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1. Introduction

There exist many diverse synthetic techniques, but none
that offer as much reward for success as exploratory crystal
growth.['>l The preparation of a novel chemical composition,
coupled with the ready ability to determine the crystal
structure, as well as the potential of uncovering the com-
pounds intrinsic properties using single-crystal characteriza-
tion techniques, can rapidly open up a new field of chemical
investigation. Succeeding in this endeavor is difficult, how-
ever, and this Review will focus on one approach, crystal
growth from high-temperature solutions, to provide a road-
map to the interested scientist. Using quaternary and higher
order oxides (three or more elements plus oxygen) as
examples, the technique and its underlying subtleties will be
illustrated using the diverse classes of high-temperature
solutions or fluxes, where the successes over the past
30 years can be readily documented and categorized. Owing
to the fact that an enormous number of new and interesting
phases have been discovered, it is far beyond the scope of this
Review to include and describe but a small fraction. In fact,
although the focus will be on the documentation of an
extensive list of novel oxide compositions that have been
prepared as single crystals by flux growth, together with a
detailed compendium of the crystal growth conditions, we
further limit those to quaternary and higher phases, not
including many borates, silicates, phosphates, arsenates,
sulfates, selenates, tellurates, and mixed-anion oxides (oxy-
pnictides, oxychalcogenides, oxyhalides).

The discovery of new materials and associated desirable
properties has been a driving force behind chemical innova-
tion for centuries.” ' When we look at some of the many
recent technological advances and how widespread and
significant their impact has been, we appreciate how much
they have relied on new materials. Some of these advances
include the increase in hard-drive storage capacity because of
new magneto-resistive materials, the ever-shrinking cell
phone because of new microwave dielectric materials, the
enhancement in lithium battery storage capacity because of
new intercalation materials, and the improved capacitor
because of new ferroelectric materials. This is not to say
that all these materials were discovered and used without
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further chemical optimization, as in fact most of
them have been carefully modified prior to being
incorporated into devices. However, in all cases,
there was a “First Material”, or archetype in which
the phenomenon was first observed; the one that led to
further investigations and the subsequent preparation of
improved 2nd or 3rd generation materials. It is this “First
Material” that needs to be discovered. And we do mean
“discovered”. It is difficult to predict the composition of a
“First Material” that will exhibit the “heretofore never
observed property or phenomenon”; after all, where would
one start? The concept of an “Energy Landscape” as
described by Jansen and Schon®™?! stipulates that all
compounds capable of existence are present on an energy
landscape and that, furthermore, each composition capable of
existence is associated with a local minimum on that land-
scape. A direct result of this “global view” is the concept of
discovery rather than design of a new material, as well as the
implication that we are exploring this landscape by carrying
out experiments to find the local minima. It turns out that we
are very successful at locating these minima for simple
compositions, but find it significantly more difficult to extend
our success to the more complex compositions. Yet, it is likely
that these more complex structures may hold the key to
realizing some of the most desirable properties. 2!
Predicting a simple structure for a simple composition, or
vice-versa, is fairly straightforward. Predicting a complex
structure for a complex composition, or vice-versa, on the
other hand, is extremely challenging, if currently feasible. But
at least we have a starting point—either the structure or the
composition. What if we had neither? Where would we start
and would we run out of choices for new chemical combina-
tions considering how much has been prepared to date?
While we can look back at a rich history of materials
discovery, it is important to realize that we have barely
scratched the surface of what can be made.”” As we consider
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more complex structures containing more components, the
combinatorial possibilities are almost limitless, and we can be
certain that we will not run out of new materials any time
soon, if ever.

Chemists are very good at improving new materials by
carrying out carefully planned chemical substitutions that
result in new compositions with, in many cases, enhanced
properties. These substitutions often rely on radius ratio rules
and on our understanding of oxidation states and coordina-
tion environment preferences of the elements. For example,
for the intensely studied family of perovskite oxides there are
detailed structural predictions and approaches for making
new compositions based on size, oxidation state preferences,
and electronegativities.'! Thus, once a new structure/
composition has been discovered, the trained chemist can
use this as a starting point for a targeted study that may well
include additional chemical substitutions to tweak the struc-
ture, change oxidation states, and directly influence and
modify the observed physical properties. But how can we find
this “First Material”? To address this issue, in this Review, we
will present one method, crystal
growth from high-temperature
solutions, that we believe is
most likely to result in the dis-
covery of new compositions with
complex structures and poten-
tially new properties.

\

2. Materials Discovery from
High-Temperature
Solutions

Typically there is more than
one solvent and often more than
one set of conditions that will
yield crystals. Nonetheless, it is
inevitably true that for each
material the specific growth con-
ditions are unique and must be
optimized. As crystal growth is a
time intensive undertaking,
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there needs to be a reason why crystals rather than
polycrystalline powders are desired (often simply because
crystals provide an opportunity to measure a material’s
intrinsic behavior in the absence of grain boundaries).

It is possible to distinguish between two broad approaches
to crystal growth—the application driven and the exploration
driven (Figure 1). In the first case, the desire is to grow
crystals of a specific composition that is known to exhibit a
specific property, while in the second case, there is no defined
target composition and the goal is to obtain a crystal with a
new composition and/or new crystal structure and to inves-
tigate its physical properties. Often there is a trade-off
between targeting small, high-quality, faceted crystals for
crystallographic studies, and preparing large single crystals
(boules) of known materials with established and desired
properties from which smaller pieces are cut to be used in
devices. The focus on small crystals for exploratory work,
rather than large crystals for applications will be emphasized
in this Review.

Growth

Feedback

Crystal

Property Characterize

New

\Material

Figure 1. Principle of exploratory crystal growth process.
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2.1. General Considerations Regarding the Use of Fluxes

Flux growth utilizes a high-temperature melt of an
inorganic compound as the solvent for crystallization.!!
These high-temperature solutions or fluxes are simple inor-
ganic compounds, such as BaCl,, Bi,0;, B,O;, KOH, PbO, or
Na,COj;, which melt at conveniently low temperatures. Often
combinations of inorganic compounds are used to form an
even lower melting eutectic, which can reduce the melting
point of a “high-temperature solution” below 200°C. Fur-
thermore, the presence of water, either as an intentional
additive or as waters of hydration, can substantially lower the
melting points of some fluxes, such as hydroxides, by forming
a “eutectic” melt and ultimately an aqueous solution. The
term hydroflux has been suggested for such combinations of
hydrothermal and flux techniques, where water is used as a
modifier to the solution properties of the melt. As an
operational definition for this article, we define fluxes to be
melts, thereby excluding crystal growth by strictly hydro-
thermal/solvothermal methods. In these cases, to differentiate
a flux from an aqueous solution, we will rely on the
operational temperature. If the crystal growth temperature
is above the melting point of the solid, then we are dealing
with a flux. If the operational temperature lies below the
melting point, and the system is liquid only because of the
presence of water or some other solvent, then we consider this
to be an aqueous or solvothermal solution.

Of course, for an inorganic compound to make a good flux
it has to meet certain criteria, including: 1) the ability to
dissolve a substantial quantity of the reagents, 2) a low
melting point, 3) a significant change of the solubility with
temperature, 4) low volatility, 5) unreactive toward the cru-
cible that contains the melt, 6) easily removed after crystal
growth, 7) commercially available at low cost, and 8) low
toxicity. In a typical experiment the reagents are dissolved in a
suitable solvent (melt) and crystallization occurs as the
solution becomes critically supersaturated. There are differ-
ent routes to achieving supersaturation, including reducing
the volume of the melt by evaporation and cooling the melt.

Considering that there are many methods for growing
crystals, including crystal pulling, zone refining, chemical
vapor transport, hydrothermal/solvothermal, high-pressure,
recrystallization from the melt, and flux growth, the advan-
tages and disadvantages of flux growth over other methods
must be considered. For example, many oxides are commer-
cially produced by growing them from their own melt, such as
sapphire (ALO;); however, this approach does not work for
the vast majority of oxides that melt incongruently, which is
not an issue for flux growth. Furthermore, to melt many
oxides can require substantially high temperatures (m.p. of
Al,O; is 2044°C), or include passing through a structural
phase transition upon cooling the crystal (cubic to tetragonal
ZrO, at 2287°C) that often makes growth from the melt
impractical. One of the main advantages of flux growth is the
ability to achieve crystal growth at much lower temperatures
than if the crystal was grown from the melt, and this may also
enable the researcher to obtain low-temperature phases that
cannot be prepared otherwise. Furthermore, the use of a flux
allows crystal growth in the absence of a temperature
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gradient, which minimizes the presence of crystal defects,
such as vacancies or dislocations, and can lead to crystals of
the highest quality for single-crystal X-ray diffraction. And
finally, a not insignificant advantage is the simplicity of the
technique, which does not require a substantial investment in
expensive equipment, such as crystal pullers or high-pressure
apparatus. Of course, the method cannot match the high
growth rates achievable by crystal pulling, although that is not
typically the intention. There are some potential complica-
tions with flux growth that are not an issue with growth from
the melt. Specifically, the flux can end up incorporated into
the crystal, either as an inclusion or as a component of the
crystal itself. In the former case the crystal quality is greatly
reduced, while in the latter case one refers to a “reactive flux,”
where the flux has taken on the role of a reagent, which can
lead to the formation of unexpected compositions and
structures.

Although there are a large variety of solvents that can be
used for crystal growth, there is no single “perfect” solvent.
Most crystals can be grown out of more than one solvent
system and often there are some advantages and disadvan-
tages to all of them. Depending on the outcome desired
(crystal structure, optical properties, magnetic measure-
ments), some fluxes will be superior over others and
impurities contained in some fluxes can interfere with
properties of interest while others will not. The most critical
criterion remains the need for high solubility of the reagents
in the flux and a significant change in solubility with
temperature. This requirement is best achieved by closely
matching the bonding of the molten compound (flux) to that
of the final product, that is, ionic to ionic, covalent to covalent.
Since most materials are not strictly one or the other,
compromises must be made. While it is possible to use a
flux in which the bonding is very different from the desired
product, the solubility of the reagents in such systems is often
quite limited.

So what makes a good flux? There are several factors that
positively influence the ability of a flux to dissolve the
reagents and to promote crystal growth. Often materials with
good solvent properties are those that form a compound with
the solute at low temperatures or in different concentration
ranges. Furthermore, a common anion or cation often has a
positive impact on the solution chemistry and solubility, as
does matching the polarizability of the solvent and the solute.
The advantages of choosing the flux by matching the physical
and chemical properties are reduced flux inclusion and high-
quality crystals.

There are several aspects of crystal growth that require
adjustment or optimization, including, for example, the use of
additives or mineralizers (OH™, F~, Cl") that are historically
used in hydrothermal crystal growth. These mineralizers can
have a multitude of effects ranging from promoting the
dissolution of the reagents by stabilizing metal complexes in
solution, to increasing the width of the metastable region
where supersaturation can exist, to altering the viscosity of
the melt, and to influencing crystal nucleation and conse-
quently crystal size. Halide salts, such as NaCl, KF, or BaCl,,
can promote the formation of metal complexes in solution
and thereby increase the solubility of reagents. The addition
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of monovalent ions, such as Li", Na*, or Cl~, can decrease the
viscosity of the melt by preventing network formation in melts
prone to that, for example in B,O; (viscous) as compared to
Na,B,0, (less viscous). Conversely, some additives, such as
B,O;, which are desirable because they typically broaden the
metastable region, can also have adverse effects by increasing
the viscosity to undesirable levels when too much is added.

The issue of “inertness” of a flux requires careful
consideration. To avoid having a reactive flux, that is, one
where flux components become incorporated into the prod-
uct, it is best to find materials that are chemically similar in
bonding, but have different coordination environment pref-
erences, different valence or substantially different sizes. A
combination of these differences typically prevents the
incorporation of the flux into the product.

There are numerous factors that influence the composi-
tion and quality of crystals grown from a melt. For example,
the redox equilibria that exist in the melt will dictate the
oxidation states of metals, whereas the atmosphere above the
melt, which can be controlled by fixing the O, partial pressure
(Po,; for example by choosing an O, vs. a N, vs. a CO/CO,
atmosphere), influences these redox equilibria. This situation
is especially important in the case of hydroxide-based melts,
where the acid-base properties of the melt are best described
by the Lux-Flood concept of oxoacidity.”>¥! The practical
upshot of this is the ability to grow crystals of both oxidized
and reduced phases in fluxes as well as the ability to target
kinetic versus thermodynamic phases.

One drawback of flux growth is the lack of knowledge of
what exactly goes on in the solution (although the processes
taking place during the early stages of crystal growth are
beginning to be investigated by in situ methods)?" and, hence,
a limited understanding of the growth mechanism. Clearly,
while solvent-solute interactions are expected to be impor-
tant and the crystal-solution interface is expected to influence
the growth process, there are no good methods of routinely
studying these processes. Likewise, to what extent solution
pre-arrangement or clustering impacts the specific crystal
structure or composition that is obtained, while undoubtedly
important, is not well understood to date. Hence, the
researcher must always perform some degree of exploratory
work to identify growth issues specific to the system under
investigation and optimize the growth conditions.

2.2. Solution Growth

The sequence of growing a single crystal begins with the
nucleation step that, in flux growth, often takes place in a
heterogeneous fashion on the crucible wall or the surface of
the melt.’>" This nucleus must reach a critical size for it to
grow rather than be re-absorbed into the melt. The critical
size is a function of the degree of supersaturation, where
greater supersaturation allows for smaller critical nuclei. This
situation is the reason why it is an important requirement of a
good flux to be able to dissolve a large amount of the reagents
and to have a significant change in solubility with temperature
to achieve this supersaturation. The rate of this nucleation
process is a function of temperature and below some critical
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temperature nucleation will cease altogether. At the same
time, there is an optimum temperature range where the
nucleation rate is at its maximum and, in fact, the width of this
metastable temperature regime, which may span more than
50°C can be increased by appropriate additives to the flux.
The nucleation rate is further influenced by many factors,
including the absence or presence of impurities, such as dust
particulates in the melt, and the roughness of the crucible
surface. Once the crystal has exceeded the critical size it can
begin to grow. It is important to realize that the complete
process of crystal growth consists of these two separate,
sequential, processes—nucleation and growth. The rate of
growth is also a function of the degree of supersaturation and
typically is simply proportional to supersaturation. Although
it might be concluded that the greater the degree of super-
saturation the better the process will work, this would not be
correct. Too high a degree of supersaturation (system specific)
will lead to dendritic growth, rather than nicely faceted
crystals, because the growth rate is too fast. On the other
hand, too low a degree of supersaturation, typically less than
10% supersaturation, will prevent nucleation altogether.
Hence, there is an optimum degree of supersaturation that
must be identified for each flux/reagent system to obtain a
good yield of high-quality crystals. Still, in the absence of a
nucleation step, no crystal growth can occur, and even when
nucleation occurs, a critical size must be achieved to lead to
growth.

There are many factors that can interfere with the growth
of nicely faceted crystals. For example, if the degree of
supersaturation is not constant throughout the melt, the
concentration gradient can lead to increasingly unstable
growth, which typically manifests itself in the shape of the
crystals. Thus, it is possible to go rapidly from flat faces to flux
inclusions in the crystal, to hopper growth, to dendritic
growth. Conversely, too low a degree of supersaturation can
lead to hillock growth, which makes crystals less suitable for
crystallographic studies.!"! Crystal growth from fluxes is
generally believed to occur by a BCF (Burton-Cabrera—
Frank) type screw-dislocation process,®® although other
mechanisms have been proposed. In this process, continuous
crystal growth is maintained by the addition of adatoms at
dislocations that are coupled to a screw component, generat-
ing a spiral growth pattern. In a solution environment, such as
a flux, the growth rate is governed by the rate of ions diffusing
to kinks in the steps of the spiral. However, since each crystal
has its own unique growth history based on the specific flux
used, the nature of the dissolved reagents, and the exper-
imental parameters (temperature, concentration, impurities),
no strict generalization on the growth mechanism and the
rate-determining step can be made.

In some cases a stirred flux can lead to increased growth
rates and greater overall uniformity in supersaturation,
resulting in higher quality crystals. As diffusion of reagents
to the crystal faces typically limits the growth rates, stirring
can increase the delivery rate of reagents (beyond what is
created by natural convection) and thus increase the crystal
growth rate. However, the volume change in going from a
crystal with a 0.1 mm edge to one with a 1 mm edge is a factor
of 1000. Hence, while most small-scale flux growth experi-
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ments yield sub-mm sized crystals, it is possible to increase the
crystal size by stirring and, to achieve large crystals (several
mm), by utilizing a scaled-up crystal growth system.

The ideal outcome of a crystal growth experiment is a few
large crystals, rather than many small crystals. This result
clearly is closely tied to the relative rates of nucleation and
growth. Achieving growth conditions where there are only a
limited number of nucleated crystals that grow, requires
excellent temperature control. This control is, on the one
hand, not so difficult anymore as programmable controllers
can easily achieve cooling rates of 1°C per hour or less; on the
other hand, a high-quality furnace is necessary if this is
actually to be achieved in practice. It is important to keep in
mind that cooling more slowly than what the furnace can keep
stable is counterproductive and a waste of time. For practical
crystal growth, to achieve supersaturation in fluxes, a cooling
rate between 0.5 to 10°C per hour is a good starting point.
Assuming that at the starting temperature sufficient reagents
have dissolved to achieve supersaturation during cooling, the
crystal morphology—dendritic versus faceted—can suggest
modifications to the reaction conditions that will lead to high-
quality crystals. As the width of the metastable regime is
system dependent and can be as small as 25°C, a reasonable
approach during the exploratory phase is to change the
maximum flux growth temperature in steps of 25-50°C to
identify the optimum temperature range for crystal growth.

2.3. Crystal Habit

The crystal habit, or shape, is influenced not only by the
underlying crystal structure, for example cubic structures
often form in a cubic crystal habit, but also by kinetic factors
that are solution controlled. Specifically, the rate at which
different faces of a crystal grow will lead to the formation of
different crystal habits. Thus, a cubic crystal can grow as a
cube or as an octahedron (Figure 2). In the cube case, the
[100] face (and equivalent) is the fastest growing, whereas for
the octahedron the [111] face (and equivalent) is the fastest
growing. Intermediate growth rates will lead to truncated
structures, such as a cubeoctahedron. The growth rates of
different faces are influenced primarily by the degree of

Cubeoctahedron

Cube Octahedron

[100] [111]

Growth direction
of cubic crystals

Figure 2. The crystal habits of cubic crystals experiencing a maximum
growth rate along [100], [111], or an intermediate direction between
the two.
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supersaturation, but can also be altered by the presence of vey
small quantities of solution impurities and temperature
(cooling rate).

2.4. Doping During Crystal Growth

There are numerous applications for which it is desirable
to be able to vary the composition of a crystal, either by
doping or by creating a solid solution, to control the electronic
or optical properties. In cases where isostructural series exist,
for example a family of rare-earth-containing oxides, it is
feasible to grow crystals with controlled mixed rare-earth-
element content. By having both rare-earth elements present
in the flux during crystal growth, the final product will have a
composition that will depend on the distribution coefficient,
K’, defined as [Eq. (1), Ln =rare-earth element]

moles Lnl

K/ |:mo]es(Lnl+Ln2)} m crystal
B molesLnl infl
moles( Lnl+Ln2) nIlux

1)

Thus, for a distribution coefficient greater than one, the
fractional concentration of Lnl will be greater in the crystal
than in the melt. For rare-earths, the closer in size the rare-
earth elements are, the closer the distribution coefficient will
be to one. For doping or creating solid solutions using other
elements, both the size and the chemical similarities will affect
the distribution coefficient. This type of crystal growth
process allows for the preparation of single crystals of, for
example, an Eu**-doped La*'-containing oxide material to
achieve the desired luminescent properties.”

2.5. Practical Considerations for Crystal Growth Experiments

In addition to deciding what flux to use, the experimenter
must decide on how much and which reagents to add to the
flux and the initial temperature. A rule of thumb when setting
up a flux growth experiment is to start with a 10:1 ratio of flux
to reagents and to adjust this ratio up or down as needed as
indicated by the crystal morphology. As reagents, the simple
binary oxides, nitrates, carbonates, etc., or a pre-synthesized
product containing all the elements of interest can be used.
Using a pre-synthesized product is most advantageous if the
intention is to crystallize a specific phase. In such cases
starting with a polycrystalline powder of the correct compo-
sition has some advantages over simple binary starting
materials. Specifically, the complex oxide, when it dissolves
in the flux, will release its constituent elements into the melt
in the appropriate ratio and at the same time. Hence, this
tends to avoid one known difficulty with simple binaries,
namely that they may dissolve at substantially different rates.
The kinetics of the dissolution affects the concentrations of
reagents in the melt and may drive the melt into a different
supersaturated regime from which nucleation takes place. It is
of course possible to compensate by increasing the amount of
the species that dissolves most slowly. Finally, a temperature
and cooling rate has to be chosen. Cooling rates varying
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between 1 and 60°C per hour are typical, where 1°C per hour
is very slow and 60°C per hour is quite fast. A good trial rate
lies between 5-10°C per hour. To have a reasonable amount
of time for crystals to nucleate and grow, the starting
temperature should probably lie at least 100°C above the
melting point of the flux, where a “soak” of 12-24h is
typically used to enable reagents to dissolve and to approach
saturation. Upon cooling the melt may become supersatu-
rated and favor crystal nucleation and growth. A closed
reaction vessel is recommended if at the starting temperature
the melt has an appreciable vapor pressure, unless flux
evaporation is intentionally chosen as the method for creating
supersaturation, crystal nucleation and growth.

Removal of the flux is typically necessary to isolate the
crystals and can be achieved by dissolving the flux in a
suitable solvent. This process can be straightforward when the
flux is, for example, water-soluble and the crystals are not
water sensitive. In other cases, however, the dissolution of the
flux requires the use of mineral acids, which may also attack
the crystals. To minimize the exposure time of the crystals to
the mineral acids it is often advisable to decant the flux prior
to crystal isolation. To decant the flux, the crucible is
cautiously removed from the hot furnace with tongs and the
still-liquid flux is carefully decanted. The crucible is then
returned to the hot furnace and slow cooled to room
temperature to minimize thermal stresses on the crystals.
An alternative approach is to puncture the crucible while it is

Increasing number of references in this Review sl
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sitting in the furnace to allow the flux to run out. This
approach typically works only if a metal crucible is used. Of
course, the crucible must be repaired after the procedure and
the furnace cleaned of the flux. Finally, a method commonly
used by researchers growing intermetallic crystals, but one
that can be adapted to oxides, is to perform the crystal growth
in a sealed tube where some quartz wool has been placed
above the flux to act as a filter. Upon completion of the crystal
growth process, the tube is inverted, placed into a centrifuge
and the still-liquid flux is spun through the quartz wool,
leaving the crystals behind. Again, returning the tube to the
furnace and slow cooling to room temperature is advisable.

3. Solvent Systems

There is no limit to the solvent systems that have been
used by researchers and we will not discuss all of them herein.
Nonetheless, some systems are more prevalent in the
literature than others, typically because they are very
effective for crystal growth (Figure 3). Of course, since the
solvent needs to be matched to the product, many different
solvent types with many different intrinsic properties have
been used and a representative list of “common” fluxes is
included. For each flux we attempt to address solubility
behavior, melting and boiling point, and suitable crucibles
(Figure 4) that can be used. This is not meant to be a complete

KOH-LiOH
K.MoO,, K,Mo,0;

950 1050 1150 1250 1350 1450 1550

Temperatures (°C) at which fluxes have been used

Figure 3. The ten flux systems most commonly cited in this Review, as well as the range of reported temperatures for their use. The optimal

temperature ranges are denoted in green.
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Figure 4. Typical reaction vessels used in the flux growth of single
crystals of complex oxides (left-to-right): a silver tube, an alumina
boat, and a platinum crucible.

list of fluxes and many fluxes not listed have been used with
good success for the preparation of specific types of crystal
compositions. We have included examples of crystals of
complex oxides grown out of each flux or family of fluxes,
along with descriptions of the growth conditions that were
used. Our intent was to give a flavor of the compositions and
structure types that can be grown using each flux rather than
be exhaustive in the discussion. For that purpose, an extensive
list of over 400 compositions can be found in Table 1 along
with crystal growth information, such as the flux used,
temperature range, and cooling rate, as well as the citation
to the original paper. Additional tables are available in the
Supporting Information: Table S1 lists the complex oxides in
alphabetical order according to composition, and Table S2
lists the complex oxides according to their elemental group-
ings (titanates, niobates, rare-earth-containing oxides, etc...).

3.1. Lead Oxide and for Lead Fluoride

Probably one of the oldest and most versatile fluxes is lead
oxide because of its superior ability to dissolve oxides and its
conveniently low melting point (888°C). It is quite toxic,
however, and exhibits significant volatility because of its low
boiling point (1477°C), which must be taken into consider-
ation. For these reasons, it has fallen somewhat into disuse. It
is a frequent additive to other melts to form binary or ternary
fluxes with even lower melting points. It is surmised that
because of its high polarizability and ionic nature it is capable
of dissolving even some of the most refractory oxides. For that
reason, PbO is typically used in platinum crucibles that,
however, are attacked by the PbO under reducing conditions.
Hence, an oxidizing atmosphere (air) is recommended. The
divalent lead cation is quite large and is known to substitute
(form solid solutions) for other large divalent cations, such as
Sr*" and Ba®', a consideration when trying to grow compo-
sitions that include the heavier alkaline-earth-metal cations.

Lead fluoride is a “variant” of PbO and also a very
effective flux for dissolving oxides. Often the two are
combined to form a PbO-PbF, (1:1.17) eutectic that melts
around 500°C. By itself, PbF, has a relatively low melting
point (824 °C), but significant volatility owing to a low boiling
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point (1293°C). In fact, often the high vapor pressure is taken
advantage of for crystal growth by evaporating some of the
flux, thereby increasing the supersaturation of the solutes and
inducing nucleation and crystal growth. The added benefit of
lead fluoride is the presence of the fluoride anions that can
have a mineralizing effect, which enhances the dissolution of
the reagents and can influence the nature of the metal
complex found in solution. It is rarely used by itself and often
other metal oxides are added to control the volatility. Just like
PbO, it is usually used in platinum crucibles and to prevent
reaction with the platinum, PbF, should only be used under
oxidizing conditions. Furthermore, because of the presence of
the F~ ion, it cannot be used with alumina crucibles at high
temperatures.

PbO and/or PbF, fluxes have been used to obtain single
crystals of a wide variety of oxide compositions that often, but
not always, contain lead as one component. Other than alkali-
metal cations, all other types of cations appear to be soluble in
PbO and/or PbF, fluxes. The typical crystal growth experi-
ment is carried out between 800°C and 1000°C and involves
either slow cooling or flux evaporation to achieve super-
saturation and hence crystal growth. While some crystal
growth experiments used ratios of flux to reagent as high as
30:1, others required only a small excess of flux to maintain a
melt in which the crystals could grow. More typical, however,
is a 5-10-fold excess of flux to reagent. Solidified PbO and/or
PbF, melts can be dissolved in hot acids, such as nitric or
acetic.

A series of complex aluminum-lead containing oxides,
St 33Pby 7 AL O, BaPb, sMngALO ., *" and Pb;MnAl,O,,
(Figure 5),! were obtained by Miiller-Buschbaum’s group
using only a slight excess of PbO to lower the melting point of
the mixture and to maintain a molten state at the growth
temperature of about 800 °C. Using cooling rates of 6—7°C per
hour, small crystals were grown. A different approach to
isolating the formed crystals was used by Miiller-Buschbaum
in the preparation of Pb,HoAl;O; and Pb,LuAl;0,,*! where
the PbO-PbF, flux was allowed to sublime away at 850°C
over the course of 7 days. Alternatively, Reinen’s group
dissolved the PbF, flux used to grow CuGalnO,*! in dilute,
warm nitric acid. A stoichiometric reactive oxide precursor
was dissolved in PbF, in a platinum boat at 1000°C and
crystals formed during slow cooling to 800°C. The ditrigonal
shaped platelets were readily isolated once some of the flux
was removed by the nitric acid treatment. Crystals of the
BaPb, 4sBiy 505! superconductor were grown by Jansen's
group using PbO as a flux. The melt was heated in a platinum
boat to 1000 °C for 3 days, subsequent slow cooling at a rate of
5°C per hour to 800°C, and then at 50°C per hour to room
temperature. To isolate the crystals the solidified flux was
immersed in dilute NaOH solution and ultrasonicated. This
procedure loosened the charge so that crystals could be
harvested.

(Nd,Ca,)Tig0,“" was obtained by slow cooling from
1280°C to 850°C using a PbO flux contained in a platinum
crucible. Either the binary oxides or polycrystalline
(Nd,Ca,)TigO,, could be used as the starting material, with
the wt% of PbO flux increased from 87 % to 92% for the
binary oxides. Crystals up to 10x 1 x 1 mm® were obtained,
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Table 1: Crystal growth information for quaternary (and higher order) complex oxides. Compositions are sorted first by the family of flux used for

crystal growth (with reference to the corresponding Section in the Review), and then alphabetically by elemental composition.!

a]

Composition Flux Temperature Cooling rate Reference

range [°C/h]

[°ql
Lead Oxide and/or Lead Fluoride (3.1)
Al,BaMngPb, ;0,4 PbO 850-200 100 [41]
Al,HoPb,0, PbF,-PbO 850 - [43]
AloMnPb,0,, PbO 900-200 100 [42]
AP’ LuPb,0, PbF,-PbO 850 - [43]
AlPbg St 5:0n PbO 950-800 6.25 [40]
BaBig5Pbo ssO; PbO 1000-800 5 [45]
Ca,Nd,TicOy PbO 1280-850 2.3 [46]
CoPb,WO, PbO 1130-830 0.3 [47]
CuGalnO, PbF, 1000-800 10 [44]
MnNd, ;5Pbg 205 PbF,-PbO - - [49]
PbPt,Sr,0n PbO 930-850 1 [48]
Bismuth Oxide (3.2)
Al,Cr,S1503, Bi,O, - - [140]
Al Fe, 4,LaSr;04 o5 Bi,O; 1130 - [59]
Ba,BiGa;; 05 Bi,O, 1350-500 50 [141]
BaBiosSbosOs Bi,O, 1200-800 5 [55]
BaBi,Ti, O Bi,O, 1150-500 3 [142]
BaCogssFe0s1ros501s Bi,O, 1250-1000 2 57]
BaFey;IrgsZngsOss Bi,O, 1250-1000 2 [57]
Biy (Ca,MnO, Bi,O, 1094-25 4 [51]
Bi\ 64C2,C01 650535 Bi,O, 1050-700 2 [143]
Bi,CaTi,Os Bi,O, 1150-500 3 [142]
Bi,Fe,Ga,0, Bi,O, 950-700 5 53]
Bi,Fe,Mn,04, Bi,O, 1000700 5 [52]
BiMg,VO, Bi,O, 1000-500 15 [54]
Bi 5sM0,5C6:012 Bi,O, 1150-900 1.5 [50]
Bi,NbTi,O,, Bi,O, 1200-700 5 [56]
CuFeSrY,04 Bi,O, 1110-1020 - [144]
CuGe,Yb,0;, Bi,O, 1250-1055 4 [58]
Boron Oxide or Alkali/Alkaline-Earth-Metal Borates (3.3)
Al,Ga,La;Sn0,, LiBO, 1475-1350 10 [61]
Ba,CeesNbioOso B,0,-Ba0 1050-850 6 [63]
BaCo, 35Fes.45M 2501 B,0;-Ba0 1300-1150 0.8 [145]
BaCo 5,Fe; 44SN; 3,01, B,0,-Ba0 1300-1000 0.8 [145]
Ba,CoFe,,Sn,0,, B,0,-BaO 1260-1000 3 [146]
BaFeg;Mn, sTir ;Ors BaB,O, 1300-1000 1.2 [64]
Bay,FesTinsOs KBO, 1300-1050 3 [66]
Bag 16N agssNbo ssTio 1605 Na,B,0, 1100-1000 10 [67]
Ba,Nb,Ti;O;s B,O, 1250 - [147]
Ba,V,ZnO, B,O, 880-760 3 [148]
BikyUOs4 B,0,-K,CO, 1200 - [65]
CoFe;SrZn0O,, B,0,-SrO 1340-950 2.5 [149]
CrLisrTi 0y, LiBO, - - [60]
FeLiSrTi,Oy, LiBO, - - [60]
GasLa,SnO,, LiBO, 1427-1200 20 [61]
K,NbsNdO;; B,0,-K,0 1250-800 12 [150]
KNbs; 765b5 2013 H,BO, 1000-500 6 [151]
Nb,Sr.TiOy SrB,0, 1150-930 2 [152]
Nb,SreTiOss SrB,O, 1400-1130 3 [62]
Alkali and/or Alkaline-Earth-Metal Halides (3.4)
Al,Bas sCag sRh,Y,01s Bacl, 1050 - [153]
Al, sBagC0,5SM, 045 BaCl, 1000 - [154]
Al,BagDy,0rs BaCl, 1030 - [155]
Al,BagHo,Rh,0;; BaCl, 1040-25 10 [68]
AlBa,lr,0, Bacl, 1000 - [156]
AlBa,InO; BaCl, 1050 - [157]
AlBa,Ir, O, BaCl, 1000 - [158]
Al,BagRh,O;s BaCl, 1050 - [153]
Al, ¢,BagRh, 3,Yb,0;s BaCl, 1050 - [153]
Al,Na;Nb;,0, NaF 850 - [77]
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Composition Flux Temperature Cooling rate Reference

range [°C/h]

[°Cl
Al,Nb;sRb,0;4 RbCl 1050-700 9.72 [76]
Ba,CaPd;O, BaCl, 1050 - [159]
Ba;CaRu,0, BaCl, 1025 - [69]
Ba;CaggRu,Sry,0, BaCl, 1040 - [160]
BaCoy 5RU4 1501, BaCl, 1350-25 - [161]
Ba,EulrOq BaCl, 1000 - [162]
BaFe, ;oRu; 601 BaCl, 1350-25 - [161]
BaGd,PtO; BaCl, 1000 - 7]
Baylr; ,Mns 3O,; BaCl, 1000 - [163]
Bay,lresNb, ,Osg BaCl, 1100 - [164]
Ba,La,Ti;Ous BaCl, 1200-25 - [165]
BaMg,TicO1o BaF, 1450-1200 8 [166]
BaPdPr,0; BaCl, 300 - 7]
BaPdTb,0, BaCl, 800 - 7]
BaPtSm,Os BaCl, 1000 - 7
Ba;RugStTa; .05 BaCl, 1025 - [167]
Ba,Ru; ,STags0s BaCl, 1025 - [167]
BiNdSr,0¢ KCI-SrCl, 900 - [168]
Ca;CulrOq CaF,-KF 1020-25 20 [70]
Cay 51rMgg,6e06 CaCl,-KCI-NaCl 925-600 15 [169]
Cay 751rNig 2505 CaCl,-KCI-NaCl 900 12 [170]
Cas50lrZng 5O CaCl,-KCI-NaCl 925-600 15 [169]
€01 26Li0 esM 1y 6605 Licl 750-25 50 [75]
Co; g9RU,1:STOy; SrCl, 1350-25 - [171]
CrosLiMn, 5O, Licl 750-25 50 [75]
CsLuW,04 CsCl 1100-25 6 [172]
Cu;GesK,04, KCl 900-850 1 [173]
Cu,NaRu,0;, Nacl 820 - [174]
Fe, 54RU, 46StO; Srcl, 1350-25 - [171]
Fes 04RU,46SrO;, SrCl, 1350-25 - [171]
Fe,.sRU, 53StOy; Srcl, 1350-25 - [171]
KsNa,Sby,056 KF-NaF 1100-25 3 [175]
KUsV,0,3 KCl 775 - [72]
LaRu, ,Sr, 0, BaCl, 1250-900 10 [176]
Lig.0sM N 6;Ni0.4¢O4 Licl 700-25 50 [75]
Li;Mo,5¢O;, LiF 1150-900 1.5 [73]
NaNb; sV, 50,4 NaF 900 - [177]
Na,;Nb, W30, NaCl 1170 1 [74]
Nag 75sNd, s5Re;04, Nacl 830-30 5 [178]
NiPbSr;O4 Nacl 1000-750 50 [71
RbeUsV,0,; Rbl 650-25 5 [179]
Alkali-Metal Carbonates (3.5)
BazCoRh,O,, K,CO, 1050-875 12 [82]
Ba; 2708CU0.2708110.729203 K,CO; 1150-880 6 [180]
Ba; 13Cug20RNg 7105 K,CO,4 1150-880 6 [181]
BaFe,(Zn,0,, Na,CO, 1340-1050 4 [90]
Ba 610,56 Nig 4405 K,COs 1050-880 6 [181]
Baj,Iry 7sRhg 25033 K,CO, 1150-800 15 [182]
Ba,Lie Tis 5015 Li,CO, 1250-25 5 [183]
Ba, 16Nig23Rho 1705 K,COs 1150-880 6 [181]
BiCa,Na;O, Na,CO, 1050-800 15 [184]
Ca;C0, 3,Rho 606 K,CO, 1050-850 15 180]
Ca;CuRhO; K,CO, 1050-850 15 [80]
Ca;FeRhOq K,CO;4 1050-850 15 [80]
Ca;IrNaOq Na,CO, 925 - [185]
Ca;LiRuO, K,CO4-Li,COs 1025-750 6 83]
Ca;NaRuO, Na,CO, 925 - [185]
Ca,Na;TaOq Na,CO; 1000-800 3 [85]
Ca;Na,Ta,0q Na,CO, 1000-800 3 [86]
CsNbUOq Cs,CO; 1200 [186]
Cugg1Mny6Sr,Oy K,CO;4 927-607 [92]
CuPtSr;0, K,CO, 1050-880 15 [78]

Angew. Chem. Int. Ed. 2012, 51, 3780—3811

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

3789


http://www.angewandte.org

Angewandte

3790

Reviews

Table 1: (Continued)

D. E. Bugaris and H.-C. zur Loye

Composition Flux Temperature Cooling rate Reference

range [°C/h]

[°Cl
Cug 3Ry 251 1005 K,CO, 1150-880 6 [181]
FeLi; 746N dy 49:00 403 Li,CO; 760 - [93]
Feo 71 Rhg 255105 K,CO, 1050-800 15 81]
Fe73Rh; 575105 K,CO, 1050-800 15 81]
Ky 76Mgs 25Sbs 75016 K,CO, 1500-1300 10 89]
K,Mo,U,01, K,CO, 950-25 5 87]
KsMo; U505, K,CO, 950-25 5 87]
KNbUO, K,COs 1300 - [187]
K,U,WO,, K,CO, 950-25 5 88]
La,Li,Zr,0;, Li,CO, 1040 - [84]
La;NaPtO, Na,CO, 1050-800 15 [188]
Mn,NiSr,O, K,CO, 1100-880 6 [91]
NaNd,PtO, Na,CO, 1050-800 15 [188]
Nay 5sNd, .sRhO, Na,CO, 1050-800 15 [79]
Na 5sPr, RhO; Na,CO, 1050-800 15 (79]
NbRbUOg Rb,CO; 1300 [187]
Nb,TIU,O41 5 TI,CO, 1150 - [187]
NiPtSr;O4 K,CO, 1050-880 12 [78]
Rb,U, WO, Rb,CO, 950-25 5 [88]
(Alkali-Metal) Vanadates, Molybdates, and /or Tungstates (3.6)
Aly,CrysKMo,04 MoO;, 1000 50 [189]
AICsMo,0, Cs,Mo,0, - 2 [190]
AlGeNaO, MoO;-Na,0-V,0, 1000-600 1 59]
Al; 6Kq 6Tig4On6 K;M00,-MoO; - - [197]
AlMo,NaO, Na,Mo,0; 720-25 2 [192]
Ca,Co,NaV,0, NaVo, 705-640 130 [97]
Ca,Fe,Ge,Or, K,M0,0, 1250-950 3 [193]
Ca;Ge,Y,0;, K,MoO, 1250-850 3 [193]
Ca,Mg,NaV;0,, Navo, 735-670 130 [97]
Ca,NaNi,V;0;, NaVvo, 756-690 132 [97]
C0,Cs,LiMo,Os¢ Cs,Mo,0, 600-400 3 [102]
CrLiMo,04 Li,MoO, 750 - [194]
CrLi;Mo,0,, Li,MoO, 750 - [194]
Cr, ,Li; sM0;0 Li,MoO, 750 - [194]
Cry,Na, ;Tig ;0 MoO;-Na,CO, 1300-1200 4 [100]
CsGayyTiysOss Cs,C0;-MoO; 1300 4 [195]
Dy,M0,5b,0,5 MoO, 900-25 36.46 [99]
DyNaW,0, Na,CO;-WO, 1000-400 4 [196]
FeGeKO, K,MoO,-KVO, 875-725 0.6 [104]
FeGe,KO, K,M0,0, 1050-600 2.4 [197]
FeLiMo,0; Li,M0,0, 700-450 2 [198]
GaGekO, K,0-M0O,-V,0; 1000-600 1 [199]
GaGeNaO, MoO;-Na,0-V,0; 1000-600 1 [199]
GalnZn,0, K,;MoO, 1350-600 6 [101]
G2y 75Ko 78Ti2 22012 K,CO;-MoO, 1300-1000 4 [200]
Gay,KTisOs K,CO,-MoO, 1300 4 [195]
GaLiMo,0, Li,M0;04, 950-600 1 [198]
GaLi;Mo0,0;, Li,M0,04, 950-600 1 [198]
Gag g;Nag g Tis 1505 MoO,-Na,CO, 1300-1000 5 [201]
GaNaTisO,, MoO;-Na,CO, 1350-1000 4 [202]
GaygNagsTi; ;04 Mo0O;-Na,CO;, 1300-1200 4 [203]
Gay,RbTi 5056 MoO,-Rb,CO, 1300 4 [195]
Gd,Mo,5b,0;4 MoO;, 900-25 36.46 [99]
GdRbW,0;4 Rb,W,0, - 2 [204]
Ge;Mg,Y,0,, K,M0,0, 1350-1152 3 [193]
GegMnis ,sNa, 7,040 Li,MoO,-LiVO, 1200-700 1.8 [205]
IngcLis VO, Li;VO, 800 [206]
Ky MgosTi; 2006 K,MoO,-MoO, - - [191]
K,Mo,ThO:, K,MoO, 755 6 [95]
K,Mo,ThO; K,M0,0, 600300 3 [207]
KgMocThO,, K,MoO, 707 30 [96]
KNbWO, K,0-WO, 1170-1000 2 [103]
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Composition Flux Temperature Cooling rate Reference

range [°C/h]

[°q
KNb,WO, K,0-WO, 1050-700 1 [103]
KTaTi;O, MoO;, 1000 - [208]
KTasTi,Os, MoO, 1000 - [209]
K,Ta,TiOp V,0, 1000 - [208]
La,M0,5b,015 MoO;, 900-25 36.46 [99]
LiMnVO, LiVO, 1297-797 1 [210]
LiMo,Rb;Zn,0 Rb,Mo,0, 520-400 3 [102]
LiMo,YbO:, Li,MoO, 970-860 0.5 [217]
MnRbVO, RbVO, 950-25 5 [98]
Mo,Nd,Sb,0s MoO, 900-25 36.46 [99]
Mo,Sb,Sm,04s MoO;, 900-25 36.46 [99]
Mo,Sb,Y,01s MoO, 900-25 36.46 [99]
NagUsV,0,, V,0s 800-25 5 [72]
NbRbWO, Rb,0-WO, 1170-1000 2 [103]
NbRbW,0O, Rb,O-WO, 1050-700 1 [103]
NbTIWOg TI,0-WO, 1170-1000 2 [103]
PbUV,0, V,0s 630-25 5 [94]
Alkali-Metal Oxides, Peroxides, and/or Superoxides (3.7)
AlKLi,O, KO 950 - [212]
Ba,Cu;NaO, Na,O, 750 - [213]
Ba,sC15ZNn;Oss KO, 750-25 2.5 [214]
Ba,Ga,KZn,0,, KO, 750-25 2.5 [215]
Ba,In,ZnOs, KO, 750-25 2.5 [109]
BaMnRbO, Rb,O 600 - [216]
Ba,NaNbO, Na,0 1100 - [217]
Ba,NaTaO, Na,O 1100 - [217]
Be,K,Na,Os K,0-Na,0 750 - [218]
BegNagRbO, Na,0O-Rb,0 660 - [219]
Cd,NaRbO, Rb,O 700-400 1.5 [220]
Co,K,Na,Os K,0-Na,0 600 - [221]
Co,K,Rb,04 K,0-Rb,0 570 - [222]
CoLi;Na,0, Li,O-Na,0, 760 - [223]
Co,Na,Rb,0; Na,O-Rb,0 600 - [221]
Co,Na,RbO; Li,O 600 - [224]
Cs,Fe,K,0; Cs,0-K,0 470 - [225]
Cs,Gali;O, Cs,0 750 - [106]
CsGak,0, Cs,0-K,0 580 - [226]
Cs,Geli,O, Cs,0-Li,0 600 23.96 [227]
CsGe,Li;,Na;Oy6 Cs,0-Li,0-Na,0 600 - [228]
Cs,InNa;O, Cs,0 600 - [229]
CsKsRu,0, Cs,0,-K,0, 750 - [105]
CsLaNb,0, Cs,CO, 1000 - [230]
Cs,LiMnO, Cs,0, 580 - [231]
Cs,Li,TiO, Cs,0-Li,0 650 - [232]
Cs,LiVO, Cs,0-Li,0 750 - [233]
Cs,Na,IrO, Cs,0-Na,0, 760 - 5]
CsNaTiO, Cs,0-Na,0 600 0.83 [234]
CsNa,TiO, Cs,0-Na,0 600 - [235]
Cs,Na,TIO, Cs,0 580 - [229]
Cs,NaVvo, Cs,0-Na,O 750 - [236]
CuKNa,O, K,0-Na,0 680 - [237]
Fe,K,Na,Oq Na,0 500 - [238]
FeLi;K,O, K,0-Li,O 700 - [239]
FeLi,Na,0, Li,0-Na,0 720 - [239]
GakNa,0, K,0-Na,0 650 - [226]
GaLi;Na,0, Li,O 700 - [240]
GeKLisO, K,0-Li,O 800 50 [241]
Ge,KsLio, K,0-Li,O 600 - [242]
InNa;Rb,0, Rb,O 620 - [229]
IrKLiOg Li,O 750 - [243]
IrK;LiO, KO 800-25 50 [244]
Irk,Na,0, K,0-Na,0, 740 - [245]
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[°q

KLiMnO, K,0-Li,O 640 - [246]
Ky,LiMn, O K,0, 580 - [247]
KLi,NbO, K,0-Li,0 1100 - [248]
KLi;TaOq K,0-Li,O 800 - [249]
K,Li,UO, K,0 750 - [250]
K,LiVO, K,0-Li,O 900 - [257]
KLiZnO, K,0-Li,O 800 - [252]
KMnNaO, K,0-Na,0 650 [253]
K,;MnNaO, K,0,-Na,0, 580 - [254]
K,NaTh,O, K,0-Na,0 1300 2 [255]
KNaTiO, K,0-Na,O 900 - [256]
K,Na,TlO, K,0-Na,O 550 - [257]
KNa,WO; K,0 750 - [258]
KNaznO, K,0-Na,0 700 - [259]
Li,Mn4Na;;O¢ Na,O, 580 - [260]
LisMnsNa;O, Li,0-Na,O 700 [261]
Li;,;Na;RbTi,Oy¢ Li,O-Na,O-Rb,0 780 - [262]
Li,NagW,040 Li,O-Na,O 840 5 [263]
Li;4Rb,Tb;044 Rb,O 500 - [264]
LiRb,VO, Li,O-Rb,O 750 - [233]
LiRbZnO, Li,O-Rb,0 770 - [265]
LiRbZn,0; Li,O-Rb,0 850 - [265]
NaNi,Sr;,0,3 Na,O, 750 - [108]
NaPbRb;O, Rb,O 480 3 [107]
NaRbTiO; Na,O-Rb,0 750 2.08 [234]
NaRb,TiO, Na,0,-Rb,0 1000 [266]
NaRb;Zn,05 Na,0-Rb,0 950 - [267]
Alkali- and /or Alkaline-Earth-Metal Hydroxides (3.8)

Al,Ba,Ti; 0, NaOH 1300 - [122]
AugsLa,LiosO, LiOH 750-400 5 [124]
Ba,Bi,Li,O Ba(OH)Z LiOH-RbOH 550 remove [268]
Ba;BiNaOy Ba(OH),-KOH-NaOH 550 remove [268]
Bag 4 BiNaSr, 5404 Ba(OH),-NaOH-Sr(OH), 600-500 100 [269]
Ba,C04 7,051 06 Ba(OH),-KOH 600-400 60 [270]
BaFeKO, Ba(OH),-KOH 750-600 4.69 [121]
Ba,Fep5,051.0506 Ba(OH),-KOH 600-400 60 [270]
Ba,lr,LiO, Ba(OH),-KOH-LiOH 650 turn off [271]
Baslr,NaO, Ba(OH),-NaOH 650 turn off [277]
BakVvO, Ba(OH),-KOH 700-600 100 [272]
Ba,LiOsOq Ba(OH),-KOH-LIOH 600 turn off [115]
Ba;LiOs,0, Ba(OH),-KOH-LiOH 600 turn off [273]
Ba,LiReOs Ba(OH),-LiOH 750-600 5 [114]
Ba,LiRu,0, Ba(OH),-KOH-LiOH 700-600 15 [274]
Ba,Li;Ru,Os0 Ba(OH),-KOH-LiOH 700-600 15 [275]
Ba,NaNi;Oq Ba(OH),-NaOH 750-25 30 [276]
Ba,NaOsO; Ba(OH),-NaOH 600 turn off [115]
Ba;NaOs,04 Ba(OH) -NaOH 600 turn off [273]
Ba,NaReO, Ba(OH),-NaOH 750-600 5 [114]
Ba,NaRu,0, Ba(OH),-NaOH 700-600 15 [274]
Ba,NaRu,0,, Ba(OH),-NaOH 700-600 15 [275]
BiKLigOs KOH-LIiOH 550 remove [268]
BiLigRbOg LiOH-RbOH 550 remove [268]
BiLiSr;O4 LiOH-Sr(OH), 550 remove [268]
BiNaSr;Oq¢ KOH-NaOH-Sr(OH), 550 remove [268]
Bis1RU; oSr30s5 KOH-Sr(OH), 750-600 3.125 [120]
CdPtSr,0, KOH 1000-750 1 [277]
Cogsla,lipsO, LiOH 800 - [123]
CuKp,,La, 750, KOH 450 remove [278]
CUo14KPdo56PrO; KOH 750-600 417 [113]
Cugsla,LiosOy LiOH 800 - [123]
Cula, ggNay 1,0, NaOH 320 remove [278]
Dyo.04lrNa; 0604 CsOH-NaOH 700 turn off [279]
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Table 1: (Continued)

Composition Flux Temperature Cooling rate Reference
range [°C/h]
[°Cl

DyNaPdO, NaOH 700 turn off [280]
Ery55IrNa; 550, CsOH-NaOH 700 turn off [279]
ErNaPd,O, NaOH 700 turn off [280]
Eu,IrLiOg KOH-LIOH 700 turn off [281]
Eu,IrMgO, KOH 700-600 12 [282]
EuKNaNbO; KOH-NaOH 450 turn off [283]
Eu,K,Na,Nb,0;, KOH-NaOH 450-350 100 [284]
EuKNaTaOs KOH-NaOH 600-500 2 [285]
Eu,K,Na,Ta,0;5 KOH-NaOH 450-350 100 [284]
EuKPdO, KOH 750-600 4.17 [113]
Gd,IrMgO, KOH 700-600 12 [282]
GdyelrNa, 4,0, CsOH-NaOH 700 turn off [279]
GdKNaNbOs KOH-NaOH 450 turn off [283]
Gd,K,Na,Nb,0;, KOH-NaOH 450 70 [119]
GdKPdO, KOH 750-600 4.17 [113]
Ge,Ks gNag 014 KOH-NaOH 620 - [286]
Hogg0lrNa; 100, CsOH-NaOH 700 turn off [279]
HoNaPd¢Oq NaOH 700 turn off [280]
IrK; sLa, sO, KOH 650 turn off [287]
IrLa,LiOg KOH-LIOH 700 turn off [281]
IrLa,NaO, NaOH 700 turn off [288]
Ir,LagRbO,, RbOH 650 turn off [116]
IrLiNd,O¢ KOH-LIOH 700 turn off [281]
IrLiPr,O4 KOH-LIOH 700 turn off [281]
IrLiSm,O4 KOH-LiOH 700 turn off [281]
IrMgNd,0¢ KOH 700-600 12 [282]
IrMgPr,O¢ KOH 700-600 12 [282]
IrMgSm,0¢ KOH 700-600 12 [282]
IrNaNd,O4 NaOH 700 turn off [288]
IrNaPr,0O4 NaOH 700 turn off [288]
IrNaSm,Og¢ CsOH-NaOH 650 turn off [117]
IrNa, 4;Tbg 930, CsOH-NaOH 700 turn off [279]
IrNa; 03Y 06,04 CsOH-NaOH 700 turn off [279]
K,1rNd,0, KOH 550 turn off [289]
K,1rSm,0, KOH 550 turn off [289]
KLaNaNbO, KOH-NaOH 400 60 [119]
KLa,NbOg KOH 600 turn off [290]
KLaPdO, KOH 750-600 4.17 [113]
KNaNbNdO KOH-NaOH 600 turn off [283]
K,Na,Nb,Nd,O, KOH-NaOH 450-350 2.08 [284]
KNaNbPrOg KOH-NaOH 400 turn off [283]
KNaNbSmO; KOH-NaOH 450 turn off [283]
K,Na,Nb,Sm, O, KOH-NaOH 450-350 100 [284]
K,Na,Sm, 2,013 KOH-NaOH 450-350 100 [284]
KNdPdO, KOH 750-600 4.17 [113]
KPdPrO, KOH 750-600 4.17 [113]
KPdSmO, KOH 750-600 4.17 [113]
La,LissNigsO, LiOH 300 - [123]
La,LiOsOq KOH-LiOH 625 turn off [297]
LasLisTa,0;, LiOH 600 turn off [292]
La,NaOsOq NaOH 600 turn off [293]
La,Na,PtOq NaOH 700 turn off [118]
La, ;Na, 5;RhOq NaOH 700 turn off [79]
La,NaRuOg¢ NaOH 600-500 60 [294]
La,NaTaOq NaOH 600 turn off [295]
LigNb,S1;0;,; KOH-LIOH-Sr(OH), 600-500 100 [296]
LiNd,0sO4 KOH-LiOH 600 turn off [297]
LisNd;Ta,0;, LiOH 600 turn off [292]
LiOsPr,O4 KOH-LIOH 600—400 60 [297]
LiOsSm,Oq KOH-LIOH 600 turn off [291]
LisPr;Ta, O, LiOH 600 turn off [292]
LiReSr,04 LIOH-Sr(OH), 750-600 5 [114]
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Composition Flux Temperature Cooling rate Reference

range [°C/h]

[°Cl
LiRhSF,O, KOH-LiOH-Sr(OH), 600 remove [297]
LiRuSr,04 KOH-LIOH-Sr(OH), 700-600 15 83]
LigTa,Sr;0q, KOH-LIOH-Sr(OH), 700-600 100 [296]
LuNaPd¢Oy NaOH 700 turn off [112]
MgPtSr,0, KOH 1000-750 1 [298]
NaNbSr,0, NaOH-Sr(OH), 700-600 10 [110]
NaNd,0sOq NaOH 650 turn off [293]
Na,Nd,PtO, NaOH 700 turn off [79]
NaNd,RuOq NaOH 600-500 60 [294]
Na;Nd;,RusO36 NaOH 600 turn off [117]
NaOsPr,Oq NaOH 600 turn off [293]
NaPdTbO, NaOH 700 turn off [280]
NaPd,TmO, NaOH 700 turn off [280]
NaPdgYO, NaOH 700 turn off [280]
NaPdgYbOq NaOH 700 turn off [280]
NaPr,RuQOg NaOH 600-500 60 [294]
Na;Pry,Ru¢Os NaOH 600-500 60 [111]
NaReSr,04 NaOH-Sr(OH), 750-600 5 [114]
NaRhSr;Oq NaOH-Sr(OH), 600 remove [297]
NaSr,TaO; NaOH-Sr(OH), 700-600 10 [110]
PtSr;ZnOy KOH 1000-750 1 [277]
Complex Melts (3.9)
Al¢Ba,CupOs BaCl,-Ba(OH), 750-600 416 [126]
Ba,Calr, sRugsOs BaCl,-Ba(OH), 1050 - [125]
Ba;CaRu, 5TagsOq BaCl,-Ba(OH), 1050 - [125]
Ba,,CuyFe;Os, BaCl,-Ba(OH), 750-600 416 [126]
Ba,eCpGagOs BaCl,-Ba(OH), 750-600 416 [126]
Ba,sCu,.GegOss BaCl,-Ba(OH), 750-600 416 [126]
BaysCU, TigOs BaCl,-Ba(OH), 750-600 4.6 [126]
BayCpZrOs BaCl,-Ba(OH), 750-600 416 [126]
BaFe,Sn,O;, B,0,-BaCl, 1350 15 [134]
Ba, 4l1K; 5c010 Ba(OH),-KOH-KO, 700-400 10 [271]
Ba,PbV,0, PbO-V,0, 900-450 6 [299]
Be,Biy 5RO, Bi,0,-V,0s 1100700 5 [128]
Bi, 65C2,C01 6505 33 Bi,0,-K,CO4-KCl 900-700 2 [137]
Big.6,Ce0.53RN,Os Bi,05-V,0s 1100-700 3 300]
Big 75F€0 7sPbosTio250s Bi,O;-PbO 1200-800 2 [133]
Big 5sLi,RhO5, Bi,0,-V,0; 1100-700 5 [128]
Bi,Mn, 33Nig /06 Bi,O;-NaCl 875-820 0.5 [129]
Big 7sR 65C, 15012 Bi,05-V,05 1100-700 5 [128]
CayqslrlipgsOg K,CO;-KCl 1050 turn off [83]
CrGe,LiO, LiF-PbO-V,0; 1100-700 2 301]
CrGe,NaO, NaF-PbO-V,0, 1100-700 2 [301]
CulLivoO, LiCl-LiVO, 560-520 1 [130]
EuGe,KOq KF-MoO, 900-750 2 [302]
Fe, 15Ges1:Mgo1,Pb,0s B,0,-PbO 1050-800 1.8 [303]
Fey 4sK1 45 Tig 55016 K,0-5i0,-V,0; 1450-900 6 [138]
FeesNay g5 Tis 3505 Na,CO;-NaCl 1050-700 5 304]
Gay 55Ky 555512016 B,0,-K,CO,-MoO;, 13501000 2 [305]
GeglagNaOy B,0,-Na,0-PbO 950-600 5 [306]
IngsNbg sPbO; B,0;-PbO 1040-990 - [136]
IngsPbTasO; B,0,-PbO 10601000 - [136]
IrLiSr;Oq K,CO;-KCl 1050 turn off [83]
K4LagPt,045 KF-KOH 650-300 4.86 [127]
K,LigPb,O4 Li,O-PbO, 660 - [307]
K,Li;sPbsO,, Li,O-PbO, 595 - [308]
Ky 5seMgo 7, Ti 2,016 B,05-KF-K,0 1310-1100 3 [309]
K,NbNdO, KF-KOH 500-200 10 [290]
K.NdPt, 01 KF-KOH 650-300 4.86 [127]
K,Nd,Ti;On KF-Na,B,0, 1100-1000 1 [131]
K,PrePt,01s KF-KOH 650300 4.86 [127]
K,Pt,SmO;s KF-KOH 650-300 4.86 [127]
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rq
Li,Pbg ,sRhsOs, PbO-V,0, 1100-700 5 [128]
Mg 33PbTag,0; B,0;-PbO-Pb,0, 1155-1130 - [310]
Mg, sPbW; 505 B,0,;-PbO-Pb,0, 1090-1055 - [136]
MnsPb,V,056 PbO-V,0, 950 - [317]
MnSbVO, B,0,-V,0; 900-700 1.5 [135]
Nbg 335PbScq 335 Tig 3305 B,0,;-PbO 1200-800 3 [312]
NbysPbYbg O, B,0;-PbF,-PbO 1200-1160 - [136]
Pb4 6445C0 506 127 46406 435 B,0;-PbF,-PbO 1200-950 0.5 [313]
PbTagsYbsO; B,O5-PbF,-PbO 1200-1160 - [136]
Pbq s Thy VO, PbO-V,0; 1000-750 5 [132]

[a] The actual compositions of Na,0O, K,O, Rb,0, and Cs,0O vary as NaO, (x=0.45, 0.46, 0.48, 0.5, 0.52), KO, (x=0.45, 0.48, 0.5, 0.51, 0.52, 0.55), RbO,
(x=0.45,0.49, 0.5, 0.58,0.59, 0.7, 0.84), and CsO, (x=0.5, 0.52, 0.55, 0.56). The actual compositions of Na,0O,, K,0,, and Cs,0, vary as NaO, (x=1.0,

1.03), KO, (x=1.0, 1.1), and CsO, (x=1.0, 1.2).

Figure 5. Crystal structure of Pb;MnAl,,O,, viewed along [001]. PbOs
and PbOg polyhedra gray, MnOg octahedra green, AlO, tetrahedra
brown, and O*~ ions red spheres.

but in neither case was lead fully incorporated into the
product, although less lead contamination through substitu-
tion for Ca was reported when pre-reacted materials rather
than the constituent oxides were used. Crystals of
Pb,CoWO*"! were successfully grown out of a PbO melt
using a sealed platinum crucible. Polycrystalline Pb,CoWOq
dissolved in PbO was slow cooled from 1130°C to 830°C at
which time the flux was decanted by puncturing the crucible.
This resulted in an easy isolation of 3 x 3 x 3 mm?® quasi-cubic
crystals. Platinum containing crystals, Sr,PbPt,0,,,* were
grown out of PbO starting with Pt powder, suggesting that
even platinum vessels may not be truly “inert” toward a PbO
flux (a gold crucible was used for this synthesis). In this case,
however, the presence of the basic strontium most likely
facilitated the reaction with platinum to yield the first Pt,*"
cation. The crystals were isolated as thin black needles upon
cooling from 930°C to 850°C at a leisurely rate of 1°C per
hour, with the excess PbO flux removed by dissolution in hot
acetic acid. Mixed transition-metal rare-earth-metal plum-
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bate crystals, Nd,,sPb,,sMnO,,,*)) were grown out of a
1 PbO:1.15 PbF, flux using a sixfold excess of flux. The binary
reagents were dissolved in the flux at 1050 °C, slow cooled at
1.2°C per hour to 885°C, at which point excess flux was
allowed to evaporate for 24 h prior to cooling to room
temperature. Black cuboid crystals of 2x2x3 mm’® were
isolated (Figure 6).

3.2. Bismuth Oxide

Bismuth oxide can be used as a safer alternative to PbO or
PbF,. As a melt (m.p. 817°C), its physiochemical properties
are similar to PbO, although it is somewhat less effective for
dissolving oxides. It does have a significantly reduced
volatility, however, owing to its high boiling point (1890°C),
which allows for longer soaking times during crystal growth.
Owing to its large size and + 3 charge, it can be used to grow
crystals of complex oxides containing the large divalent
cations with little likelihood of chemical substitution of Bi**
for M**; however, it will readily substitute for some of the
larger +3 cations, such as antimony or some of the larger
rare-earth elements.

Typically, when Bi,O; fluxes are used for the growth of
complex oxide single crystals, the bismuth cation is nearly
always incorporated into the final product, an important
consideration for using Bi,O; as a flux. An advantage,
however, is that Bi,0; shows nearly the same versatility in
the dissolution of all types of cations as PbO and/or PbF,,
once again the only exception being the alkali metals, which
are a challenge to dissolve in Bi,O; and, hence, are rarely
found in crystals grown out of Bi,O;. Reactions with Bi,O; are
most often performed in open platinum crucibles, although
alumina can also be used. Not only are longer soak times
possible because of the lower volatility of Bi,O; compared
with PbO, but also, for the same reason, higher temperatures,
which can easily reach the range of 1000-1200°C. Because the
excess Bi,O; flux will not evaporate, following cooling, the
solidified flux must be washed away with a dilute acid (HCl or
HNO,) to isolate crystals of the final product. However, since
the flux is quite dense (9.8 gecm™), the product often ends up
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Figure 6. Photograph of cubic block crystals of Ndg;5Pby,sMnO, 7,
grown out of a PbO-PbF, flux. Reprinted with permission from
Ref. [139] Copyright 2003, Elsevier.

in the upper region of the solidified melt in the crucible,
simplifying the isolation of the crystals.

Bi;ScMo0,0,,”" was obtained as large yellow transparent
anhedral crystals by the dissolution of the binary oxides in a
Bi,0; flux. In addition to the target composition, side
products include Al,O;, as well as Sc,(MoO,) and Bi,MoOy
crystals. The melt was cooled from 1150°C to 900°C at a
relatively quick rate of 90 °C per hour, whereupon the furnace
was turned off and allowed to cool to ambient temperature.
Crystals of Bi,CaMnO; (x=0.55, y=045; x=0.60, y=
0.40)PY were successfully grown out of a Bi,O, flux at
1094 °C, which was slow cooled at 4°C per hour to room
temperature. Large cubic crystals with edges of up to 5 mm
were isolated following removal of the flux using hot HNO;.
The zurLoye group prepared BiFe,Mn,0," and
Bi,Fe,Ga,0, from a fivefold excess of flux at 1000°C and
950°C, respectively. In each case the flux was cooled at 5°C
per hour below the melting point of Bi,O; followed by rapid
cooling to room temperature. The Mn compound formed as
shiny black prisms with edges up to 1 mm, whereas the Ga
compound formed significantly smaller brown prisms. Vana-
dates can be grown in Bi,0; fluxes, for example, BiMg,VOy
(Figure 7)Y was obtained as clear yellow needles from the
dissolution of MgO and NH,VO; in Bi,0;. The mixture was
cooled at 15°C per hour from 1000°C to 500°C, followed by
furnace cooling.

Crystals of BaBiysSbysO;> were grown at 1200°C
followed by slow cooling at 5°C per hour to 800°C in an
alumina crucible covered with platinum foil. Dark brown
crystals were separated mechanically from the flux.
Bi, Ti,NbO,,*! was prepared from the polycrystalline mate-
rial dissolved in a fourfold excess of Bi,O; at 1200°C followed
by cooling at 5°C per hour to 700 °C. After washing with HCI,
transparent mica-like crystals with a maximum dimension of
2.5 mm could be isolated.

Some non-Bi containing compositions have also been
obtained from Bi,0; fluxes. For example,
BaFe5sI1,55C0y55019 and BaFe, 0l 5Z,50016°" were suc-
cessfully grown from a Bi,0O; flux at 1250 °C followed by slow
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Figure 7. Crystal structure of BiMg,VOq viewed along [001]. BiO;
square pyramids gray, MgO, tetrahedra purple, VO, tetrahedra blue,
and O ions red spheres.

cooling at 2°C per hour to 1000°C. The hexagonal platelet
crystals up to 3 mm across were extracted by dissolving the
flux in hot dilute HNO,;, and according to microprobe
analysis, contained less than 0.2 % Bi impurity. Green-blue
elongated prisms of CuYb,Ge,O,, (Figure 8) were pre-
pared from the dissolution of the binary oxides in a Bi,O;
flux. Side products of this reaction also included crystals of
GeO, and CuGeO;. LaSr;(FeysAly,);05s™” was obtained by
the step-wise heating of the binary oxides and SrCO; in an
alumina boat. Following heat treatments at 1130°C, 1125°C,
and 1110°C, the furnace was allowed to cool to 600°C,
whereupon the sample was removed.

3.3. Boron Oxide or Alkali/Alkaline-Earth-Metal Borates

Boron oxide has a conveniently low melting point of
450°C and a high boiling point of 1860°C. This extended
liquid range allows its use for many crystal growth applica-
tions. Its lack of toxicity compared with the lead-based
systems also is an advantage. However, the viscosity of B,O;
by itself is extremely high and not very attractive for crystal
growth. As a result, B,O; is rarely used by itself. As
mentioned above, the addition of monovalent cations can
interfere with network formation and reduce the viscosity.
Hence combinations of A,O (A =Li, Na, or K) and B,O; are
preferred because of their more practical viscosity. Generally,
for “complex” mixed-metal melts it is advantageous if a low-
melting line phase exists that can generate the flux with the
desired metal ratios upon melting. Hence, compounds such as
Na,B,0; (=Na,0+2B,0;; m.p. 743°C), or K,B,O,
(=K,0+2B,0;; m.p. 799°C), are convenient starting mate-
rials. Because B,0O; is stable under extremely reducing
conditions, boron oxide based fluxes can be used to grow
oxide crystals containing metals in highly reduced oxidation
states.

Angew. Chem. Int. Ed. 2012, 51, 3780—3811


http://www.angewandte.org

Crystal Growth

Figure 8. Crystal structure of CuYb,Ge,O,, viewed along c¢*. CuO,
square planes blue, Yb*" ions black spheres, GeO, tetrahedra gray, and
O ions red spheres.

Clearly, there is a very large variety of borate fluxes that
can be used and while their properties are all similar, some are
better for certain types of crystals than others. Furthermore,
the choice between sodium and potassium, for example, as the
additional monovalent cation, can influence whether or not
chemical substitution of the monovalent cation will be a
consideration during crystal growth. Of course, the small size
of boron makes it unlikely for it to become substitutionally
incorporated into complex oxides (as mentioned earlier, we
have chosen to omit borates from the discussion of complex
oxides). Borates show the same versatility for the dissolution
of cations as the lead and bismuth fluxes, but can furthermore
dissolve the alkali-metal cations. Because of the extremely
high boiling point of boron oxide, the borates are typically
used at temperatures in excess of 1000°C. Finally it is
interesting to note that borate fluxes can have fairly high
volatility and often evaporate during the crystal growth. If
evaporation is not desired, the borates must be used in closed
vessels, though they are even known to escape through grain
boundaries from within sealed platinum capsules. Excess
borate fluxes can be removed from the final product by
washing in either hot water or hot acid (HCI or HNO;).

Both SrLiCrTi,O,, and SrLiFeTi, O, were grown out of
LiBO, fluxes, where the flux itself was prepared from Li,CO;
and H;BO;. Crystals of La;SnGa;sO,, (Figure 9)°" were grown
out of LiBO,, although only 5 wt % of the flux was used. A
pre-reacted powder of the product phase was used and
crystals were obtained during slow cooling from 1427°C to
1200°C at 20°C per hour. SryTiNb,O,4/*”! crystals were grown
out of a SrB,O; flux prepared by heating SrCO; and 4 H;BO;.
Sr¢TiNb,O,5 was pre-synthesized and sealed together with the
flux in a platinum capsule, heated to 1400°C and cooled at
3°C per hour to 1130°C. The flux was dissolved in warm HCl/
ethanol to obtain block crystals. Crystals of Ba,CeNb,05,[*!
were obtained from a 1.0 BaO:1.79 B,O; flux contained in an
alumina crucible. Again, pre-reacted powder of the product
phase was mixed with the flux and the crucible, in this case,
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Figure 9. Crystal structure of La;SnGa;0,, viewed along c*. La*"
ions black spheres, SnO4 octahedra gray, GaO, tetrahedra brown, and
O ions red spheres.

was sealed inside a silica ampoule. Crystals were obtained
during slow cooling from 1050°C to 850°C at 6°C per hour.
Similarly, a BaB,O, flux was used in the growth of
BaMn, ;Ti, ;Fe, ;0,41 crystals (Figure 10) at 1300°C.

Figure 10. Scanning electron micrograph of a large prismatic crystal of
BaMn, ;Ti; 4Fes 30,5 grown out of a BaB,O, flux. Scale bar 1 mm.
Reprinted with permission from Ref. [64] Copyright 1987, Elsevier.

A potassium borate flux, 9 K,0:100 B,O;, was used to
crystallize KyBiUzO,,*! by heating the binary oxides in the
flux at 1200°C for 15 h and small transparent red crystals were
isolated by dissolving the flux in boiling water. Another
example of a potassium borate flux is KBO,, which was used
to obtain crystals of Ba,,Fe,Ti;s0g,.! The binary oxides and
carbonates were dissolved in the flux at 1300°C, held
at that temperature for 36 h before slow cooling at
3°C per hour to 1050°C. The flux was dissolved in hot
water to isolate shiny black plate crystals. Single crystals of
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Bayg 1sNags,Nby g, Tiy 1s051”) were successfully grown from a
Na,B,0; flux in a platinum crucible. The appropriate metal
carbonates and oxides were dissolved in the flux at 1100°C,
before slow cooling to 850°C; crystals up to 1 x 0.5 x 0.5 mm®
(Figure 11) could be isolated by washing in hot dilute nitric
acid.

Figure 11. Photograph of a block-like single crystal of
Bag16NaggsNbgg,Tip1603 grown out of a Na,B,O; flux. Reprinted with
permission from Ref. [67] Copyright 2009, Elsevier.

3.4. Alkali- and/or Alkaline-Earth-Metal Halides

The alkali- and alkaline-earth-metal halides are very
successful fluxes for oxide crystal growth. Their melting
points—LiCl (m.p. 605°C), NaCl (m.p. 801°C), KCI (m.p.
770°C), NaF (m.p. 993°C), KF (m.p. 858°C), SrCl, (m.p.
874°C), and BaCl, (m.p. 962°C)—fall into the useful range
and they have a reasonable ability to dissolve oxides. Some of
the fluorides such as SrF, (m.p. 1477°C) or BaF, (m.p.
1368°C), have somewhat inconveniently high melting points
that typically preclude their use as neat melts, but they can be
used as one component of a eutectic halide melt. In particular
the fluorides have enhanced ability to dissolve oxides, where
the fluoride anion can function as a mineralizer. Some of the
more complex halides, such as a Na;AlFg (m.p. 1012°C) are
quite formidable solvents and, just like NaF and KF, cannot be
contained in oxide crucibles, necessitating the use of platinum
crucibles. The chlorides, on the other hand, can easily be
contained in the less expensive alumina crucibles and the
majority of crystal growth experiments have in fact been
performed using alkali- and alkaline-earth-metal chlorides.
Furthermore, a significant advantage of halide melts is the
ease with which the flux can be removed upon completion of
the crystal growth experiment by simply dissolving the flux
with water. Of course, this may not even be necessary since
using halide melts at temperatures in excess of roughly
1000°C can lead to significant flux evaporation that can
positively affect the crystal growth by creating supersatura-
tion in the melt, as well as help with crystal isolation if all the
flux has evaporated.
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Halide melts can be used to dissolve a wide range of
elements, including transition metals, main-group metals,
rare-earths, and actinides. The alkali- and alkaline-earth
metals are typically introduced as the carbonates if they
themselves are not part of the halide flux. Owing to their high
stability, halide melts can be used to grow crystals of oxides
containing metals in reduced oxidation states. The specific
reaction conditions vary with the melting point of the specific
flux and the need for various amounts of flux excess for the
specific oxide. The temperatures are typically at least 900°C
and rarely in excess of 1400°C. The most common temper-
atures fall into the 1000-1100°C range.

A large variety of oxide structure types and compositions
have been crystallized from halide melts. Single crystals of
various members of the extended perovskite families have
been obtained, such as BagAl,Rh,H0,05,% which was grown
out of a BaCl,2H,0 melt contained in an alumina boat by
slow cooling from 1040°C to room temperature at 10°C per
hour. To obtain the black hexagonal plates, the rhodium was
introduced as the metal and oxidized during the crystal
growth process. Similarly, Ba;CaRu,0,/®! was obtained in the
form of light brown platelets by starting with Ru powder,
CaCO;, and BaCl,-2H,0 as the flux upon soaking at 1025°C
for three weeks. Since most of the flux had evaporated by this
time, the isolation of the large black hexagonal plates was
trivial. The preparation of CasIrCuOg™ a 2H-perovskite
related oxide, using a CaF,/KF 1:1 melt in tenfold excess over
Ca(OH),, CuO, and Ir powder (1:1:1) in a platinum boat
succeeded after soaking at 1020°C for 8 days followed by
cooling to room temperature at 20°C per hour. Crystals of
another 2H-perovskite related oxide, Sr;NiPbOg, ™! were
obtained by starting with the pre-formed Sr;PbNiOg in a 10-
fold excess of NaCl in an alumina crucible. Heating to 1000°C
for 24 h followed by rapid cooling at 50 °C per hour to 750°C
and then quenching to 25°C resulted in black faceted block
crystals (Figure 12) that were isolated by dissolving the flux in
water.

A number of vanadates, molybdates, and tungstates have
been grown out of halide melts, such as K4(UO,)s(VO,),0s
(Figure 13)," which was grown in a 30-fold excess of KCI.
Orange crystals were produced by soaking the starting

60[m I

Figure 12. Scanning electron micrograph of a large prismatic crystal of
Sr;PbNiOg grown out of a NaCl flux. Reprinted with permission from
Ref. [71] Copyright 1999, American Chemical Society.
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Figure 13. Crystal structure of Ks(UO,);(VO,),O; viewed along [001]. K’
ions green spheres, UOg octahedra black, VO, tetrahedra blue, and O*~
ions red spheres.

material (UO,);(VO,), in the flux at 775°C for 3 days
followed by slow cooling to 25°C and removing the KCl by
washing with water. Crystals of Li;Sc(MoO,),"! with sizes up
to 0.5 mm in length were grown out of NaF contained in a
covered platinum crucible by soaking MoO;, Sc,0;, ALO;,
and TiO, at 1150°C for 6 h followed by cooling at 90°C per
hour to 900 °C then quenching to room temperature. Neither
the aluminum nor the titanium were incorporated into the
major product, however, small colorless octahedra of LiAl;Oq
and (AlSc,_,),TiOs; were isolated in minor yield.
Na,Nb,;sW ;04 crystallized in a melt of NaCl at 897°C,
followed by slow cooling at 1°C per hour to generate small
platelets. The spinel compound LigsCoy2Mn; 0,7 was
prepared from a 1:1 ratio of CoCl, and MnCl, with a sixty fold
excess of LiCl serving as a flux. The mixture was heated at
750°C for 60 h, before cooling to room temperature and
dissolving the flux in water to reveal black octahedral crystals
(Figure 14).

Figure 14. Scanning electron micrograph of octahedral crystals of
Lig.65C01 26Mny 0604 grown out of a LiCl flux. Reprinted with permission
from Ref. [75] Copyright 2003, American Chemical Society.
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A complex reduced niobate, Rb,AL,Nb3s05,,["® was crys-
tallized in an alumina boat sealed inside an evacuated silica
tube. Na;NbO, and NbO were dissolved in a tenfold excess of
RbCI at 1050°C by soaking for 12 h followed by slow cooling
at 10°C per hour to 700°C. Another reduced niobate grown
out of a halide flux is Na;AL,Nb,,04,,"” which was crystallized
over the course of one week from NaF, Al,O;, NbO,, and
NbO in a 3:1:8:2 ratio at 850°C, and dark gold metallic
platelets were isolated by dissolving any residual materials in
concentrated HCI.

3.5. Alkali-Metal Carbonates

The alkali-metal carbonates are very effective melts for
oxides and can also be used successfully with platinum group
elements to grow crystals of complex oxides containing
platinum group metals. Unlike the alkaline-earth-metal
carbonates, which decompose by CO, loss on heating, the
alkali-metal carbonates dissociate into the alkali-metal cation
and the carbonate anion. The melting points of Na,CO; (m.p.
851°C) and K,CO; (m.p. 891°C) are convenient. The lighter
lithium and sodium carbonates can exhibit some volatility,
which is often beneficial in order to induce supersaturation of
the reagents in solution.

Alkali-metal carbonate fluxes have been utilized for the
growth of numerous oxide single crystals; however, it is
difficult to predict a priori whether or not the alkali-metal
cation will be incorporated into the final product. Alkaline-
earth metals, main-group metals, and transition metals all
appear to be highly soluble in carbonate melts. Unfortunately
rare-earth and actinide elements are seemingly less soluble in
an alkali-metal carbonate flux, although there are some
examples of crystals grown from carbonate melts that contain
these elements. The alkali-metal carbonates are most often
used in alumina crucibles as there is no reaction with the
alumina. Common soak temperatures for the alkali-metal
carbonates range from 1000-1150°C, with typical soak times
of 24-48 h. Removal of the flux following crystal growth is
easy due to the high solubility of carbonates in water.

A number of complex oxides containing platinum group
elements have been grown as single crystals from carbonate
melts by the zur Loye group. Both Sr;NiPtO4 and
Sr;CuPtO/™ were prepared from the dissolution of SrCO;,
Pt metal, and the corresponding binary oxide in a K,CO; melt.
Smaller, but higher quality crystals (suitable for single-crystal
X-ray diffraction) were obtained with a reaction temperature
of 1050°C, whereas larger crystals (suitable for physical
property measurements) up to 5 mm in length were obtained
with a higher reaction temperature of 1150°C. Crystals of
Pr,,Na, s RhO, and Nd,,sNa, sRhO™ were successfully
grown from a Na,CO; flux at 1050°C and small black blocks
were isolated by the dissolution of the flux in water aided by
sonication. Ca;CuRhO4* was obtained from CaCO,, Cu, and
Rhin a K,CO; melt at 1050 °C. Hexagonal crystals (Figure 15)
could be isolated after washing the flux away with water. Two
rhodates with the same elemental content but different
composition, SrFe,,;Rhy,0; and Sr,Fe;;;Rh,,,0,, were
prepared from K,CO; melts under the same heating and
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Figure 15. Scanning electron micrograph of a hexagonal crystal of
Ca;CuRhOg4 grown out of a K,CO; flux. Reprinted with permission from
Ref. [80] Copyright 2003, Elsevier.

cooling conditions. The only difference in the crystal growth
process was the reagents that were used as the Sr sources:
SrCO; for the former, and SrCl,-6 H,O for the latter, and it
was hypothesized that the Cl™ anion in the flux mixture may
have favored the formation of the Rh-rich phase. Long
hexagonal rods (Figure 16) of BagCoRhO,,*? were prepared
by the dissolution of BaCO;, Co;0,, and Rh in a K,CO; melt

Figure 16. Photograph of long hexagonal rods of BagCoRhgO,, grown
out of a K,CO; flux. Reprinted with permission from Ref. [82] Copyright
2001, American Chemical Society.

at  1050°C. Another platinum group based oxide,
Ca;LiRuO,,™®! was obtained as dark red hexagonal rods
from the polycrystalline material dissolved in a tenfold mass
excess of flux, which consisted of a 1:1 mixture of Li,CO; and
K,COs;. The melt was cooled from 1025 °C to 750°C at 6 °C per
hour, whereupon the furnace was turned off and allowed to
cool to room temperature.

Crystals of oxides containing early transition elements,
such as transparent crystals of Li;La;Zr,0,,,* were success-
fully grown from a Li,CO; flux. The polycrystalline materials
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was mixed with the flux in a gold crucible and heated at
1040°C for 48 h. Na;Ca,TaO¢*' and Na,Ca;Ta,0,% were
obtained as colorless transparent crystals from the dissolution
of CaCOj and Ta,0Os in a Na,CO; flux. The starting materials
were pressed into a pellet, which was heated at 1000°C on a
platinum plate, before being cooled at 3 °C per hour to 800°C,
at which point the furnace was turned off. A higher ratio of
flux to Ta,Os in the starting materials was reflected in the ratio
of Na to Ta in the final products. The Abraham group
prepared a series of uranium containing oxides including
A,(UO,),MO4 (A=K, Rb; M=Mo, W) and K (UO,)s
(M00O5);0,57% from a A,CO; melt heated to 950°C in a
platinum crucible. The melt was cooled at 5°C per hour to
25°C, and the excess flux was washed away with ethanol to
isolate the crystals.

K 26Mg; 2sSb, 150,4*! was obtained as transparent needle
crystals from the dissolution of the binary oxides in a K,CO;
flux. The starting materials were sealed in a platinum tube,
which was heated to 1500°C for 150 min, cooled at 10°C per
hour to 1300°C, at which point the tube was removed from
the furnace. Crystals of BaZn,Fe,;0,,"" were successfully
grown out of a Na,CO; melt at 1340°C. The reaction was
performed in a covered platinum crucible; after cooling the
reaction to room temperature, the excess flux was removed
with hot nitric acid. The Darriet group prepared both
Sr,Mn,NiO,®Y and Sr,Mn,CuO,"? from the dissolution of
SrCO;, Mn, 03, and the corresponding metal oxide in a K,CO;
flux. The reactions took place at 1100°C and 927°C,
respectively; after cooling to room temperature, small block
crystals were isolated by washing the flux away with water.
Crystals of Li; 74Nd, 4, FeQy 43 (Figure 17)?) were obtained
from polycrystalline LisNd,FeO,, heated in a 70 wt % Li,CO;
melt for 760°C for 2 weeks. The flux was removed using a
combination of water, alcohol, and dilute acetic acid, reveal-
ing black polyhedral crystals.

Figure 17. Crystal structure of Li; 74sNd, 404F€Oq 403 viewed along [001].
LiOg trigonal prisms green, Nd** ions black spheres, FeO octahe-
dra blue, and O®” ions red spheres.
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3.6. (Alkali-Metal) Vanadates, Molybdates, and/or Tungstates

The binary oxides, V,0s5 (m.p. 690°C), MoO; (m.p.
795°C), and WO; (m.p. 1473°C) have all been used as
fluxes in spite of their significant volatility. In fact, crystals of
the simple oxides can readily be grown from the vapor phase.
The sodium salts, NaVOj; (m.p. 630°C), Na;VO, (m.p. 858°C),
Na,MoO, (m.p. 687°C), Na,Mo,0, (m.p. 876°C), Na,WO,
(m.p. 698°C), and Na,W,0; (m.p. 746°C) on the other hand
are much more attractive for oxide crystal growth, both
because of their ability to dissolve oxides, but mostly for their
reduced volatility. In addition, the sodium salts are water-
soluble and can, thus, be readily removed. The lithium salts,
such as Li,MoO, (m.p. 705°C) and eutectics containing
Li,Mo00O,, have been used to prepare beryllium-containing
oxides and, thus, apparently create a more covalent melt.
Typically there is little concern about substitutional processes
due to the high oxidation states, as V°*, Mo®*, and W®*
frequently occupy their own crystallographic site in the
product phase.

These fluxes are very versatile as far as the dissolution of
cations is concerned, with only alkaline-earth metals rarely
being found in crystals grown from these fluxes. Nearly any
type of reaction vessel can be used with this family of fluxes.
The optimal temperature range is commonly below 800°C,
where higher temperatures necessitate the use of closed
vessels to prevent excessive evaporation. The alkali-metal
vanadates, molybdates, and tungstates can easily be dissolved
in water or hot alkali solutions to remove leftover flux from
the crystalline product.

A uranium-containing oxide, Pb(UQ,)(V,0,),”¥ was
obtained from a vanadate flux by the dissolution of PbO
and U;Oq4 in V,0s. The reaction mixture was heated in a
platinum crucible approximately at the melting point of V,05
for 2 h, before cooling to room temperature at 5°C per hour;
the product was washed with ethanol to isolate the yellow
crystals. Thorium containing oxides also are accessible using
these fluxes, where K,Th(MoQ,);™ and K Th(MoO,),""!
were prepared as triangular prism and plate crystals respec-
tively from Th(MoO,), and K,;Mo00,. The more potassium-
rich phase could be obtained by adjusting the ratio of flux to
reagent from 3:2 to 3:1 and using a quicker cooling rate.

The compounds NaCa,MV;0,, (M =Mg, Co, Ni)“"! were
prepared by reacting the polycrystalline material with NaVO,
in ratios ranging from 2:3 to 4:1. The mixtures were soaked at
temperatures of 756 °C (Ni), 735°C (Mg), and 705 °C (Co) for
20 h, cooled 65°C in 30 min, heated at that temperature for an
additional 50h, and then quenched to produce crystals
(Figure 18). RbMnVO,™ crystals were grown from MnO
dissolved in a RbVO; melt contained within a gold tube
sealed in a silica tube, and heated to 950°C. The yellow
hexagonal block crystals of RbMnVO, were accompanied by
clear crystals of RbVO;, dark green crystals of MnO, and
yellow-green crystals of Rb,MnV,0,. Red block crystals of
Ln,(Mo,Sb,0;5) (Ln =Y, La, Nd, Sm, Dy) (Figure 19)" were
successfully grown in evacuated quartz tubes. The binary
oxides Ln,0O; and Sb,0; were reacted with molten MoO; at
900°C for 4 days. Following the reaction, excess MoO; flux
was washed away with a 2 % Na,COj; solution.
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Figure 18. Scanning electron micrograph of a prismatic crystal of
NaCa,CoV;0,, grown out of a NaVO; flux. Reprinted with permission
from Ref. [97] Copyright 2006, Elsevier.

Figure 19. Crystal structure of Ln,(Mo,Sb,0;5) (Ln=Y, La, Nd, Sm,
Dy). Ln** ions black spheres, MoO, tetrahedra blue, SbO; square
pyramids gray, and O>" ions red spheres.

Deep blue needles of Na,,Cr,;Tis;0,4'" were obtained
at 1300°C from Na,CO;, Cr,0;, and TiO, in a fourteen fold
mass excess of Na,MoQO, as flux. Na,MoO, was generated in
situ from the reaction of Na,CO; and MoO;, and could be
washed away after the reaction with water. InGaO;(ZnO),!""!
hexagonal plates (Figure 20) were grown as single crystals in a
sealed platinum tube at 1350°C. The binary oxides were
dissolved in molten K,MoO, in a 1:20 ratio by mass. Crystals
of Rb;LiZn,(M00,),"" were successfully grown from the
polycrystalline material dissolved in a melt of Rb,Mo,0O,.
After cooling the mixture at 3°C per hour from 500°C to
400°C, colorless cubes with edges up to 2 mm were isolated.
The compounds ANbW,O, (A =K, Rb)!®! were obtained as
crystals from Nb,Ojs reacted in a flux consisting of K,0-WO;
or Rb,0-WO;. Cooling of the mixture at 1°C per hour from
1050°C to 700°C produced large hexagonal plate-like or
prismatic crystals between 5 and 10 mm. Light brown
hexagonal prisms of KFeGeO,'™ were grown with a 1:1
mixture of KVO; to K;MoO, as flux. The polycrystalline
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Figure 20. Scanning electron micrograph of a hexagonal plate of
InGaO;(Zn0), grown out of a K;MoO, flux. Reprinted with permission
from Ref. [101] Copyright 2009, Wiley.

material was heated in the melt at 875°C for 3 days, and then
cooled at an extremely low rate of 0.6°C per hour to 725°C;
following cooling to room temperature, the excess flux was
removed by soaking in hot water.

3.7. Alkali-Metal Oxides, Peroxides, and/or Superoxides

One extensive collection of oxides that have been used as
fluxes for the preparation of many water sensitive compounds
is the binary alkali-metal oxides, peroxides and superoxides.
As a group they are extremely moisture sensitive and react
violently with water to form the hydroxides. These simple
oxides, Na,O (m.p. 1132°C), K,O (m.p. 707°C), Rb,O (m.p. >
500°C), Cs,0O (m.p. 490°C), the peroxides Na,O, (m.p.
675°C) and K,0, (m.p. 490°C), and the superoxides KO,
(m.p. = 490-530°C), and CsO, (m.p. 432°C) have been used
as melts for the growth of many alkali-metal-transition-metal
oxides, especially by the group of Hoppe.

The alkali-metal oxides, peroxides, and superoxides have
been used with all families of elements throughout the
periodic table. In a typical crystal growth reaction, the binary
oxides are mixed with additional oxide reagents—carefully
dried prior to use—and heated slightly above the melting
point of the binary oxides and held at that temperature for
weeks and even months. The reaction has to be contained
inside a nickel, silver, gold or platinum ampoule that, in turn,
is typically sealed under vacuum within a silica tube. This
assures the absence of moisture during the reaction. This
approach is well suited to prepare alkali-metal-rich oxide
compositions that as a rule are extremely moisture sensitive.
Due to this acute moisture sensitivity, no solvent can be used
to wash away the excess flux, so crystals must be mechanically
isolated. (As a note, we were unable to find photographs of
any crystals grown from these fluxes due to their rapid
decomposition in ambient conditions.)

The synthesis of Cs,Na,[IrO,] (Figure 21),” for example,
was achieved by mixing CsOs,, Na,O,, IrO,, and iridium
metal in a 3.52:1.3:1:1 ratio in a silver tube contained inside a
sealed silica tube. The mixture was heated quickly to 400°C,
then slowly to 760°C and held there for 46 days to yield very
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Figure 21. Crystal structure of Cs,Na,[IrO,] viewed along b*. Cs™ ions
green spheres, Na* ions turquoise spheres, Ir*" ions blue spheres, and
O ions red spheres.

water sensitive black block crystals. Similarly, CsKs[RuOs]-
[RuO,]"%! was prepared by heating intimate mixtures of the
binary oxides, KO;;, CsO;,, RuO,, in a ratio of K:Cs:Ru
2.2:1:1, in a silver tube contained inside a sealed silica tube at
750°C for 34 days. Dark green water sensitive block shaped
crystals could be isolated. The synthesis of Cs,[Li;GaO,]!%!
was carried out by heating a mixture of Cs,O and Li;GaO,in a
ratio of 2:1 in a sealed platinum tube which in turn was sealed
inside a silica tube, at 750 °C for 8 weeks. Colorless, irregularly
shaped air sensitive crystals were formed. Similarly, crystals of
Rb,;NaPbO,!"""! were obtained from the reaction of Na,PbO;
and RbOy g, using a ratio of Rb:Na:Pb=4:2:1 contained in a
silver boat inside a silica tube. The mixture was heated at 5°C
per hour to 480°C for 180 days and then cooled at a rate of
3°C per hour to room temperature to yield colorless water
sensitive crystals.

Reactions that used a large excess of the alkali metal—
implicitly as a flux—were used to prepare oxides like
Sr;,NaNi,O,;."®! In this crystal growth experiment, an
excess of Na,O, was added to a mixture of SrCO; and NiO
in a 2:1 ratio that had been pre-reacted at 1000 °C for one day.
With the Na,O, functioning as the flux, the reaction mixture
was contained in a sealed silver tube and heated at 750°C for
six days to yield black crystals of Sr;,NaNi;O,;. The prepa-
ration of single crystals of Ba;In,ZnsO; (Figure 22)!'*! using a
KO, flux illustrates the rare example where the alkali metal is
not incorporated into the final product. BaO, ZnO and In,0;
as reactants together with KO, as the flux in a ratio of 2:1:1:2
were sealed inside a silver tube and heated at 750°C for
12 days. The tube was cooled at 2.5°C per hour to room
temperature to yield colorless octahedral crystals.

3.8. Alkali- and for Alkaline-Earth-Metal Hydroxides
Hydroxides have been used extensively for oxide crystal

growth and are in many ways a more complex flux than other

simple inorganic salts, as their water content has a significant

effect on the oxo-acidity (pH,O) of the melt. The hydroxides
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Figure 22. Crystal structure of Ba;ln,Zn;O;,. Ba®" ions purple spheres,
InOg octahedra gray, ZnO, tetrahedra blue, and O~ ions red spheres.

have low melting points, such as 462°C for LiOH, 318°C for
NaOH, 420°C for KOH, 301 °C for RbOH, 342°C for CsOH,
375°C for Sr(OH),, and 407°C for Ba(OH),. These can be
further reduced to below 200 °C for eutectic combinations. In
addition, the water content of the hydroxides (commercially
available hydroxides have a water content of 15-20 wt % ) will
influence the melting point, which decreases with increasing
water content up to the limit of forming an aqueous solution.
Consequently, their melting points can change upon heating
and water loss, unless they are kept in a closed system. In the
extreme case they will transform into the simple oxide
anhydrides. The water content is critical to determining the
solution chemistry, which can range from highly acidic for
hydrated hydroxides (high pH,0), to extremely basic for the
oxide anhydrides (low pH,0), as described by the Lux-Flood
concept of oxo-acidity.">*! Different metal cations will be
soluble in specific ranges of acidity, and essentially every
element in the periodic table can be dissolved in hydroxide
melts, albeit not all at the same pH,O. A detailed report on
the use of hydroxide melts to grow platinum metal containing
oxides was recently published, which focuses on the many
peculiarities of crystal growth using hydroxide fluxes.”!

As a class, hydroxides are capable of dissolving essentially
every element of the periodic table and, when performed in
air, have a tendency to stabilize the metals in high and
sometimes unusually high oxidation states. Typically the
hydroxide melts are contained in alumina or silver crucibles.
The alumina crucibles can be attacked by the flux which may
lead to aluminum contamination of the product phase,
however, they can be used to very high temperatures. By
contrast the useful temperature range of silver crucibles or
silver tubes, which are inert toward the hydroxide flux, are
limited by the melting point of silver (m.p. 961 °C). In sealed
silver tubes, the water content and hence the acidity needed to
dissolve certain metal oxides, such as the rare-earths, can be
maintained for many days at high temperatures. Following the
reactions, the solidified hydroxide melt can be dissolved in
water, or for moisture sensitive compositions, methanol.

Single crystals of many complex transition-metal contain-
ing oxides have grown by the zur Loye group utilizing
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hydroxide fluxes. Both Sr;NaNbO; and Sr;NaTaO/!''" were
obtained from the dissolution of Nb,Os or Ta,Os in a
Sr(OH),-NaOH melt. Pale green hexagonal prisms were
found in reactions performed in sealed silver tubes, whereas
light brown rods were found in reactions contained in loosely
covered silver crucibles. Although both crystals gave the same
structure solution, the differences in color were attributed to
slight oxygen deficiencies introduced by performing the
reaction in an open versus a closed system. Black hexagonal
block crystals of the ruthenates Ln;,Na;RusO; (Ln="Pr,
Nd)"™! were successfully grown with a NaOH flux at 600°C.
The Pr compound required the addition of Os metal to the
reaction mixture to act as a sacrificial reductant to preserve
the + 3 oxidation state for Pr. LuNaPdOy (Figure 23)!'% was

50.0 um

Figure 23. Scanning electron micrograph of a cubic block crystal of
LuNaPdsO; grown out of a NaOH flux. Reprinted with permission
from Ref. [112] Copyright 2006, Elsevier.

obtained from the dissolution of Lu,O; and Pd(NH;),Cl, or
Pd metal in a NaOH melt at 700°C; the black cubic crystals
were isolated by dissolving the flux in water. Other palladates,
such as LnKPdO; (Ln=La, Pr, Nd, Sm, Eu, Gd),'"¥ were
grown as golden-brown needles from the early rare-earth
oxides and Pd metal in a KOH melt at 750°C.

The rhenates Sr,LiReOg, Sr,NaReOq4, Ba,LiReOq, and
Ba,NaReO " were prepared from NH,ReO, or Re metal in
the corresponding alkali- and alkaline-earth-metal hydrox-
ides. The reaction mixtures were heated at either 700°C or
750°C for 12 h, with a higher yield obtained at 700°C, but
better crystal quality at 750°C. Interestingly, for Sr,LiReQg,
the single-crystal X-ray structure reveals cubic symmetry,
whereas the powder obtained from a standard solid-state
route shows tetragonal symmetry. Thus, the flux route to
crystal growth may be isolating a kinetic product not possible
at higher temperatures where thermodynamic stability
becomes the overriding factor. Shiny black prismatic crystals
(Figure 24) of Ba,LiOsO4 and Ba,NaOsO4"%! were success-
fully grown in alumina crucibles at 600°C. Os metal was
dissolved in a melt of Ba(OH),8H,O and either a
LiOH-H,0-KOH eutectic or NaOH. The iridates
LagRbIr,0,,"" and Sm,NalrO/'"”! were obtained as black
crystals from the dissolution of Ir metal and the appropriate
rare-earth oxide in a hydroxide flux at 650°C. For
LayRblr,0,,, the flux was RbOH, whereas for Sm,NalrQy it

www.angewandte.org

3803


http://www.angewandte.org

Angewandte

3804

Reviews

f—— 50 um

Figure 24. Scanning electron micrograph of a prismatic crystal of
Ba,NaOsOg grown out of a Ba(OH),-NaOH flux. Reprinted with
permission from Ref. [115] Copyright 2002, Elsevier.

was a NaOH-CsOH eutectic mixture. Yellow prismatic
crystals of (NaLa,)NaPtO,!"® were obtained from a NaOH
melt. La,0; and (NH,),PtClg, as well as 2 g of water, were
added to 10 g of NaOH flux in a silver crucible, and heated at
700°C for 12 h, before turning off the furnace and allowing it
to cool to ambient temperature.

Many other groups have also prepared oxide single
crystals from hydroxide melts. NaKLaNbOs; and
Na,K,Gd,Nb,0,;!"") were grown as thin rectangular plates
from the dissolution of Nb,Os and the corresponding rare-
earth oxide with a NaOH-KOH eutectic mixture. The
reagents were placed in a platinum crucible and heated to
either 400°C (La) or 450°C (Gd); after cooling to room
temperature, excess flux was removed by washing with water.
The Stacy group obtained Sr;gRu; 4Bi, ;05! from RuO, and
Bi,0; in a melt consisting of Sr(OH), and KOH. After heating
at 750°C for 6 h, the mixture was slowly cooled to 600°C over
48 h, and then quenched to room temperature, which revealed
ruby red crystals that could be isolated mechanically. Amber
prisms of BaKFeO, (Figure 25)!'*!! were successfully grown
from the dissolution at 750°C of Fe,O; in a flux of Ba(OH),

Figure 25. Crystal structure of BaKFeO, viewed along [100]. Ba*"
ions purple spheres, K" ions green spheres, FeO, tetrahedra blue, and
O ions red spheres.
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and KOH. Clear tablet shaped crystals of Ba,Ti;,Al,O,;"*
were prepared by the Miiller-Buschbaum group. BaCO; and
TiO, were reacted with a twofold excess of NaOH at 1300°C,
followed by cooling to room temperature. The compounds
La,LiysMysO, (M=Co, Ni, Cu, Au)'?2 were grown as
single crystals from a LiOH flux. In the case of the Au
compound, Au powder and La(OH); were used, whereas the
remaining examples started with La,O; and the respective
binary metal oxide. The reaction mixture was heated in a
corundum boat at 750° (Au) or 800°C (Co, Ni, Cu) until most
of the excess LiOH flux had evaporated. After cooling, any
remaining solidified flux was removed by washing in boiling
water.

3.9. Complex Melts

In addition to fluxes consisting of a single component,
there are an even greater number of fluxes that consist of
combinations of inorganic materials, for example the PbO-
PbF, or the B,0;-Na,O combinations mentioned earlier.
Often a line phase exists, such as Na,B,0-, but even when one
does not, the combination of several fluxes to enhance each
other is a common technique to improve the crystal growth
process. Thus combinations of the type Ba(OH),-BaCl,,
Bi,0;-V,0;, PbO-PbF,-B,0;, etc., have been used with
great success, where different components contribute to
different aspects of the fluxes overall utility. As mentioned,
B,O; widens the temperature range in which the metastable
region for crystal growth exists, as well as reduces the overall
vapor pressure. Mineralizers like KF can facilitate the
stabilization of metal cations in melts. Finding the single
“best” flux is difficult, but finding a “very good” flux is
certainly feasible, as there is generally more than one flux that
will yield high-quality crystals. Clearly when contemplating
using such complex melts it would be advantageous to have
access to the relevant phase diagrams which, for the simple
fluxes, can be found in the literature providing us with melting
points for various compositions. Once we include the
reagents, however, it becomes increasingly unlikely that
such a complex phase diagram (often consisting of 4 or
more components) has been worked out. That, however,
should not prevent the inclusion of additional components for
optimizing the crystal growth process, since the addition of a
few percent of an additional component, while impacting for
example the solubility of the reagents in the flux, will typically
not significantly change the melting point. In all cases, of
course, some degree of exploratory work to identify practical
crystal growth conditions (temperature, time, flux, concen-
tration) is required.

The Miiller-Buschbaum group obtained
Ba,CaRu, sTa, 50, and Ba;CaRu,Ir; s0,*) from a flux con-
sisting of a 5:1 ratio of BaCl,2H,0 to Ba(OH),-8H,O.
BaCO;, CaCOs;, Ru, and Ta,O5 or IrO, were reacted in the
melt at 1050°C for 9 days, with the BaCl,-2 H,O continually
replenished to compensate for evaporative losses. After
cooling, the excess flux was dissolved with dilute HCI to
reveal black hexagonal platelets. Using the same flux, the
Stacy group grew black hexagonal crystals of the compound
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M¢Ba,Cu,,Oq (M =Al, Ti, Fe, Ga, Ge, Zr) (Figure 26).0"*
The appropriate binary metal oxide (or Fe(NOj3); in the case
of iron) and CuO were dissolved in the flux at 750°C, before

Figure 26. Crystal structure of M¢Ba,sCu,,03, (M=AI, Ti, Fe, Ga, Ge,
Zr) viewed along [001]. MO, tetrahedra gray, Ba>* ions purple spheres,
CuO, tetrahedra blue, and O”~ ions red spheres.

cooling to 600°C over 36 h, and then the furnace was shut off.
Cubic crystals (Figure 27) of K [Ln¢Pt,0;5] (Ln=La, Pr, Nd,
Sm)"™?” were successfully grown by the zur Loye group with a
melt consisting of KOH and KF. The rare-earth oxide and
(NH,),PtCl; were reacted in the flux at 650°C for between 12
and 24 h, before slow cooling; sonication in water was used to
isolate the crystals from the excess flux.

e

-

Figure 27. Photograph of cubic block crystals of K,[LngPt,04s] (Ln=La
(top left), Pr (top right), Nd (bottom left), Sm (bottom right)), grown
out of a KOH-KF flux. Reprinted with permission from Ref. [127]
Copyright 2009, American Chemical Society.

The complex oxides Bi,5Li,RhsO5,
Big 75S¢1.10(Rhy0,8¢105)O12, and BiyesBe;RhgO,,* were pre-
pared at 1100°C from Rh,0O; and Li,CO3, Sc,03, or BeO, in a
melt composed of 75 % Bi,O; and 25 % V,0s. After cooling,
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the flux was dissolved in HNOj; at 87°C to reveal black shiny
needles (Figure 28) up to 4 mm in length. The Rosseinsky
group was able to grow cubic crystals with edges up to 1 mm

100 um

Figure 28. Photograph of a metallic columnar crystal of Big Li,RhsO;,
grown out of a Bi,0;-V,O; flux. Reprinted with permission from
Ref. [128] Copyright 2009, American Chemical Society.

of Bi,Mn, 33Ni;,04?) from a flux of Bi,O; and NaCl. The
oxides MnO, and NiO were step-wise heated in the melt at
temperatures of 800°C, 850°C, and 875°C, before cooling at
0.5°C per hour to 820°C and then quickly to room temper-
ature. LiCuVO,™ was obtained as large black crystals up to
4x2x1mm’ with a flux containing 47 mol% LiCl and
53 mol % LiVO;. The polycrystalline material was dissolved
in the melt at 560°C before slow cooling to 520°C and then
turning off the furnace.

The Greedan group grew thin colorless plates of
K,Nd,Ti;0,,*Y in a melt containing KF and Na,B,0,. The
binary oxides Nd,O; and TiO, were heated in the flux at
1100°C for 2 h, and then cooled at 1°C per hour to 1000°C, at
which point the reaction was removed from the furnace and
the excess flux was poured out of the platinum crucible.
Th,sPb,sVO,*2 was prepared with a flux of 2PbO:1V,0s,
which forms Pb,V,0; in situ. ThO, was dissolved in the melt
at 1000°C, and then cooled to 750°C, when the crucible was
inverted so that the molten flux could flow into the lid of the
crucible. After fully cooling the reaction, the solidified flux on
the lid was removed by immersing in hot, dilute HNO;, and
plates with edges up to 10 mm could be isolated. Metallic
crystals of (Biy7sPbyas)(FegssTip0s)O5' were grown at
1200°C from a melt composition of 70% PbO and 30%
Bi,0;; the excess flux could be dissolved in glacial acetic acid.

A number of other compounds were grown as crystals
with the addition of B,O; to other fluxes. In the case of
BaSn,Fe,0,,,™ the oxides BaO, Fe,O,;, and SnO, were
dissolved in a melt of BaCl, and B,0;. Because the reaction
was heated at 1350°C, some of the flux evaporated, while the
remainder was washed away with dilute HNO; to reveal large
red-brown hexagonal platelets. Black shiny parallelepiped
crystals of MnVSbO¢"™ were obtained from a flux of
90.4 wt% V,0s5 and 9.6 wt% B,0O;. Sb,0O5 and manganese
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carbonate or manganese acetate tetrahydrate were heated in
the melt at 900°C for 3 h, before cooling at 1.5°C per hour to
700°C, at which point the molten flux was poured out on a
steel plate and washed away with dilute HCI. Crystals of
PbYb,sM,s0; (M=Nb, Ta) and PbMg,;W,s0,!* were
successfully grown with a flux of PbO-PbF,-B,0; with a
maximum soak temperature of 1200 °C. During the cooling of
the reactions, molten flux was decanted at 880°C, and
following cooling to room temperature, any remaining
solidified flux was washed away in hot acetic acid and dilute
nitric acid, which yielded octahedral crystals (Figure 29) up to
6 mm in size. A melt consisting of Bi,0;, K,CO;, and KCl was

Figure 29. Photograph of prismatic crystals of PbYb,sNb,sO; (top)
and PbMg,sW,sO; (bottom) grown out of a PbO-PbF,-B,0; flux.
Reprinted with permission from Ref. [136] Copyright 2008, Elsevier.

employed to grow hexagonal plates with an area of 5-10 mm?
of [Biy5,Ca0,],[Co0,]; ¢0.!"*" A pre-reacted powder of Bi,Os,
CaCO;, and Co;0, was dissolved in the melt at 900°C for
20 h, before cooling at 2°C per hour to 700°C, and then
turning off the furnace. Dark red prismatic crystals of
K, 4sFe; 45Tig 550164 were prepared at 1450°C from a flux
composition K,0-Si0,-V,0s. Once the reaction had cooled,
the flux could be removed in dilute HNO;.

4. Summary and Outlook

The utility of fluxes for materials discovery by exploratory
crystal growth has been and continues to be a rewarding
undertaking, as illustrated in this Review. Numerous
researchers have used fluxes for many years to grow crystals
of all types of materials, not just oxides, and in the process
have established flux growth as an important tool for
materials chemistry. The field of flux growth is, of course,
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much too large to be covered in a single Review, which is why
we decided to focus on only a small subset, the flux growth of
crystals of quaternary or higher order oxides, and the goal was
to be illustrative rather than inclusive. In addition, by
demonstrating the efficacy of the most commonly used
fluxes we intended to provide the reader with a “how-to”
manual for the flux crystal growth of oxides.

The fluxes discussed in this Review, lead oxide and/or lead
fluoride, bismuth oxide, boron oxide or alkali/alkaline-earth-
metal borates, alkali and/or alkaline-carth-metal halides,
alkali-metal carbonates, vanadates, molybdates and/or tung-
states, alkali-metal oxides, peroxides and/or superoxides,
alkali- and/or alkaline-earth-metal hydroxides, and various
complex melts, were chosen because they are some of the best
fluxes for oxide crystal growth and hence the most commonly
used. They are certainly not the only fluxes in the literature
and for some systems, not even the best. However, for the vast
majority of oxides that might be targeted, these fluxes will
work.

To grow crystals of future materials, in particular struc-
tures containing a larger number of elements, the flux, by
necessity, must be able to solubilize simultaneously a more
diverse mix of oxide reagents. Since simple fluxes may not be
up to this task, it is probable that the crystal growth of
complex oxides will require more complex fluxes, and it will
be up to the researchers to adapt and modify existing fluxes
for this purpose. The crystal growth from high-temperature
solutions is an adaptive field and we expect that new flux
combinations will come into use and lead to the growth of
new complex oxides.

Finally, as new opportunities arise for millimeter-sized
crystals, for example, for single-crystal neutron diffraction on
high-intensity neutron sources, it will become desirable to
utilize fluxes to target the growth of larger crystals. There is, of
course, always the tension between crystal size and crystal
growth throughput, and while growing large crystals can be
very rewarding for measuring properties, it is also typically
more time consuming. The crystal growth from high-temper-
ature solutions remains an excellent approach for exploratory,
discovery-oriented work that can rapidly generate a multitude
of new materials in the form of sub-millimeter-sized crystals.
Fortunately, adapting the approach from targeting sub-milli-
meter-sized crystals for X-ray structural characterization to
millimeter-sized crystals for property measurements and
neutron diffraction work is mostly a matter of scale—and
time—and we expect to see more reports detailing the flux
growth of larger crystals for physical property measurements
in the coming years.
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