Single Crystal Growth Tricks and Treats
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Conspectus Single crystal growth is a widely explored method of synthesizing materials in the
solid state. The last few decades have seen significant improvements in the techniques used to
synthesize single crystals, but there has been comparatively little discussion on ways to
disseminate this knowledge. We aim to change that. Here we describe the principles of known
single crystal growth techniques as well as lesser-known variations that have assisted in the
optimization of defect control in known materials. We offer a perspective on how to think about
these synthesis methods in a grand scheme. We consider the temperature interdependence with the
reaction time as well as ways to carry out synthesis to scale up and address some outstanding
synthesis challenges. We hope our descriptions will aid in technological advancements as well as
further developments to gain even better control over synthesis.

Introduction Human civilization has always needed useful materials in order to advance, grow,
and support the demands of society. This necessity has proven true since the first stone tools were
made, and improvements have been constantly sought up to the present day. Materials are needed
for most facets of modern life today, from energy production, transmission and storage to
refrigeration, transportation and modern medicine. Because of this need, the search both for new
materials and new ways of making these new materials has been a constantly active area of
research.!”

The traditionally taught lore in materials is that the physical properties follow from the crystal
structure of the material. However, the exact mechanisms by which certain structural motifs give
rise to desirable properties are of significant interest to our field of study. Studying these structural
motifs helps us better understand both how current materials exhibit desirable phenomena as well
as provides insight into structural motifs that we can then exploit in the design of new and
improved materials.*>* It is also useful for attempting to create new materials that exhibit emergent
properties that are of interest to cutting-edge technologies. Quantum materials are one area of
extensive interest.>?” This term describes materials whose physical properties cannot be
sufficiently described by classical physics and includes materials such as superconductors,
magnetic, and topological materials.”>* These materials are important to materials science
because they represent a likely next generation of materials that can augment and improve upon
existing technologies, as well as potentially enable entirely new ones.**46
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Realizing useful emergent quantum phenomena such as superconductivity, magnetism, and
topology in materials is key to advancing both fundamental understanding and technological
advancements.**>! Some significant materials that exhibit superconductivity include yttrium
barium copper oxide, or BSCCO,?>* NbTi alloys,” and Nb3Sn.>> These materials are all
superconducting materials, some of which are currently in commercial use today. In terms of
magnetism, understanding the diversity of ground states and spin behavior is an area of rich interest
both in discovering quantum spin liquid materials as well as in technological applications such as
spintronics, particularly with the discovery of materials such as but not limited to RuCls%,
herbertsmithite’’, Fe3Sny>*%, KV3Sbs®6!, Mn3Ge®?, yttrium aluminum garnet®*%4, yttrium iron
garnet®, Cr0,°6%7) Ni-Co alloys®7!, Mn3;Sn’? and even elements such as platinum’>-’#, among
others”>7¢, that have brought new areas of study and application within magnetism. It is crucial to
study the nature of axis-dependent magnetism in order to learn about spin orientations. Topology
also offers research and technological richness, from the discovery of topological insulators and
Dirac semi-metals in materials to probing applications in thermoelectricity and catalysis.*®”’
Materials such as BixTes,”® BizSes,”” Na3Bi,?? and CdsAs:®!' have allowed us to better understand
topology by realizing properties such as the quantum Hall effect, spin Hall effect, and other
transport properties that have yielded electrical conductivity ideal for various technological
applications. As noted in magnetism, topological materials are sometimes also anisotropic, and
studying the nature of transport requires the community to study these materials either in the thin
film or single crystal forms.

Single crystals are also crucial to materials discovery. They typically have low defect
concentrations overall and because they possess only a single crystalline domain, physical
properties are consistent throughout the whole crystal, which can be important both for getting a
true picture of what the material is capable of as well as being the easiest form to put into use
commercially. They are also generally high purity materials, which are also very useful for
sensitive applications where small impurity concentrations can cause problems.

The large time gap between the discovery of the material and the ability to easily manufacture it
on an industrial scale illustrates one of the primary challenges of materials discovery—optimizing
the process in order to minimize the time from fundamental research to commercialization®***,
The act of discovering these materials is itself a relatively difficult process and one potential way
to make it easier is to understand the mechanisms underlying these desirable physical phenomena.
As such, exploring available avenues and optimizing both known and new material synthesis
becomes extremely important.

Here, readers may ask why it is important to optimize materials, especially ones that are already
commercialized and in regular use in technology worldwide. A major reason is to enable defect
control to allow new applications. Defects (which can also include, e.g., variations in elemental
isotopes) in crystalline materials are ubiquitous; it is possible to minimize them with very fine
control over the synthetic process, as can be done with silicon, but entropy demands that they be
present. Thus, since it is not entirely possible to grow the perfect single crystal, it is important to
make these defects work to our advantage®>®°. Defect control can influence physical properties
both by tuning desired properties and by introducing new physical properties.”!-%>



Furthermore, the precise control of synthetic reactions is necessary in order to target new materials
that can be very difficult to make. However, the knowledge of the systematic effects of different
parameters on the reaction and the final crystalline product is often not known prior to conducting
the experiment. For example, the reaction temperature is one of the easiest parameters to
effectively control, yet optimal temperature ranges for synthesizing as-yet-unknown materials are
difficult to determine without performing experiments. Applying high pressure to materials during
or after synthesis can influence the crystal structure, and by extension the physical properties of
the material as well®*®’. Additionally, the choice of crystallization technique can also influence
successful materials discovery. Selecting a technique to turn material from either powder or other
parent reagents is nontrivial and requires careful consideration of the many factors involved®®1%.
However, the properties of many materials that influence their suitability for certain techniques
are not known and can be difficult to measure. For example, crystallizing a material by laser
floating zone requires that the target material absorb the monochromatic laser light, but in many
cases, the optical absorption spectrum of the target will not be known until the experiment is
already in progress.

The field of materials science demands a wide variety of synthesis methods that are suitable for
growing single-domain crystals in order to discover emergent physical phenomena.
Crystallization is to some extent a very well-studied field!% 105-106.109-131_ o5t are familiar with
the traditional solvent-based recrystallization methods—but in the area of condensed matter
materials synthesis, many more useful routes to single crystals exist that are not as well known.
The lack of knowledge for many techniques, such as floating zones, microwave synthesis, and
spark plasma sintering, prevents scientists from accessing the full range of synthetic methods that
are available. Many of these less well-known approaches also possess variants on the original
procedure which provide additional flexibility. However, because these techniques are not as
widely used within the community, the necessary considerations for selecting one to use for
material synthesis are also less well-known. In this paper, an overview of many condensed
matter materials synthesis techniques will be presented alongside potential sticking points that
need to be considered prior to selecting one to use. Variations and deviations from the typical
classes of materials synthesized by certain techniques will also be discussed. Herein, we draw
out solid state synthesis tricks that may not be traditional and hope to offer synthetic strategies.
In the pursuit of new materials, it is imperative to look towards areas that are not well explored.

Materials & Methods

There are a wide variety of material classes and a similar range of available methods for high-
quality crystal growth. Available methods include but are not limited to the flux growth, chemical
vapor transport, Czochralski and Bridgman techniques, spark plasma sintering,
hydrothermal/solvothermal synthesis, and floating zone growth, and are summarized in Figure 1.
Different methods are useful for growing different materials, examples of which are shown in
Table 1.

The flux growth method is like the traditional wet chemistry solution crystal growth in that
materials are combined in a container, typically an alumina crucible, and dissolved to facilitate the
reaction'?"131, The flux, however, is typically some kind of solid that has a low melting point



instead of a liquid solvent and is added in excess to provide sufficient dissolving power. As in
traditional solution chemistry, the most important aspect of the chosen flux is that it should be able
to dissolve all the reagents in order to facilitate the reaction between them. After the reaction is
complete, the flux is typically slowly cooled to just above its melting point, then centrifuged in
order to remove the excess flux. There are a wide variety of materials used as fluxes for this type
of crystal growth, and many different materials have been crystallized using this technique'3?-13*,
Examples of crystalline materials grown via the flux method include oxides!'?”!3%138 sulfides'3*-
140 antimonides®"!'*!, as well as nitrides such as hexagonal BN'#? and GaN'¥*. Important
considerations include the choice of crucible material (it must be unreactive toward both the flux
and dissolved species), and the binary/ternary/quaternary phase diagrams which dictate under what
conditions the liquid is in equilibrium with the desired solid product.

Arc melting uses a high-voltage generator to generate a current through a conductive metal line
that ends in an electrode, typically made from thoriated tungsten. This electrode is sharpened to a
fine point and when close to or in contact with a conducting surface, it can generate an electric arc,
which is used as a direct heat source to melt materials such as refractory elements or compounds
together to achieve reaction!*-1%6, Many materials targeted for synthesis via arc melting are some
forms of intermetallic compounds, such as medium'#’- and high-entropy'**-'4 alloys, as well as
simpler intermetallics such as TiAl'*°, AlCo'*!, and CoSn'>?>. However, arc melting has also been
used to make other materials such as CeAlO3/CeGa03'>*, BN nanotubes!** and a superconducting
sulfide, Zr3+S4'%.

As the name states, microwave crystal growth uses microwave radiation to heat materials in order
to facilitate the reaction. It is possible to generate heating in this manner either by direct irradiation
of the target materials or by secondary heating, where the microwaves irradiate and heat up a
secondary bystander material that then radiates heat to the target materials'*'>’. This secondary
heating method is very useful if the target materials do not absorb microwaves well, but results in
reduced heating power. However, overall microwave heating accelerates the crystal growth
process to the point where the material forms in the order of minutes, making it a fast and valuable
option for growing crystals of certain materials, especially those containing nearly unstable or
volatile constituents. Microwave heating has been in explicit use since at least 1986 as an organic
synthesis technique!*®, but recently has seen more application towards condensed matter. Some
examples of materials grown by microwave heating include ZnS nanoballs'®, metal-organic
frameworks'®, and several 2D layered metal oxides'®!, Ge nanocrystalsm, and SnO;
nanocrystals'®3-1%* as well as a number of doped metal oxides that are used as phosphor materials
in LEDs'®>"1%,

Hydrothermal synthesis is different from almost all other solid state crystal growth techniques in
that it takes place in a solution that is chemically very different from the species being grown-
water'®’. The selection of different temperature and pressure conditions can greatly impact the
species formed in solution and thus can influence the reaction outcome. At a high enough
temperature and pressure, the reaction can be brought to a supercritical state which changes the
properties of the solvent!®31® allowing for reactions that might not otherwise occur. These
conditions also allow to some degree the use of materials that may otherwise have low solubility



in the chosen solvent to grow crystals. Hydrothermal synthesis, like many of the other techniques
described here, has been used to synthesize a large variety of materials'’*!”? such as the halide
perovskite CsPbBr3!"3, GaN!'74, CdS!7>, as well as a number of different transition metal oxides!?>
176-179 Hydrothermal synthesis has also been combined with microwave heating to synthesize Eu-
doped SrTiO5'%.

A more general form of hydrothermal synthesis is to replace water with non-aqueous solvents —
so-called solvothermal synthesis. As with traditional wet chemistry methods, the choice of solvent
is extremely important and can significantly affect the production of the target material. Often used
now in the preparation of metal-organic framework single crystals'®!"133, the method has a long
history!®+185 and has been used to carry out novel solid state chemical transformations, such as in
the preparation of formally Ni'" phases (e.g. LasNi3Os!%6187). Another approach is to use an
electrochemical force to drive formation of the desired phase!®®1%°. Long used for production of
electroactive elements such as aluminum (the Hall-Héroult process!?’'°!), it has also been used to
great effect in the preparation of novel molecular-based quantum phases'®?. A key strength of
electrochemical methods is that they allow precise control over the thermodynamic driving force
of formation, and enable creation of oxidation states that are otherwise broadly inaccessible in
single crystalline form. A limitation is that it works best for materials that are electrically
conductive and able to support appropriate transmission of the electrochemical potential to the
growth interface.

Chemical vapor transport (CVT) is a form of crystal growth that generates crystals via gas phase
transport. The target material is combined with a volatile transport agent in a long, sealed tube
under vacuum. When this tube is heated, the transport agent is vaporized. The transport agent then
reacts with the target material, transforming it into a gaseous intermediate phase which can then
travel along the length of the tube. Once the intermediate reaches the other, typically cooler, end
of the tube, the temperature is low enough that there is no longer sufficient thermal energy to
maintain the gaseous intermediate. It then decomposes into the transport agent, which remains in
the gas phase, and the target material, which crystallizes and deposits on the tube surfaces'™*. A
wide variety of materials have been synthesized using CVT reactions, and the technique has been
extensively researched in order to analyze the different factors that go into a successful application
of the method'!® "+1% particularly the crucial choice of a transport agent!!*. In particular, they
are very useful at growing 2D layered materials'® ''% %7 in addition to other compounds such as
zinc oxide!*8. Variants of CVT combine with other techniques — e.g. one can use a salt solution in
place of a gaseous reagent, making a version that combines aspects of hydrothermal and CVT
growth methods. Non-standard containers for CVT also enable greater flexibility -- e.g. light
sealed alumina/zirconia tubes to access higher temperatures, or sealed platinum or gold containers.
CVT, being a very slow and typically layer-by-layer growth process, tends to yield very high
quality, unstrained crystal specimens.

Bridgman crystal growth moves the target material through a static hot zone, with crystallization
occurring at a single point where the temperature gradient is designed to be particularly sharp to
traverse from a few degrees above to a few degrees below the melting point!!®!!7. The rate of
movement is typically very slow, in the order of millimeters per hour, in order to facilitate slow



recrystallization and obtain the highest quality single crystal possible. There are multiple methods
of generating the hot zone; one method that we will briefly focus on here is the induction method,
which is useful when the target material is metallic or semiconducting. A large electric current is
run through coils of conducting wire, which induces a current through the target material. The
material then heats up and melts via resistive heating. In addition, Bridgman growth can take
advantage of zone refinement purification, as impurities in the bulk material tend to stay in the
liquid phase. Some of the first materials grown using this method include elemental crystals by
Bridgman''® and lithium fluoride by Stockbarger!!”. Recently, this technique has become primarily
useful for slow, large crystal growth of both intermetallics'® and oxides®®, among other
compounds.

Czochralski growth is a method famously used for growing extremely large boules of single crystal
semiconductor elements such as silicon!!'® and germanium!!*'?°, For the typical growth, a large
amount of the target material is completely melted in preparation. A small single crystal seed is
lowered into the melt, then pulled out at a very slow rate. The molten material crystallizes as it is
removed from the heat, ideally taking on the same crystallographic characteristics as the seed that
was used to begin the growth and forming a very large single crystalline domain®®. This technique

has also been used in the growth of large sapphire crystals'?!, laser materials?’!, and scintillators?*
206

Spark plasma sintering is a technique that uses a large electric current in conjunction with applied
compression pressure to transform and sinter materials. The electric current causes resistive (Joule)
heating in the material, which provides the initial impetus for grain fusion and growth. The
application of compressive pressure simultaneously forces individual grains closer together and
increases both reactivity and enhances the sintering effect by increasing the amount of physical
contact?*’2%, First patented in 1966°%, the technique can generate both single crystals and alloys
and has become significantly more capable of producing materials for both research and for
industrial use'?*. For example, spark plasma sintering has been used to synthesize several high
entropy alloys*'%?!!, single crystals of CoSbs'** and SiC?!2, important laser oxides such as YAG
and Nd: YAG?!3, Bi,S5*'4, and uranium mononitride (UN)?!5-216,

Optical Floating Zone (OFZ) Growth — A Versatile Tool for Condensed Matter:

The optical floating zone crystal growth technique utilizes focused light to melt a target material.
Lamps, usually Xenon or Halogen, emit light that is then reflected and focused by large elliptical
mirrors onto the target material. This growth technique is popular because it is broadly applicable
to many different materials and the equipment is easily transitioned between different target
materials. Additionally, the crystals produced by OFZ growth are of sizes (mm to cm) that are
usable for many condensed matter characterization techniques. It also provides comparatively easy
optical access for in situ monitoring and control.

The Optical Floating Zone (OFZ) growth environment can be thought of as greenhouse effect:

Similar to the greenhouse effect, when melting a material, we rely on the wavelength absorbed and
consider the material to be a good black body. If we consider the sun's radiation is absorbed by the
surface of the earth, then it is only less than half of what the sun radiates. Thankfully, there are
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various limiting factors that make the earth a non-ideal blackbody and the stratified mediums
above the earth's good heat sink. Like the concept of the greenhouse effect, the OFZ utilizes some
media that do not absorb any of the wavelengths of light such as the quartz chamber that shields
the material and the synthesis gas environment. Whereas the material that needs to be in the molten
state should absorb the optical light and thermally populate the energy from light into heat to melt
the material.

Temperature is hard in Optical Floating Zone:

The optical floating zone method does not directly control temperature — instead, it controls the
intensity and spectral distribution of light incident upon a specimen. We are trained to think that
there is a direct relationship between input power and temperature from the Stefan—Boltzmann
law, however, like many laws it has consideration. The consideration in the Stefan—Boltzmann law
assumes that the object is a black body. Most materials are not perfect black bodies, and such
considerations are limited since we do not have data on all the materials to calculate the exact
temperature at a given OFZ power. Most useful synthesis databases such as the American Society
of Metals (ASM) phase diagrams rely on composition as a function of temperature, however, we
do not have databases that relate wavelength absorption as a function of composition®!”. This lack
of correlation makes it challenging to design synthesis conditions — these same factors make
pyrometery, a common non-contact temperature measure, difficult to apply quantitatively.

The wavelength dependence on heating is also the reason why the outer quartz doesn't melt on
applying optical power. Typically, the melting point of quartz is around 7~1600°C, however in
practice the quartz softens and begins to crystallize at about 7~1250°C (this is due to the water
vapor that catalyzes bond rearrangements). Most materials such as iron or niobium have melting
points below 7~3600°C and are able to melt since they are good black body absorbers while quartz
doesn’t melt since it doesn’t absorb visible or near IR optical light (it does absorb in the mid IR).
This behavior alludes to the fact that optical floating zones depend on optical power absorption
and not direct melting temperature. One might argue that the actual temperature can be measured
in situ, e.g. through use of a pyrometer. In most cases, such a pyrometer reading is not accurate
due to both unknown emissivities and contamination by stray light from the heating sources.
However, one effective source to know the true temperature is to mount a thermocouple in the
center of the rod during crystal growth. In this manner the temperatures near (but not in) the molten
zone can be obtained®'®. However, engineering such thermocouple embedded powdered rods are
challenging to make since sintering of such rods requires painstaking time and resources (and also
precludes growth using the sections in which the thermocouples are embedded). The challenge of
measuring the temperature of the molten zone (and its gradients) precisely is still a quite significant
challenge.

In this respect, one recent advance is the development of laser OFZ techniques for single crystal
growth?!%22!, The very nature of the floating zone furnace dictates that the molten zone will not be
the only material in the furnace that gives off measurable light. Optical floating zones use mirrors
to reflect the light given off by a lamp source, which by nature is omnidirectional. This means that
there will be a significant amount of background light being given off by the lamp, in addition to
light being reflected from the furnace mirrors onto the target material. This background light will



be picked up by pyrometers and because those instruments typically do not have a way to
distinguish light emitted from the molten zone from background and reflected light from other
sources, the overall measure of temperature from the pyrometer becomes very unreliable. Laser
diode floating zones do not suffer from this problem because instead of using mirrors to reflect
omnidirectional light, focused laser light is used instead to heat the target material. The directional
nature of lasers cuts down significantly on background light and increases the proportion of light
being emitted from the molten zone. Furthermore, it is possible to position a furnace viewport and
the pyrometer in such a way that it is impossible for ambient light to enter through the viewport to
reach the detector, either directly or via reflection. This makes light pyrometry a more accurate
measure of the molten zone temperature. However, if the reflectivity of the molten material
increases relative to the solid, it is possible for laser light to be reflected off the melt and enter the
pyrometer detector in that manner. As such, there is still a limit to how reliable the temperature
reading of the melt is.

Related to the difficulty of precisely measuring the amount of light emitted by the molten zone is
the need to know the emissivity of the target material and set the pyrometer correctly for this
parameter. The emissivity of each material is different and is also different at different
temperatures, making it extremely difficult to track the temperature accurately as the target
material is heated. Even if the emissivity of the material is known at room temperature, often
emissivity will not be known for the entire temperature range over which the material is being
heated, which renders subsequent temperature measurements from the pyrometer unreliable.

The difficulties of obtaining a precise molten zone temperature present a potential opportunity for
the use of alternative methods of temperature measurement. Many pyrometers measure the
emission of infrared light as their primary means of calculating temperature. However, materials
being heated emit both visible and infrared light. It is possible to take advantage of the visible
spectrum radiation by using hyperspectral imaging, which produces a complete visible light
spectrum at the point the camera is viewing in real time. Because the spectra are taken in real time,
it is possible to distinguish the visible light being emitted from the molten zone from light reflected
in the background, which improves the precision of the temperature measurement.

Variations in common techniques

Non-Intermetallic Melting via Arc Melting

There are many positives to arc melting synthesis techniques including reaching 7~3500°C in a
short duration, splat cooling for rapid quenching, the ability to rapidly alloy or purify large bulk
materials in relatively short time, and casting rods or other desired morphologies while alloying.
However, traditionally arc melting is done to alloy intermetallic materials under inert conditions
such as Ar. The reason for utilizing intermetallics is because during arc melting, we want materials
that can conduct the arc current, and metals are excellent in doing so. Most oxide materials are
insulating and do not conduct the arc. However, simple proximity to an electric arc combined is
often sufficient to melt the material anyway, and this is routinely employed in the growth of, e.g.,
cubic zirconia and magnesium oxide single crystals?*???3. Another variation involves
encapsulating the oxide and covering it with a surface metallic layer which arc conducts the arc,



the heat of the motel metal will then transfer to the inner oxide capsule and thus melt oxide with
the metal layer, thus alloying an oxide mixture. This method could be done with or without Ar
environments with back filling of oxygen, nitrogen, and even atmospheric air in some cases based
on the synthesis conditions. Such synthesis styles can also be incorporated for nitride synthesis
under nitrogen gas in the arc melter. Sometimes adding drierite to arc melter, can allow to carry
out synthesis under drying conditions which is sometimes useful when the humidity levels in the
air are elevated. Thus, allowing us to explore the synthesis of novel oxides, nitrides, and
intermetallics that require high melting points and rapid annealing.

Laser Pedestal in an OFZ

The laser pedestal technique was advanced to enable growth of very high melting oxides by
requiring melting of only a small portion of the total material®**. This functions similarly to the
Czochralski technique by pulling out a single crystal from the melt on top of the “pedestal”, and
can also be performed in an OFZ furnace. Instead of generating a full molten zone connecting two
solid rods, the tip of a single rod is heated to create a melt on the top of the rod. A small piece of
wire (often metal) is then inserted into the melt and slowly drawn out of the melt, which crystallizes
as the molten material leaves the hot zone. The melt is rotated at a constant speed counter to the
rotation direction of the wire to stir the melt and produce a more homogeneous crystal. The slow
draw speed out of the melt is facilitated by moving the wire and the rod in the same direction with
the wire moving slightly faster’’**>. This generates a Czochralski-like effect where, ideally, a
single crystal is pulled out of the melt and cools slowly via the movement of the wire. This variant
technique is effective for materials that can be melted but have low viscosity in the liquid state or
other undesirable liquid properties that can prevent formation of a proper molten zone, but a few
special considerations must be considered. The pulling wire material must be carefully selected
such that it will not dissolve in the melt. Not only would this result in contamination of the entire
melt and require it to be resolidified and removed, but also this situation leads to an automatic
failure of the crystal growth. Additionally, the molten material must be viscous enough that it will
adhere to the wire and be pulled for successful crystallization without detaching from the rest of
the melt. If the melt is not viscous enough, it will not adhere to the wire and cannot be crystallized.
If the melt is too viscous, it will be more difficult to maintain a stable melt because a significant
amount of molten material will adhere to the wire, creating a large unstable bulge of molten
material that can fall off the wire. Here the ability to tilt/angle the incident lasers becomes essential,
because it permits use of a larger diameter “bottom” rod in which a pool of molten material can be
produced with the material as its own crucible. This makes it a substantially easier to use version
of a typical cold-crucible CZ/skull-melting process, but with similar ability to produce high purity
and uniform materials, while being more energy efficient (since only a small portion of the material
is melted at once).

Flux-like Traveling solvent technique for floating zone (TSFZ)

The traveling solvent (TS) technique is much like a flux crystal growth technique. In flux synthesis,
the flux solvent is utilized to dissolve target phase and slowly cooled to crystallize, then the target
phase crystals are separated from the flux solvent. In general, the flux technique is commonly
utilized when the target phase is an incongruent melter, but is sometimes used for congruent



melting phases to attain single crystals after dissolving the flux solvent??®??’. The concept of
traveling solvent in floating zone crystal growth is like the flux growth technique, in the sense that
incongruent melting phase can be corrected via traveling solvent to attain phase purity of the target
phase. In the TS method, the solvent is usually packed as a pellet or sintered at the end of the seed
rod. The overall density of this TS pellet or region is lower than that of the feed rod. Therefore,
the TS solution floats on top the molten zone ensuring that cooled crystallites settling on the seed
rod are of the targeted composition. If the solvent pellet is used up or lost, the concentration of the
melt may change, resulting in a compositional gradient along the grown crystal. This TS technique,
much like the flux crystal growth technique, allows us to access phases that are incongruently
melting which then allows us to synthesize challenging crystal systems. One example of a material
grown using the TSFZ technique is GaAs, using elemental Ga as the traveling solvent. Extensive
purification was seen and the use of the traveling solvent was useful for lowering the melting point
of the target material for crystal growth??°,

Bridgman Technique in the Optical Floating Zone (OFZ)

Typically, the Bridgman technique is applied in an induction or resistive furnace or similar as it is
relatively simple to generate a small, static hot zone with a well-defined temperature gradient, and
oxygen-reactive materials can be easily grown using a sealed quartz tube to exclude atmosphere®?-
229 However, the Bridgman technique is also possible in the floating zone environment due to the
ability to form a static heating zone. Instead of moving the seed and feed rods at different speeds,
simply moving both rods at the same speed and in the same direction through the static heating
area allows for Bridgman-type crystal growth and zone refinement. This variant technique is more
effective when using a laser diode floating zone furnace compared to the traditional optical floating
zone because of the greater precision of laser heating. Laser light can be focused on a smaller area
much more easily than the light from the xenon lamps used in the optical floating zone; the latter
typically requires several mirrors built specifically to reflect and focus the light from the xenon
lamp, and the heating zone is generally larger as a result. Furthermore, this method can be used
where a traditional Bridgman crystal growth might not be possible, perhaps due to sensitivity of
the material to oxygen or moisture and would therefore need to be contained in a sealed container,
or the material may be insufficiently conducting, rendering induction heating unsuitable. Optical
and laser heating of a material is dependent only on its absorptivity, providing an alternative route
towards melting and growing a single crystal material.

As noted before, in the optical floating zone technique, the absorption is limited to materials that
absorb the laser light. During Bridgman growth, utilizing crucibles that do not react with the
precursors becomes exceedingly important in targeting the desired phase. Boron nitride (BN)
crucibles are virtually non-reactive to most materials; however, they are not good light absorbers
of optical floating zone power which makes it challenging to conduct Bridgeman synthesis in a
near IR laser floating zone. To address this concern, one can shade the outer region of the BN
crucible with graphite, with light absorption depending on the coating of shading (darker shades
will be better in light absorption — with the limit being the scenario of placing a BN crucible inside
a C crucible).
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Adding 0.001% of a color center dopant in transition metal to transparent materials acts effectively
as an absorber and enables a variation of the traveling solvent floating zone (TSFZ) method where
the color center (due to entropic considerations) preferentially stays in the melt, not in the growing
crystal. In a crystal synthesis when a polycrystalline version of the target material is used as a
precursor and the resulting crystal is of a different color than the polycrystalline powder, then the
color change can be attributed to a difference in composition. A couple examples of such changes
in color are in BaxCaWOe.5°% and Yb,Ti>O7”* single crystal syntheses. In BaxCaWQs.s the single
crystal growth is done utilizing 7 bar pressure of Ar for stabilizing the growth. The resulting crystal
had oxygen vacancies that were observed using the change in color from white to dark blue from
polycrystalline to single crystalline forms®?. To correct the change in color, the single was sintered
under oxygen for a long duration of time to regain its white color.

Repeated Seeding in Crystal Growth

Oftentimes in the condensed matter community, the need of mm to cm scale single crystals
becomes exceedingly important. Especially if one wants to study anisotropic thermal transport,
neutron diffraction studies, or utilize single crystals as targets for growth of thin films amongst
other uses. Growth of single crystals using the floating zone technique often yields large scale
crystals of 2-15 cm scale. However, not all crystals can be grown via floating zone technique and
sometimes utilizing techniques such as flux, chemical vapor transport, and hydrothermal synthesis
is necessary. The crystals yielded in these techniques are usually small, of order 0.1-2 mm.
Sometimes to address the size concern and to form larger crystals, seeded growths can be utilized.
Here, taking small crystallites from initial growth attempts and reusing them with similar synthesis
conditions can increase nucleation sites and increase the size of the crystal to double and
sometimes triple the initial size of the crystal. Thus, creating avenues of formation of single
crystals that meet the demands of size and scaling up.

An Open Frontier: Using Gradients in Crystal Growth

The use of temperature gradients in crystal growth is well-known and frequently used, most often
while executing the Bridgman and Czochralski techniques. However, other parameter gradients
can also be utilized to achieve the desired effect. These other parameters include, but are not
limited to pressure, concentration, and magnetic and electric fields, all of which have been utilized
in the preparation of “semiconductor” grade single crystals®>202697.230-233 " For example,
concentration gradients can be seen in traditional dual solvent recrystallization techniques. The
target material is dissolved in a solvent to the point of supersaturation, then a second solvent, in
which the target material is both not present and insoluble, is carefully layered on top of the
supersaturated solution. Over time, the two solvents mix, and the target material crystallizes out
of solution. Concentration gradients are also used in flux crystal growths similarly to traditional
solvent recrystallization, with the target material growing in areas of supersaturation within the
flux36230-231 The chemical vapor transport technique functions using a similar approach, but
instead generating supersaturation via gradient in the gas phase, which allows for crystallization
at one end of the tube where the supersaturation cannot be maintained, and the target material
solidifies from the gas phase.
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Non-standard gradients can be used to improve crystal growth by drawing impurities within the
target material towards one end of the gradient®®. This is most viable when there are significant
differences in the physical properties of the target material and the known or suspected impurities,
such as if the impurities are magnetic or electrically conductive and the target material is
nonmagnetic or electrically insulating. For example, during an induction Bridgman growth, an
electric current is induced in the target material which heats and eventually melts it. If there is an
impurity phase which couples better than the target material with the applied current, it will remain
in the melt while the rest crystallizes. Alternatively, it is possible to draw impurities to different
areas of a solution using electric or magnetic fields, given that the impurity phase(s) and the target
material respond differently, for example if the target material is nonmagnetic while the impurity
phase is attracted to the field.

External applied pressure has been used in a number of different applications for material
synthesis. Examples include synthetic diamonds, high temperature superconducting hydrides, and
boron nitride*3?233, Pressure gradients can have varying effects depending on the material. For
example, Agl is shown to undergo a structural phase transition when shear stress is applied which
then further transitions to different lattice types when additional pressure is applied®*.
Furthermore, it is also possible to dissociate Agl under applied pressure®®. In terms of crystal
growth, pressure gradients can be created as a result of the primary applied temperature gradient
which then encourages crystal formation. For example, in physical vapor deposition and chemical
vapor transport methods, a partial gas pressure composed of the gaseous target material or gaseous
intermediate is generated at one end of the reaction chamber. This gas is immediately part of a
pressure gradient across both ends of the chamber, following the applied temperature gradient. As
the gas travels down the length of the chamber, the applied temperature gradient reduces the
maximum vapor pressure of the gaseous material to the point where the maximum falls below the
present vapor pressure at the cool end of the chamber, which causes crystal growth.

Summary: Several techniques for the synthesis of new materials, both common and uncommon,
have been presented with a special focus on variations on the established methods as well as
materials that are not typically synthesized with a specific technique. Important considerations
prior to selecting some of the less well-known approaches for single crystal synthesis have also
been discussed. Additional synthetic techniques in the scientist’s toolkit provide improved
flexibility,**%7 for example, the ability to use the broader flux growth technique in the traveling
solvent variant, which can help synthesize single crystals of materials that are incongruent melters,
and the ability to target many more classes of materials for research. It is vitally important that the
technique be understood so that variations can be utilized, especially if one wants to address
common goals such as scaling up of single crystal growth. Other alterations of the techniques
include carrying out synthesis under pressurized setups for the floating zone among others, seeded
growth in chemical vapor transport, flux, and hydrothermal synthesis, and arc melting of non-
intermetallic materials at high temperatures. With greater visibility, it is hoped, will come greater
usage and throughput for new and interesting materials in order to push forward on the many
challenges facing society today.
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Figure 1 Showcases a grid of synthesis techniques that are commonly utilized in solid state
chemistry. More specifically (a) flux and hydrothermal synthesis, (b) microwave and microwave
synthesis, (¢) chemical vapor transport, (d) Bridgman, (e) Czochralski, (f) spark plasma sintering
(SPS), (g) electrochemistry, and (f) optical floating zone methods are discussed above.
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Figure 2 (a) Shows a traditional floating zone method that converts polycrystalline materials into
phase pure single crystals. (b) This method can be thought of as the greenhouse effect that consists
of wavelength of light that enters in provides heat source to create a molten zone, and avenues in
which it undergoes heat sink and absorption.
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Figure 3 (a) Showcases a grid in which temperature as a function of reaction time is plotted for
various single crystal synthesis techniques. (b) The temperature relationship with single crystal
growth techniques from cold to hot.
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MoO,*% AlCuSiZnFe'? | SizN4*!! Fer. 0.2,0.3,

313 0/)\315
AlFeCuCrMg,>'° xCoxSs 0.5%)

AgBisSs*'* | TIRRbBr(X =
0.1,0.5, 1,
3%)316

CoCrFeMnNi?!!

Table 1. A table showing a selection of different materials that can be crystallized by the following
growth methods.
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