends from about 47 to 60 at.% Mg. According to the structural model of the
y phase [9], the Mg,;Al;, composition is free from structural and chemical disorder,
so that it represents an ordered CMA phase. The f—Mg,Al; phase extends over the
range from 375 to 39.5 at.% Mg [8]. Its structure was first studied by Samson in 1965
[10] and later refined for a particular composition Mgsg sAl¢, 5 (equivalent to Mg,Al; ,)
by Feuerbacher et al. [11]. At 400 °C, the unit cell is cubic with space group Fd3m and
a lattice constant a = 2.8242 nm, containing many partially occupied and split atomic
positions leading to an average occupation of only 1,178 of the 1,832 sites in the unit
cell. There are also some mixed Al/Mg positions in the unit cell, indicating chemi-
cal (substitutional) disorder [11]. The polytetrahedral atomic arrangement consists of
672 icosahedral clusters, 252 Friauf polyhedra and 244 other polyhedra, so that the
B—-Mg,Al; phase can be considered as a prototype CMA possessing a giant unit cell,
a multitude of atomic clusters and a large amount of inherent disorder, of both struc-
tural and chemical types. For the composition Mgsg sAl¢; 5, it was found that at 214 °C,
the f—Mg,Al; phase undergoes a first-order structural phase transition to a rhombo-
hedral B'-Mg,Al; phase with space group R3m and lattice parameters a = 1.9968 nm
and ¢ = 4.8911 nm [11]. The structure of the 8’ phase is closely related to that of the B
phase; its atomic sites can be derived from those of the 8 phase by group-theoretical
considerations. The main difference between the two structures is that all atomic sites
of the f'-phase unit cell are fully occupied (comprising 879 atoms in total) with no
partially occupied and split positions, so that the 8’ phase is of higher structural order
than the B phase. However, ten out of 80 sites show mixed Al/Mg occupancy, so that
chemical disorder is still present in the 8’ phase.

The investigated y-Mg;;Al;, and f—Mg,Al; samples were both oriented monocrys-
tals, cut from larger crystals grown by the flux-growth technique. The f—phase crys-
tal of composition Mgsg sAlg; 5 (equivalent to Mg,Al;,) and dimensions 2 x 2 x 7 mm’
belonged to the same batch of material as the one studied in [11], where the details
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of structural characterization can be found. The as-grown material was annealed at
300 °C and then slowly cooled to RT. At this composition, the crystal is below 214 °C in
the low-temperature ' phase. Since all our experiments were performed in the tem-
perature range of the B’ phase, we shall refer to this sample in the following as the
B'-Mg,Al; sample (keeping in mind that its actual composition was off-stoichiometric
Mg,Al;,). The material was free of secondary phases. Its microstructure was studied
by electron microscopy and x-ray topography and was shown to be defective [11]. The
diffuse scattering did not decrease even at —173 °C, leading to the conclusion that the
sample contained static disorder and perhaps internal stresses. The y—phase crystal
of dimensions 2.2x 1.8 x 1.0 mm’ was also free of secondary phases and its actual com-
position was Mg 55Al, 45 (corresponding to Mgy, Al 54), but we shall refer to it in the
following as the y—Mg;,Al;, sample. According to the structural model [9], the y phase
at the stoichiometric composition Mg;;Al,;, has all atomic sites in the unit cell fully oc-
cupied, and there is also no chemical disorder, so that it represents an ordered CMA
phase. However, our y—phase sample at the off-stoichiometric composition Mg;;Al;39
should contain chemical disorder. Powder x-ray spectra of the ' and y samples from
the same batch of materials as used in our study are compared in [12]. Both spectra
consist of sharp diffraction lines of comparable width, but the lines of the y sample
are a bit sharper and show less broadening at the foot close to the baseline than the
lines of the B’ sample. This indicates that both samples show good crystallinity, but
the degree of quenched disorder in the g’ sample is somewhat higher than in the y
sample, though not drastically.

The QC sample was a single-grain icosahedral i—Al-Cu-Fe with composition
Alg,CuysFe 5, prepared by the Czochralski technique. The removal of strains by an-
nealing has been described in detail in other publications [13, 14]. This composition
was chosen because of its superior thermal stability (any secondary-phase precipitates
in the as-grown material disappeared upon annealing [13]), so that it is considered to
represent an ideal icosahedral composition. The crystal was pulled out of the molten
alloy of composition Als;;Cus;;Fe;5Si;; (where Si was added to restrain crystalliza-
tion of (Al + Cu);3Fe,) at the speed of 0.05pum/s at 1073 K, and the growth direction
was parallel to the threefold symmetry axis. The investigated crystal of 2-mm diameter
and 10-mm length showed a faceted cylindrical shape and its quasicrystallinity was
evaluated by x-ray diffraction analysis [15]. The full widths at half maximum (FWHM)
of the Bragg reflections along the 2-, 3- and 5-fold symmetry directions exhibited no
Q and Q, dependence, where Q) is the real scattering vector and Q, the phason
momentum. Furthermore, peak shifts from ideal Bragg positions were not detected.
This showed that neither random, nor linear, phason strain is present in the struc-
ture. The phason-free structure on the atomic scale was confirmed by HRTEM imaging
[15], which showed highly ordered patterns with no kinks or dead ends in the atomic
rows on the selected scale of 17 x 23nm?. Therefore, the investigated single-grain
Alg,CuysFe 5 i-QC had an almost phason-free quasicrystalline structure and showed
superior quasicrystallinity on both macro- and microscopic scales.
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3 Determination of the DOS function from the
thermoelectric power and the electrical
conductivity

Within the Kubo-Greenwood formalism, the temperature-dependent thermoelectric
power (the Seebeck coefficient S(T)) and the electrical conductivity o(T) (the inverse
electrical resistivity o(T) = 1/p(T)) are both derived from the energy-dependent spec-
tral conductivity function o(¢), which is given by the Einstein relation

o(e) = (€*/V)g(e)D(e). ®)

Here g(¢) is the electronic DOS, D(¢) is the electronic spectral diffusivity, e is the charge
of the carriers and V is the sample volume. Under the assumption that the energy
dependence of the spectral diffusivity can be neglected in the vicinity of the Fermi
level, D(¢) = D(gp), the shape of the DOS functions g(¢) is the same as the shape of
o(¢). In our analysis, we shall adopt this approximation. The coefficients S(T) and o(T)
are given by

SM) = o jdea(s)(s—y)(—%), 3)
and
o(T) = Jdea(s)(—%), )

where f = {exp[(e — u)/kgT] + 137! is the Fermi-Dirac function and y is the chemical
potential, which is written in the low-temperature representation as [16]

2
WD) = e~ U1 (TR} g g2 )

The parameter ¢ (or at least its starting value in the fit procedure) can be determined by
recognizing that, in the case when the spectral variation of the electronic diffusivity in
the vicinity of the Fermi level can be neglected, one can replace g(e) by o(¢) in eq. (5).
¢ can then be related to the thermopower using Mott’s formula [17, 18]

212
Mot 7y ﬂ_@<d1n0(£)> T ©)
3 e de &
yielding
e SMOtt T
§=52 20, %)

The only material-dependent quantity in egs. (3) and (4) is o(€), so that proper mod-
eling of the spectral conductivity function should reproduce S(T) and o(T) at the
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same time. We note, however, that within the above spectral-conductivity model,
the temperature dependence of S and ¢ originates from the Fermi-Dirac function
(the temperature-dependent change of width and position of the derivative —of /o€
on the energy scale, which then probes different portions of the spectral conduc-
tivity o(g) at various temperatures) and does not include coupling of electrons to
phonons. The additional temperature dependence of S(T) and o(T) originating from
the electron—phonon coupling cannot be reproduced by egs. (3) and (4). The spectral
conductivity model is appropriate for the cases of rapidly varying DOS in the vicinity
of e and/or weak electron—phonon coupling, where the Fermi-Dirac function yields
the dominant contribution to the temperature dependence of the electronic transport
coefficients.

In modeling the spectral conductivity function o(e), we first note that the ex-
perimentally observable part of o(¢) is determined by the “thermal observation win-
dow” —df /oe that is a bell-shaped function centered at the chemical potential u
with a temperature-dependent FWHM A; = 3.5kgT. At T = 300K, A; amounts to
90 meV, whereas it becomes as small as 3meV at 10 K. For T — 0, —df /o€ becomes a
delta function 6(¢ - €f), and eq. (4) yields the zero-temperature electrical resistivity
pr_o = 1/0(gf). The temperature-dependent chemical potential u(T) = & — ¢T° is
shifting the thermal observation window on the energy axis, so that different parts of
o(¢) contribute to the integrals in egs. (3) and (4) at different temperatures. However,
the shift of the chemical potential from the Fermi energy is small, being at RT typically
of the order of a few meV. In modelling o(¢), only its portion in the interval of a few
100 meV around ¢ is experimentally relevant for the electronic transport coefficients.

Modelling of o(¢) can be realized via many different mathematical functions. Here
we shall apply the functional form introduced by Landauro and Solbrig [17, 18], who
modelled the spectral resistivity p(e) = 1/a(¢) of a pseudogap system by a superposi-
tion of two Lorentzians

p(e) =A{[1 4

5(8—51)2 +y?

1 »n
a[n(s—6z)2+y§”’ 8)

where 1/my; is the height of a Lorentzian, 2y; its FWHM, §; its position with respect to
the Fermi energy (taken to be at the origin of the energy scale; e = 0), and a is the rel-
ative weight of the Lorentzians. The set of parameters (4, a, 6, 6,, y; and y,) pertinent
to p(¢) is then adjusted by fitting the p(T) = 1/0(T) and S(T) data simultaneously.

4 Results

Measurements of the electrical resistivity and the thermoelectric power were con-
ducted by a Quantum Design Physical Property Measurement System (PPMS 9T). The
electrical resistivity was measured by a standard four-terminal technique, whereas
the thermoelectric power was measured by a thermal-relaxation calorimeter. In the
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following, we present the experimental p(T) and S(T) coefficients of the i-Alg, Cu,sFe 5
quasicrystal and the y-Mg;,Al;, and S—Mg,Al; CMAs and then reconstruct their DOS
functions g(e) in the Fermi-level region.

4.1 i-Alg,CuysFe

Electrical resistivity and thermopower of i-Alg,Cu,;Fe;; were measured in the tem-
perature interval between 315 and 4 K along the threefold-symmetry direction [7] and
are displayed in Figure 1. The resistivity (Figure 1(a)) exhibits a negative temperature
coefficient with the RT value p;5y¢ = 2200 pQcm and p, ¢ = 3950 pQcm, so that the to-
tal increase upon cooling is by a factor R = (04x — P300%)/P300x = 80 %. At 20 K, p(T)
exhibits weakly pronounced maximum with the peak value p,ox = 4040 pQcm. The
thermopower is displayed in Figure 1(b), where it is seen that it exhibits an interesting
feature of a sign reversal. Below 120 K, S(T) is negative with a negative slope, whereas
at 120 K it exhibits a minimum and the slope is reversed. S(T) changes sign to positive
at T = 278K.

The fits of the experimental p(T) and S(T) data were performed simultaneously
with egs. (2)-(8) by adjusting the set of parameters (4, a, 6;, 8,, y; and y,) pertinent to
the shape of the spectral resistivity function p(¢). The starting value of the fit param-
eter ¢ entering the temperature—dependent chemical potential of eq. (5) was deter-
mined from eq. (7) using the experimental value S5, x = —13.2 pV/K (Figure 1(b)), which

43001 ) i—Alg,Cu,;Fe, s
4000 4

35001

3000 1

P (uQcm)

2500 -

2000 4

Figure 1: (@) Temperature-dependent
electrical resistivity p and (b) thermo-
electric power S of the single-grain j-
Alg,CuysFey3 icosahedral quasicrystal (re-
produced with corrections from [7]). The
fits (solid curves) of both quantities were

S (LV/K)

20 . ] . . . . made simultaneously by the spectral-
0 50 100 150 200 250 300 350  conductivity model using egs. (2)-(8). The
T(K) fit parameters are given in Table 1.
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Table 1: Parameters of the spectral resistivity function p(€) of eq. (8), obtained from the simultane-
ous fits of p(T) and S(T).

Sample A 04 Y1 a 0, Y2
(HQ cmeV) (meV) (meV) (meV) (meV)

i-Alg,CupsFe s 392 -43 241 1.13 -9 38

y-Mg47Al;, 0.70  16.14 44.0 46.0  —5.40 315.2

yielded & = 0.132peV/ K°. In the fit procedure, ¢ was considered as a free parameter,
but its final value ¢ = 0.145 peV/ K* was close to the initial one. The fits are shown as
solid curves in Figures 1(a,b) and the fit parameters are collected in Table 1 [7]. The fits
of p(T) and S(T) are excellent in the whole investigated temperature range, except for
the small discrepancy at the low-temperature maximum in p(T) that cannot be repro-
duced by this theory (a levelling-off towards a T-independent resistivity upon T — 0
is predicted instead).

The spectral resistivity function p(¢) reconstructed from eq. (8) using the param-
eter values from Table 1 is displayed in Figure 2(a) [7]. The narrow Lorentzian has a
FWHM 2y, = 76 meV, and its peak is located at §, = -9 meV below the Fermi en-
ergy, whereas the broad Lorentzian has a width 2y; = 482meV and is located §; =
—-43 meV below er. The corresponding spectral conductivity a(€) = 1/p(¢) is displayed
in Figure 2(b). The thermal observation window -of /oe at T = 300K is also shown
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| )] i-Alg,Cu,sFe s
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Figure 2: (a) Spectral resistivity function p(e) of eq. (8) (solid curve) of the i-Alg,Cu,3Fe,3 icosahe-
dral quasicrystal reconstructed from the p(T) and S(T) fits (reproduced with corrections from [7]).
The narrow and the broad Lorentzians are shown by dashed and dashed-dotted lines, respectively.
In (b), the spectral conductivity a(g) = 1/p(e) is shown. The dotted bell-shaped curve at the bottom
(shaded grey) represents the “thermal observation window” —of /0e at T = 300K (its vertical scale
does not conform to the o(¢) scale).
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on the graph. Fermi energy is located in the minimum of the pseudogap in a(¢). As
o(T = 0) = o(ep), this indicates that further shifts of &5 across the pseudogap due to
deviations in the stoichiometry and/or by defects would not result in additional de-
crease of the conductivity, but could just make it larger (or equivalently, the resistivity
would decrease). As defects would shift £ away from the o(g) minimum, this also ex-
plains why defects decrease the electrical resistivity of less perfect QC samples, thus
acting the opposite way as in regular metals. For the given composition and structural
quality of the investigated single—grain i—Alg,Cu,sFe ;3 sample, &f is located practi-
cally at the minimum of the pseudogap in o(e).

The temperature-dependent electrical resistivities of the y-Mg;,Al;, and B'-Mg,Al;
samples [6] are shown in Figure 3. Both resistivities show a positive temperature co