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ABSTRACT: 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, and much of this information has been
collected and distributed via different papers and textbooks for the novice. What is often
missing from these resources are perspectives on how to use these techniques in unusual
ways, frequently combining aspects from different fields of chemistry. These variations on
known single crystal growth techniques can help effect success in situations where the
conventional technique might otherwise fail, as well as providing control over crucial
structural defects. This manuscript informs about key aspects of single crystal growth
techniques and variations that enable access to new materials and control over defects. We
provide examples of materials that have been successfully grown as single crystals with each
individual technique and highlight how the target material influences and informs the
choice of technique and/or application of variations. Finally, we offer a case study, focusing
on the floating zone technique, in which we delve into the growth of large single crystalline
materials, as well as how the process can be influenced by modifications to attempt the
growth of materials that might not otherwise be suitable for the technique. The presence of
all of these sections in a single paper is meant to assist novice crystal growers in comparing,

)|

contrasting, and ultimately selecting a suitable technique or techniques for their experiments.

1. INTRODUCTION

Single crystals are crucial to materials discovery. The accurate
determination of useful properties such as superconductivity
and quantum magnetism often requires the use of single
crystals, either in place of or in conjunction with polycrystalline
or powder samples. Single crystals may exhibit physical
properties that are different from their polycrystalline or
amorphous counterparts and enable measurement and use of
anisotropic, i.e.,, crystal direction-dependent, properties. These
points can be critically important to the manufacturing of new
materials with potential commercial use.

The thermodynamics and processes by which crystal growth
occurs, from initial nucleation to bulk growth, as shown in
Figure la, have been studied for many years and are in many
respects well understood.'™'® However, it is still not readily
possible to grow single crystals of most materials. This
dichotomy implies that we do not understand the processes
well enough to know how the factors that are within our
control, namely, the controllable growth parameters in
methods available to us, influence and drive the microscopic
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individual elementary steps occurring at the fluid—solid
interface involving many bond-making and bond-breaking
transformations and that these steps are highly dynamic in
nature.'” It is further complicated by the presence of molecular
fragments in the fluid phase due to differential bond strengths
between different pairs of elements, which alter the most
relevant elementary steps and kinetically trap intermediate
structures that would not be expected purely on thermody-
namic grounds. As a result, predicting crystal growth is solved
in the same sense that quantum mechanics has solved our
understanding of the behavior of the Universe—which is to say
while it may be solved in a mathematical sense of the
governing equations having all been worked out, it is not
practicable to generate meaningful predictions in most cases,
and as a result, generating the requisite intuition and
simplifying approaches remains a key challenge.

This challenge of nonpredictability has practical implica-
tions—including being the driving factor behind the large time
gap between the discovery of a material and the ability to easily
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Figure 1. (a) llustration of the two key steps of the crystal growth process. Initially, there is simply a collection of atoms with no defined order.
Atomic rearrangement can happen here if needed, i.e., reaction between two or more reagents. The first step involves nucleation of a small crystal
grain. The second step involves growth of the crystal grain into a larger bulk single crystal with defined order, removing free atoms from the system.
(b) Key unsolved scientific challenges are related to how to control nucleation and growth and how to control the type, number, and distribution of
defects in crystalline solids. These are in turn determined by the dynamical chemical reactions taking place at the interface between the solid and
the fluid phase. There are many possible steps, including atomic and molecular adsorption/desorption, bond cleavage, and surface and bulk
diffusion, further complicated by the formation of molecular fragments in the fluid phase. Together, these conspire to make it difficult to predict, in

advance, the optimal crystal growth conditions for novel materials.

manufacture it on an industrial scale.'®'” While the act of
discovering these materials is itself a relatively difficult process,
translating such discoveries from micron-scale to mm or larger
scale is equally challenging and critical for practical
exploitation. This is further complicated by the fact that it is
defects, rather than the pristine material, which enable most
functional behaviors, and defect type and concentration are
frequently dependent on local growth conditions, including all
of the kinetics factors mentioned above. Therefore, exploring
avenues to control the type, number, and distribution of
defects 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.”' ~>> Some of the many different types of
defects relevant to a materials ultimate mechanical, optical,
magnetic, and electronic behavior are shown in Figure 2.

As a result, single crystal growth is often considered “black
magic”, in which considerable time and resources are invested
to optimize a material's growth and quality based on
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performance metrics, without a fundamental understanding
of how the experimentally controllable parameters are
changing the underlying thermodynamics and kinetics of the
fluid—solid interface and driving the observed changes in
defect types and distributions.

In this Review, we first describe a common set of single
crystal growth methods often used within solid-state chemistry
and materials physics, framed in the context of the control
provided over known critical growth steps, while highlighting
areas where crucial connections between control parameters
and resultant material characteristics are not understood.
These methods provide context for the types of control knobs
available in practice, the types of materials that each technique
excels at, and the types of defects one has more and less
control over in each case. We then do a deep dive into the
floating zone technique, pointing out innovations over the past
decade that often take inspiration from these other methods
and conclude with some remarks on future directions in crystal
growth.

https://doi.org/10.1021/acs.chemmater.3c03077
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Figure 2. An ordered single crystal system, showcasing some of the
many different types of defects that can occur in the structure and that
impact the mechanical, electrical, optical, and magnetic properties of
the material.

2. KEY CRYSTAL GROWTH TECHNIQUES

One of the more difficult choices to grasp for someone being
introduced to the world of crystal growth is which technique to
use for a particular reaction. Making a more optimal choice
requires extensive knowledge and experience in understanding
the starting reagents, the expected chemical behavior of the
final product, and potential secondary reaction pathways.
Furthermore, as there are many techniques and many ways a
particular technique may fail to produce a good-quality crystal

for the given application, it may not be immediately obvious to
the novice that the choice of method is unsuitable for a specific
material. Therefore, it is useful to understand some basic
principles that form the foundation of crystal growth in order
to avoid these situations.

Two universal experimental factors that determine the
quality and feasibility of a crystal growth, aside from the
particular behaviors of the starting and final materials, are the
maximum temperature of the growth and the presence or
absence of a solvent as part of the fluid phase.

Knowledge of the melting points of the starting reagents, or
at least having a good estimate, is a crucial component of
selecting an appropriate growth method, as different methods
will comfortably accommodate different temperature ranges.
For example, because vacuum arc melting uses an electric
discharge to melt target materials, the temperatures involved
can easily reach a few thousand degrees Celsius, and cooler
temperatures below 1000 °C are difficult to produce in a
controlled fashion. Relatedly, a basic but easily applicable
method of crystal growth that can work well when the melting
is congruent (i.e., the liquid has the same composition as the
solid) is to melt a target material and, then cool it at a slow
rate, forming crystals of the material as seeds randomly
nucleate and grow during cooling. More involved methods
attempt to control where nucleation occurs, where growth
occurs, or both.

The choice of solvent is also important. It is first important
note that there is no such thing as a solvent-free reaction: if no
specific solvent is deliberately added, the material itself, in
whatever fluid phase it exists, serves as its own solvent. The
solvent has a significant impact not only on kinetics—by
changing the molecular fragments that dynamically form and
the mobility of the chemical species—but also on thermody-

(a) Arc melting (b) Czochralski (c) X Bridgman
T
T —p
(T Hydrothermal (€) Electrochemical (f) Floating
Solvothermal Zone
Flux

Figure 3. A number of synthesis techniques that are commonly utilized in solid-state chemistry, as well as where the growth interfaces are. More
specifically (a) arc melting, (b) Czochralski method, (c) Bridgman method, (d) hydrothermal, solvothermal, and flux methods, (e) electrochemical
crystal growth, and (f) floating zone growth. The green dashed lines indicate the solid—fluid interface at which growth is occurring in each case.
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Table 1. Summary of Common Crystal Growth Techniques in Materials Chemistry

Flux Growth Arc Melting Hydrothermal

Crystal Size 0.1 mm—5 cm 1 mm—10 cm 1 ym—1 mm

Material Determined by flux Nonvolatile Determined by
Compatibility metals, oxides water solubility

Temperature 300—-1250 °C 1500—-3500 °C 100—800 °C

Pressure 107100 bar 107%-3 bar 1-2500 bar

Preparation Minutes—Hours Seconds— Minutes—Hours
Time Minutes

Growth Speed  Days—Months Seconds— Days—Months

Minutes

Sample Centrifugation, Flux Direct Filtration
Recovery Dissolution

Likely Defects ~ Grain boundaries, Vacancies, Vacancies, Solvent

Inclusions, Substitution Internal strain inclusion

Chemical Choice of flux

Control

Limited by
volatilization

Water solubility

Bridgman
Growth

5 mm—20 cm
Most

1000—2000 °C
107°—100 bar

Minutes—Hours

Hours—Months

Czochralski Growth

S mm—20 cm
Most

300—3000 °C
107°~100 bar
Hours—Days

Hours—Months

Electrochemical
Solvothermal
1 ym—1 mm
Soluble in chosen
solvent

100—500 °C
1-2500 bar

Minutes—Hours

Days—Months

Optical Floating
Zone

S mm—10 cm

Absorbs directed
light

1000—-2500 °C

107~8000 bar

Hours—Days

Hours—Months

Direct Direct Filtration Direct
Grain Grain boundaries, Vacancies Grain boundaries,
boundaries, vacancies vacancies
vacancies
Molten phase Gas presence, Electrical Gas flow, optical
composition Molten phase conductivity, absorptivity
purity solubility

namics by, e.g., changing the rate at which volatilization or loss
of chemical species occurs. A tried-and-true method using
separately chosen solvents is the exploitation of a material’s
solubility to produce crystals by supersaturation, where the
target material is dissolved in a chosen solvent to the point of
supersaturation and then allowed to crystallize as the solution
comes out of the supersaturated state. It is usually desirable for
the solvent to be unreactive to the final product and to the
formation of other phases, in order to prevent competing
reaction pathways.

In addition to these two crucial experimental considerations,
there are more method-specific considerations. The choice of
heating method imposes constraints on which materials are
possible to heat, as well as on the degree of control over the
spatial and temporal variations in temperature (a critical
thermodynamic variable). For example, induction heating
cannot be used to directly heat insulating oxides since they
do not meaningfully absorb in the radiofrequency regime. The
use of electric discharges can provide massive temperatures but
at the cost of fine control, especially at lower temperatures.
The choice of container (crucible) to hold the reaction
imposes similar constraints as it must be unreactive toward the
material and solvent being used for growth.

These examples and principles, although by no means
exhaustive, are intended to give the newcomer a glimpse of the
relatively complex decision-making involved in selecting a
crystal growth method. A great number of factors can influence
the process and outcome of a crystal growth, some of which
may not be easily controllable. However, it is possible to make
a more optimal choice of method based on an educated
deduction, taking into account the physical and chemical
behavior of the material(s) in question, and improve the
chances of success.

There are a wide variety of material classes and a similar
range of available methods for high-quality crystal growth.
Selected methods are summarized in Figure 3 and Table 1 and
discussed here in turn. Additionally, a list of selected materials
that can be crystallized by the methods discussed is presented
in Table 2.

2.1. Arc Melting. Arc melting uses a high-voltage generator
to generate an electric arc that is used as a direct heat source to
melt materials such as refractory elements or compounds
together to achieve reaction, as shown in Figure 3a.”° Arc
melting can usually directly melt target materials because it can
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reach extremely high temperatures (T ~ 3500 °C). Many
materials targeted for synthesis via arc melting are intermetallic
compounds, such as high-entropy””** alloys, and even oxides
and nitrides.””*° It is not normally considered a source of
single crystals because it is “uncontrolled” cooling of a melt
and does not exhibit specific control over either the nucleation
or growth steps. However, this uncontrolled crystallization is
still crystallization, and it is often possible to pull 10—100 pm
scale single crystals from an arc melted boule. Further, it is the
canonical method by which very large cubic zirconia single
crystals used in, e.g., jewelry, are produced.”’ This works by
melting a large volume of Y,0;-doped ZrO,. When the arc is
removed, the outside freezes rapidly forming a zirconia “shell”
around a molten core. This shell has a low thermal
conductivity and thus provides a protective shield that allows
the majority of the material to exhibit convective flows, limiting
the formation of nucleation sites and instead promoting the
formation of large single crystals inside the shell.

Arc melting is one of the primary techniques used in the
synthesis of medium- and high-entropy alloys, which are seeing
significant interest for high temperature applications as well as
corrosion resistance. One example of these materials
synthesized by arc melting is NbMoTa.>* An equiatomic
mixture of elemental powders was pressed into a cylinder
which was then arc-melted five times, inverting the ingot
before each melt, in order to achieve homogeneity. This ingot
was compared with an alloy of the same composition that was
synthesized using the laser metal deposition method, in which
homogenized metal powders were vaporized and deposited on
a heated substrate, in order to determine how the different
production methods influence the mechanical properties,
microstructure, and phase composition. It was found that the
arc-melted alloy has improved experimental yield and
compressive strength at high temperature compared to the
laser-deposited alloy, primarily due to defects arising from a
steep temperature gradient inherent in the laser deposition
process.

Excellent reviews going through the details of using arc
melting for crystal growth are available.”***

2.2. Czochralski. Czochralski growth is a method famously
used for growing extremely large boules of single crystal
semiconductor elements such as silicon.” For the typical
growth, a large amount of the target material is completely
melted in a crucible and is not spontaneously nucleating new

https://doi.org/10.1021/acs.chemmater.3c03077
Chem. Mater. 2024, 36, 4929—4944
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Table 2. Selection of Different Materials That Can Be Crystallized by the Corresponding Growth Methods

Halides

NaCl, KCl, KBr, K1, LiF'"’

Sulfides

Nitrides
N,'*> NbN-NbC biqaries,lm

Intermetallics

RuAl, TiAl, TiAINb, Mn,Si, TiNb'"!

Oxides

Ccds'°

10 TiN, ZeN'*

Cr,N
h-BN,”® GaN,'"?

Li;

100

Most metal oxides

Floating Zone

= La,

M, (M

Cl, Br;n=35,6)

Eu,OCl, Eu,OBrg,' " T,
Hf; X

cds®®
Zr3+xS4, 124 HfZS 125

ZnS,'* NaCr§,, NalnS,,
113

Multicomponent nitrides

BN, 122 VN,SU AlN 123

AV,Sbs,”” EuGa,Sb,*®

1,108—111

Most metal oxides

Flux Growth

118—121

27,32

Medium- and high-entropy alloys™”

Rare earth and transition metal intermetallics,
CdTe, CdZnTe'**

Al, Ga),""” Zn;Ta,04*

CeMO,; (M

Arc Melting

Ternary alkali lead halides'*
Rare earth halides,l42 KC1,"** BaBrCl,'*

KCaI3,45 Alkaline earth mixed halides,'**

Cds]Sl

ZnS, Cds'*!

Ga$,"” AgGaS,,"” Bi,S;,"*°
ZnS,

Y;ALO,,,* -Ga,0;,"%¢ Zn0'’

Bridgman

BaMgF,'*
CsPb,Cl;,"*” CsPbBry,"**

Li;N'™!

GaSb,"*” Rare earth tetraborides'*’

BaTiO;, Ti02£:4 ﬂ-Gazg;},ms"‘“‘ Y3A15012,'3fV
Gd;Gas0y,,°° LiAlO,, " (La,Sr)(ALTa)05"**
ZnO,"! WO3,145 Transition metal oxides®*>>14~147

Czochralski

7

Rb,SeOCl,*H,0,""”
CsPb,(Cl,_,Br,);"

Co,RuS,,' ™ NiS,

156
CogSg

Zn$,'" Cds,"**
Zr, Hf, Cds,'** CdIn,S,'*

V—N]lSZ BN,153 GaN53

FeSn,,'*® IrRy,'* Pd3Pb,150 SnSe'™!

Hydrothermal

Cl, Br, I),'*° CsSnX; (X

CsPbX, (X

Binary Pt-based, Pd-based, and NiCo Ta;N;, TaN, MN (M

160

Perovskite-structured oxides

Solvothermal

Cl, Br, 1)’

(BEDT-TTF)Au(C4Cl;)*>

162 Cu3N]63
Zn,;N, thin film,'”* GaN,'”?

161 60
Pt,In;

Sm—Co magpnets,”’ Bi,Te;,

Nb),

nanocrystals,

7

Cu—2Zn-S films,"”® Fe§,
Fe,,.S (x < 0.11)*

SiCN'7*

° Pd, HgPd, In,Pd;"”"

7

168 169
$¢,05,"%% Cu,0

Electrochemical
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crystallites. A small single crystal seed is lowered into the melt
to form a well-defined fluid—solid interface at the top of the
melt and then pulled out at a very slow rate. The molten
material crystallizes as it is removed from the heat, near the top
of the liquid melt, ideally taking on the same crystallographic
orientation as the seed that was used to begin the growth and
forming a very large single crystalline domain, as shown in
Figure 3b.”> This technique has also been used in the growth
of laser materials®® and scintillators.”” The growth of single
crystal silicon via the Czochralski method is one of the most
important accomplishments in crystal growth in the modern
era and showcases the usefulness of crystal seeding and
directional control of the solidification front in the growth
process.”® By dipping a small single crystal of silicon into a
large pot of the molten material and then slowly pulling the
seed out from the melt, a sharp temperature gradient is created
which strongly encourages crystallization at the solid—liquid
interface, and the pull gives a direction to the crystallization.
Additionally, the small crystal serves as a nucleation point,
which encourages formation of a single, larger crystal rather
than multiple, smaller crystals. The slow pull maintains the
connection between the growing crystal and the melt, while the
newly formed single crystal takes on the orientation of the
initial seed. This point is particularly useful if a specific crystal
plane orientation is required. A significant limitation of this
technique in a research context is the large molten volume
required, which requires significant power input to create and
maintain. Further, beyond the temperature gradient and degree
of pot mixing, it is difficult to control parameters that affect the
type and distribution of defects that form during the
solidification process.

The gradual improvement of silicon crystal growth via the
Czochralski method has been one of the most important for
the development of modern technology and electronics, which
are dependent on high-quality silicon in order to function
effectively.”® As such, a significant amount of research has gone
into reviewing the development of and improvement of the
methodology, as well as controlled introduction of defects into
the single crystal. Typically, these take the form of dopants,
creating substitution defects in the crystal, and are introduced
by preparing an alloy of the desired dopant plus silicon with a
uniform concentration of the former throughout. Alternatively,
the dopant may be introduced directly to the melt. These
dopants are typically used to influence the electrical properties
of the silicon for different applications. For example, in a recent
paper on doping Si electrodes for use in next-generation Li-ion
batteries, doping Si with 2000 ppm of P enabled significantly
increased electrical conductivity as well as improved reversible
charge capacity. The phosphorus dopant was introduced by
melting it simultaneously with the polycrystalline silicon
reagent and then growing the crystal.*”

Excellent reviews going through the details of using
Czochralski for crystal growth are available.*~**

2.3. Bridgman-Stockbarger. Bridgman-Stockbarger, or
colloquially just Bridgman, crystal growth moves the target
material through a static hot zone, with crystallization
occurring at a well-defined position 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.””
To help control initial nucleation, a pointed crucible is often
used, ensuring that nucleation begins in a very small volume of
the sample. The rate of movement is typically slow, in the
order of millimeters per hour. A generic Bridgman crystal

https://doi.org/10.1021/acs.chemmater.3c03077
Chem. Mater. 2024, 36, 4929—4944
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growth is shown in Figure 3c. There are multiple methods of
generating the hot zone; one method is the induction method,
which is useful when the target material is metallic or
semiconducting. A large AC electric current is run through
coils of conducting wire, which induces a current through the
target material. The material then heats and melts via resistive
heating. Bridgman growth can also 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.** The single crystal growth of the
KCal,:Eu scintillator by a self-seeding method ™ illustrates how
nucleus selection can be used to enhance the crystal growth
capabilities of a technique. In the traditional Bridgman
technique, the whole material is melted and resolidified. This
can produce large, high-quality single crystals due to the sharp
temperature gradient involved and the large quantity of
material, but typically, the initial nucleation step is uncon-
trolled; thus, the crystal domain is generally randomly selected
for growth. If there are multiple crystal domains present in the
solidifying material, more than one can be selected for growth,
leading to a large crystal that is not perfectly a single domain
throughout.*® For scintillator materials, this is highly
undesirable as the resulting crystal must be a single domain
and generally of high optical quality in order to be useful. The
self-seeding variation of the technique involves the addition of
a capillary section to the sealed reaction vessel. The decreased
volume that initial crystallization can take place in facilitates
competing crystal growth processes, which ultimately leads to
significantly reduced nucleation and therefore a much better
chance of growing a truly single-domain crystal.

The Bridgman technique is similar to Czochralski crystal
growth in that it utilizes a form of directed solidification to
accomplish the crystallization of the target material. Addition-
ally, like Czochralski growth, it uses a static hot zone to melt
the material. However, some major differences are that
typically a vessel containing the material for crystal growth is
slowly moved through the static hot zone, instead of pulling
out from a molten pot. Bridgman growth is also additionally
able to work with materials that melt incongruently by using a
different material as molten solvent, a variation known as the
traveling solvent Bridgman growth. This is a technique that
Czochralski growth has difficulty with, as there is greater risk of
the solvent material being incorporated into the single crystal.
The static molten pot of material means that, in order to safely
extract the target material as a crystal, the solution would need
to be supersaturated first.

A useful material that has been recently grown via the
Bridgman method is GaS, which is interesting for its
electronic/optoelectronic properties in two-dimensional form
as well as potential for useful optical applications in the mid-
infrared region. The method by Ohashi et al. uses polycrystal-
line material sealed in a carbon-coated quartz ampule, with a
travel rate of 0.5 mm/h.*’ This relatively low temperature
crystal growth is highly amenable to the use of sealed quartz
ampules, in order to provide an accessible vacuum environ-
ment and an easily made container for starting material.

Excellent reviews going through the details of usin
Bridgman-Stockbarger for crystal growth are available.*****’

2.4. Hydrothermal and Solvothermal. The hydro-
thermal and solvothermal methods are notably different from
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the crystallization methods discussed thus far. The most
important distinction is that hydrothermal and solvothermal
techniques take place, as the name implies, in a solvent,
whereas all of the prior methods do not necessarily require
such a medium for crystallization to proceed. As a result, the
mechanism of crystallization is somewhat different, being
reliant on supersaturation of the solvent with the target
material to achieve crystallization rather than relying on
directional solidification to nucleate and grow the crystal. A
generic illustration of this method can be seen in Figure 3d.

Hydrothermal synthesis uses an aqueous solution, typically
pressurized to have a boiling point greater than 100 °C, as a
solvent.”” 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,> 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 water to
grow crystals. Hydrothermal synthesis has been used to
synthesize a large variety of materials’ such as ZnO and
ZnS'! and GaN,” as well as a number of different transition
metal oxides.”">

The crystal growth of GaN illustrates how different routes to
the same single crystal exist and how the choice of certain
reaction conditions may influence other decision points in the
technique.”> Two different mineralizers were studied, using
ammonia as the liquid medium, which differed in being either
acidic or basic in solution. The basic mineralizers reduce the
solubility of GaN but are less corrosive to the reaction vessel
and are therefore simpler to set up and run overall, while the
acidic mineralizers do not reduce GaN solubility but are
significantly more corrosive to the container and need
specialized inner liners to prevent breakdown. A trade-off
must therefore be balanced between ease of reaction
preparation and repeatability and improved reactivity.

A more general form of hydrothermal synthesis is to replace
water with nonaqueous solvents or solvothermal synthesis. The
choice of solvent is extremely important and significantly
affects the production of the target material. Often used now in
the preparation of metal—organic framework single crystals,*®
the method has a long history”” and has been used to carry out
novel solid-state chemical transformations, such as in the
preparation of formally Ni'* phases (e.g, La,Ni;Og ).
Other techniques exist that function using mechanisms similar
to that of hydrothermal and solvothermal synthesis, but instead
of using a liquid medium to carry dissolved material, they use a
gaseous medium. These techniques include physical vapor
deposition, where target materials are vaporized and deposited
as crystals or as a crystalline film on a cold surface from the gas
phase, and chemical vapor transport, where a volatile transport
agent is reacted with the target material to get it into the gas
phase; then, the target material is deposited as crystals in a
growth zone via temperature gradient while the transport agent
is recovered and remains in the gas phase. The synthesis of the
intermetallic Pt,In; by Jana and Peter is a good example of
reductive solvothermal synthesis.”” K,PtCl, and InCly-H,0
were used as reagents and mixed together in a small amount of
tetraethylene glycol and then heated in a sealed, Teflon-lined
autoclave for 24 h. The material is synthesized as nanoparticles
instead of single crystals; this is not uncommon in hydro-
thermal and solvothermal syntheses given the comparatively

https://doi.org/10.1021/acs.chemmater.3c03077
Chem. Mater. 2024, 36, 4929—4944


pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c03077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

EVE

modest temperatures, though there are also plenty of
exceptions.él_(’3

Excellent reviews going through the details of using
hydrothermal and solvothermal methods for crystal growth
are available.”**®

2.5. Flux. The flux growth method is like solution crystal
growth in that materials are combined in a container and
dissolved to facilitate the reaction.'”'*'® The mechanism of
crystal formation is shown in Figure 3d; it is similar in
mechanism to the hydrothermal/solvothermal techniques. The
flux, however, is typically some kind of solid that has a low
melting point instead of a liquid solvent. 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,
while also having large variations in solubility with temperature
so that the condition of supersaturation can be produced. After
the reaction is complete, the flux is typically slowly cooled to
just above its melting point and 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 techni-
quel’3'4 such as oxides,”'* sulfides,’® and antimonides.’”®®
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. The growth of the
kagomé crystal lattices KV,Sbs, RbV,Sbg, and CsV;Sbs using
the flux technique provides a convenient example of the
entirety of the crystal growth process. The crystal is grown by
combining the individual elements and using a melt eutectic of
KSb, and either KSb or Sb as the flux medium.®” The slow
cooling process encourages a low level of nucleation and
subsequently larger crystal growth. However, inclusions of the
flux can occur in crystals formed using this technique.
Furthermore, while flux adhering to the surface of a material
may be easy to spot and, depending on the flux, easy to
remove, inclusions in a crystal may not be as simple to spot as
taking a look at the surface and often cannot be removed from
the crystal. As such, it is important to screen crystals for
inclusions. Recent developments in laboratory instrumentation
and usage have led to more elegant ways to screen crystals. In
particular, the emerging use of the X-ray microcomputed
tomography technique has strong potential for in situ and
postsynthesis screening and analysis, both for inclusions of
extraneous material as mentioned previously as well as defect
formation and crystal quality analyses.*”

Hexagonal boron nitride, or h-BN, is a well-known and
frequently studied two-dimensional material, particularly for
use as substrates and protective layers over other two-
dimensional materials and in a variety of next-generation
devices. h-BN also possesses favorable and useful electric and
chemical properties that further enhance its potential. As such,
high-quality h-BN single crystals are in significant demand.
Flux growth represents a relatively simple synthetic method by
which these high-quality single crystals can be made, and a
number of different one- and two-component fluxes have been
successfully used to synthesize h-BN crystals. However, many
of these fluxes have limitations, chiefly either the need for high
pressure or the small size of the resulting crystals. In a recent
paper by Edgar et al., these limitations are overcome by using a
liquid iron flux with low carbon content. By dissolving boron
powder and nitrogen gas into molten iron at 1550 °C and then
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slowly cooling to 1450 °C before quenching, large h-BN
crystals with a maximum observed surface area of 4 cm® were
precipitated on the surface of the iron flux.”’

Excellent reviews going through the details of using flux
methods for crystal growth are available.”' ="

2.6. Electrochemical Synthesis. An electrochemical force
can be used to drive formation of the desired phase,”® as shown
in Figure 3e. Long used for production of electroactive
elements such as aluminum (the Hall-Heéroult process77’78), it
has also been used to great effect in the preparation of single
crystals 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. It further provides
unique experimental handles through which to control
nucleation and growth, since nucleation starts at a well-defined
electrode, and growth can proceed by continued deposition on
these seeds, where the relevant oxidation states of the atomic/
molecular species is formed in situ near the growth interface.
One relatively unique 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. As a result, the method typically only
works for materials that are electrically conductive, as the
applied electric potential is maximized at the interface between
the conductive electrode and the usually less-conductive
solution.

Electrochemical methods have also been useful in the
synthesis of magnetic materials. Generation of magnetism via
electrochemical chemistry has occurred both via synthesis of a
magnetic material and by electrochemically doping existing
materials which induces magnetic order.””®' Notably, a
number of organic magnetic materials, including one that
displays ferroelectricity, have also been made using electro-
chemistry.*>*

Excellent reviews going through the details of usin
electrochemical methods for crystal growth are available.”****>

2.7. Floating Zone and Directional Solidification. So
far, all of the techniques discussed require the use of a
container/crucible. Due to simple entropic considerations, this
inevitably leads to some inclusion®® of crucible atoms in the
grown material (however small). The floating zone method
allows for material growth in which the material is only in
contact with itself, and no separate crucible in required. The
basic setup is shown in Figure 3f, in which a small molten zone
of the target material is formed between two solid rods of the
same material. This liquid region, held in place due to its own
surface tension, “floats” in space, hence the name “floating
zone”. One rod functions as the “seed” rod, which serves as the
platform on which the single crystal grows. The other rod
functions as the “feed” rod, which feeds the target material into
the molten floating zone, facilitating growth. As the liquid zone
is moved in location relative to the rods (either by translating
the rods or the heat source or both), material that was solid is
turned into liquid, and material that was liquid turns into solid
(i.e., directional solidification). This sets up a very well-defined
solid—fluid interface at which crystallization occurs. In addition
to enabling extreme purity due to the lack of a container, the
floating zone approach also helps with practical considerations
such as heat load and volatilization, since only a small portion
of the material is in the fluid phase at a time.

https://doi.org/10.1021/acs.chemmater.3c03077
Chem. Mater. 2024, 36, 4929—4944


pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c03077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

Review

Similar to the Bridgman method, the floating zone functions
using a static hot zone to melt materials and crystallizes the
target using directional solidification. However, unlike the
other directional solidification methods, the floating zone
cannot control the crystalline nucleus selection as easily, as
there is no simple capillary shape to use. One method
sometimes used involves “necking” the molten zone by making
it thinner, which accomplishes the same rapid selection of a
single crystalline domain as the capillary point does for the
Bridgman technique.

The heat source can be a variety of choices, including an
electron-beam or induction melting, but one of the most
popular, the optical floating zone (OFZ) technique, utilizes
focused light. Lamps, usually Xenon or Halogen, emit light that
is then reflected and focused by elliptical mirrors to form the
heated area in which the floating zone forms. 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 growth of single crystal SrVO; using the laser diode
optical floating zone method highlights key considerations.
Previous attempts to grow single crystals via the floating zone
technique use SrVO; in addition to SrCO; and V,Og as the
component materials for the compacted rods. However, there
are significant disadvantages to using these materials. SrCO,
releases CO, when heated, which bubbles out from the rod
and causes empty pockets to form. Additionally, SrCO; and
V,0O; have noticeably different melting points, at 1494 and 681
°C, respectively. This means that, even if the rod is heated
homogeneously, the rod does not melt in the same manner and
this can increase the chance of inhomogeneous crystal growth.
However, using SrVO; and Sr,V,0, as component materials
for the crystal growth under a forming gas atmosphere prevents
this from happening, as carbon is not present in this scheme,
and allows for direct conversion of Sr,V,0, to SrVO,.""

3. DEEP DIVE INTO OPTICAL FLOATING ZONE

3.1. Common Challenges and Limits. Initial nucleation
during OFZ occurs even before the rods begin to move at the
static solid—liquid interface. This does not become apparent,
however, until the molten floating zone moves away from its
initial location, and the material on the seed rod that moves
out of the molten zone permanently resolidifies. It can be
difficult to directly control the pace of crystallization or what
grain is selected for larger growth, but there are a few factors
that the user directly controls that can influence this. For the
rate of resolidification, control of the temperature gradient
between the solid—liquid interface helps control how quickly
crystallization occurs. A delicate balance must be struck here; if
the resolidification occurs too quickly, many crystal grains will
form and the single crystal quality will be lost. However, if the
resolidification occurs too slowly relative to the feed of new
material, the molten zone can expand and may become
physically unstable. Thus, floating zone growths are typically
performed with a sharp temperature gradient at the solid—
liquid interface. The sharp temperature gradient ensures that
the formerly molten material resolidifies quickly if the floating
zone is held only slightly above the material’s melting point.
The development of laser floating zone techniques increases
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the sharpness of the temperature gradient at the growth
interface due to the reduced surface area that is heated by the
lasers compared to reflected light from the lamps.

However, the actual parameter that can be directly
controlled to influence the temperature is the light source
power. This only indirectly sets the temperature, which also
depends on the sources of heat flow away from the molten
zone (see below). Similarly, many of the other parameters that
we can directly control in the floating zone, such as but not
limited to the rotation and translation rates, do not have a
direct quantitative relation to some of the thermodynamic and
kinetic parameters of the actual growth, as the amount of
processing going on at once is voluminous, Figure 4.
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Figure 4. (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 the
wavelength of light that enters to provide a heat source to create the
molten zone and the avenues in which it undergoes heat sink and
absorption. Illustrates some of the different interactions between the
molten zone, the feed and seed rods, and the surrounding
environment. During a floating zone crystal growth, the most readily
controllable parameters are the power input, the environment
(typically controlled by vacuum or gas flow), and translation/rotation
of the two rods. However, there are other factors shown here
influencing the crystal growth that are not directly controlled by these
inputs. This shows how crystal growth is a complex affair and
parameters within our control during the experiment do not
necessarily influence some of the many different microscopic actions
occurring at the same time.

One major example of a negative consequence of the
indirect nature of control variables is the difficulty of precise
temperature control of the molten zone. It is very difficult to
measure the temperature of the molten zone because of the
constraints of the experimental setup, precluding active
feedback methods to enable a constant temperature in the
face of varying zone volume or rod thermal properties. The
most common optical method to measure temperature is to
use a pyrometer to measure the blackbody radiation being
emitted by the molten zone. However, there are two issues
with this. First, pyrometers are not particularly accurate
measurement tools, especially as they rely on emitted light
and the lamps used for the optical floating zone, by nature,
emit their own light which can interfere with the temperature
measurement. Second, most useful synthetic databases do not
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usually contain information on a material’s light absorptivity as
a function of composition, which makes it nearly impossible to
correctly set emissivity coefficients for more accurate measure-
ment. Furthermore, the temperature of the molten zone is set
by the power input, but this parameter does not have complete
control over every factor in the floating zone setup that
influences the final temperature of the molten zone, including
not only radiative heat losses but also heat flow along the rods
and losses with volatilizing species, combined with changes in
surface area to volume ratio of the melt due to (small)
variations in rod density or dimensions.

One potentially useful method for getting a better sense of
the true temperature of the molten zone is to embed a
thermocouple in one of the packed rods.®” The thermocouple
is thus placed much closer to the actual molten zone, in theory
getting a better sense of the true temperature by proximity.
However, there are still issues with this. First, engineering the
packed powder rod itself and embedding a thermocouple in it
is challenging. Second, because the thermocouple is simply
placed near the molten zone, it can be influenced by the
thermal conductivity of the material. Finally, any sections of
the rod with the thermocouple embedded inside cannot be
used for actual crystal growth, limiting the potential for large-
scale single crystal growth with precisely controlled temper-
ature.

A second challenge specific to OFZ is that the material to be
grown must absorb the energy from the light providing the
heating. In the case of broadband light sources, such has
halogen or xenon bulbs, this is typically not an issue as most
materials absorb some fraction of the spectrum. However, with
the advent of laser techniques, this becomes a more crucial
consideration. One solution is to add a small amount of a color
center dopant to transparent materials to act effectively as an
absorber. If the color center (due to entropic considerations)
preferentially stays in the melt, not in the growing crystal, then
it is possible to grow materials that do not absorb the
wavelength of laser light used. This can also happen “natively”;
e.g., in Ba,CaWOys, the single crystal growth is done utilizing
7 bar pressure of Ar for stabilizing the growth. Under these
conditions, oxygen vacancies form that change the color from
white to dark blue, enabling absorption of near-IR laser light.**
To correct the oxygen vacancies in the grown crystal, the single
crystal is then annealed under oxygen for a long duration of
time to regain its white color. Another method to promote
absorption is shading the outer region of otherwise non-
absorbing crucibles (e.g., BN) with graphite to allow for light
absorption and therefore successful heating, with the level of
light absorption dependent on the amount of shading (darker
shades will be better in light absorption—with the upper limit
being the scenario of placing a BN crucible inside a C
crucible).

3.2. Laser Pedestal (LPFZ). The laser pedestal technique
was developed to enable growth of oxides with very high
melting points by requiring melting of only a small portion of
the total material.*® This variant method functions by pulling
out a single crystal from the melt on top of the “pedestal” and
can also be performed in an OFZ furnace, Figure S. Instead of
generating a full molten zone connecting two solid rods, only
the tip of a single rod is heated to create a molten pool on the
top of the rod. A small piece of wire, or a seed crystal, is then
inserted into the melt and slowly drawn out. Like in the
Czochralski method, the material crystallizes at the top of the
liquid as the molten material leaves the hot zone. Compared to
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Figure 5. In the laser pedestal variant of the floating zone technique, a
bottom polycrystalline seed rod is prepared and a melt formed on top
as usual. Then, a thin wire or seed crystal is dipped into the melt from
the top to form a solid—liquid interface at which controlled
crystallization occurs as the wire is pulled up. At the same time, the
bottom rod is slowly translated upward to keep a uniform molten
zone volume. The result is crystallization is controlled as in the
Czochralski method but in a more energy efficient way due to the
small liquid volume that also avoids the challenges of crucible
selection.

Czochralski, LPFZ reduces the energy requirements by
reducing the total volume of material melted at one time.
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 proportionally faster to ensure
constant molten material volume. This variant technique is
effective for materials that can be melted but has undesirable
properties such as a low surface tension, incongruent melting
behavior, or very high melting temperature. The pulling wire
material must be carefully selected such that it will not dissolve
in the melt. 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 a 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).

An example of a material made via the laser pedestal variant
technique is YblIr;Si;, synthesized by Stavinoha et al.*’ This
material is interesting because of the simultaneous antiferro-
magnetic ordering and bulk insulating behavior, the former
occurring at 4.1 K and the latter at >50 K. Furthermore,
Yblr;Si, possesses conducting surface states, in contrast to the
bulk insulating behavior. The starting material for crystal
growth was first prepared by arc melting stoichiometric
amounts of the elements into a polycrystalline rod. The tip
of the rod was melted using the laser heat sources, and a
nickel—chromium wire was dipped into the melt to generate a
seed crystal. The newly crystallized seed was pulled out of the
melt at a slightly faster rate than the rod was fed into the melt,
in order to facilitate the growth of the large bulk single crystal.

3.3. Flux-like Traveling Solvent Technique (TSFZ).
The traveling solvent (TSFZ) technique uses principles from
the flux crystal growth technique,” in the sense that the
desired phase is dissolved in a solvent and then precipitated to
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Figure 6. The traveling solvent floating zone (TSFZ) method utilizes a molten zone of a different stoichiometry than the target material to assist in
floating zone growth. Usually, on-stoichiometry rods are used combined with a small pellet containing the flux/off-stoichiometry necessary to setup
stable growth of the target material. A molten zone is then formed and translated as in the usual FZ method, but since the solid stable to precipitate
at the solid liquid interface is the desired phase and since the composition of the melt is not changing in net due to feeding of new material from the
top, the result is a stable precipitation from a solvent/off-stoichiometry melt.

grow large, pure single crystals of the target phase. In the TSFZ
method, the solvent is usually packed as a pellet or sintered at
the end of the seed rod. The molten zone that is formed then
has a different composition from that of the seed or feed rods.
If, at the temperature of the solid liquid interface, the stable
solid to precipitate is the desired phase, then the target
material crystallizes as in a standard floating zone crystal
growth, Figure 6. This versatile technique has been used to
tune the stoichiometry of quantum materials such as the
pyrochlore oxides, e.g., Yb,Ti,O,.”’ Another example is the
growth of YbB,,, which requires use of a boron-rich flux and
precise temperature control to maintain growth stability.”""*
3.4. Bridgman in Floating Zone. 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, Figure 7. This variant technique
is more effective when using a laser OFZ furnace because of

<+—Crucible

<+—Polycrystalline Feed

Light

Crystal Solid-Liquid Interface

Figure 7. Setup for use of the Bridgman method in the floating zone.
The FZ heating produces a narrow zone of molten material in
between polycrystalline feed and single crystal seed regions. Growth
occurs at the solid liquid interface as the crucible is translated down
relative to the light sources. Either the crucible is transparent to the
applied light and the sample absorbing, or vice versa. Because of the
more limited volume of liquid present, this technique can succeed
even when traditional Bridgman fails by allowing for higher
temperatures, reduced vaporization, or both.

4938

the greater precision of laser heating, since lasers can be
focused on a smaller surface area compared to light from a bulb
source. 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, or it might be too volatile (as in MgCo4sGe, *), or
the material may be insufficiently conducting but does absorb
light well, rendering induction heating unsuitable.

4. COMMON CONSIDERATIONS

4.1. Choice of Crucible. With the exception of the floating
zone method, all the techniques described here involve
reactions where the target phases are in direct contact with a
container or crucible.

An ideal crucible is one that is inert toward the material
being prepared; i.e., they are completely unreactive with each
other and with the surrounding/contained fluid environment.
This can, to a first approximation, be selected by consideration
of the relevant binary phase diagrams and making sure there
are no intermediate phases or that the temperatures required
to start forming those phases (due to kinetics) is higher than
the synthesis temperature.

Many different types of crucibles are often utilized in
conventional solid-state chemistry synthesis. The most
frequently used crucibles include alumina, graphite, boron
nitride, fused silica, and metallic crucibles: W/Pt/Mo/Au/Ta/
Nb. These crucibles provide secondary containment for
reactants not to have parasitic oxides or unfavorable stable
phases. A variation to these frequently used crucibles is
alumina or fused silica with graphite lining or pencil shading to
provide a protective inner layer. Sometimes using metallic foil
packets instead of crucibles enables better coverage of the
sample with less vaporization.

When some amount of reactivity is unavoidable, layered
containers can be used. For example, fused silica recrystallizes
in the presence of atmospheric moisture above ~1050 °C,
greatly diminishing structural integrity. Thus, using a
secondary, sacrificial, outer fused silica ampule can allow for
successful protection and use of the inner fused silica container
up to ~1300 °C. Another example is reusing prereacted
crucibles to allow for formation of a self-determined
passivating layer “empirically”.
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4.2. Repeated Seeding. Seeded growths involve the
introduction of small crystal seeds into a reaction medium to
encourage growth on that particular grain, similar to how
Czochralski and Bridgman crystal growths use a seed crystal to
encourage large crystal growth and the formation of a seed in a
narrow space which encourages growth from the single crystal
grain that outcompetes all others, respectively. Here, taking a
small crystallite from initial growth attempts and reusing it with
similar synthesis conditions can mimic this process, encourag-
ing single crystal growth around the seed crystallite, reducing
or eliminating the formation of additional nucleation sites. This
technique, while reducing additional nucleation and encourag-
ing grain growth on the single grain similar to the Czochralski
technique, can lead to the formation of striations in the crystals
from the repeated seedings.

4.3. Compositional Limitations. It is often stated that
single crystals enable greater crystallographic perfection than
polycrystalline methods, but this is often not the case. The
reason is subtle but important: because single crystal growths
occur at the interface between a fluid (liquid or gas) and a
solid, i.e,, in a two phase region of a phase diagram, it is not
possible to freely control the stoichiometry of the growing
crystal. Instead, the crystal is “pinned” to the composition that
is in equilibrium with the fluid phase under the conditions of
growth. This is illustrated for a hypothetical binary compound
AB in Figure 8, where the stoichiometries accessible from a
flux-based approach are highlighted in green and purple. More
B-rich compositions, including the perfect 1:1 stoichiometry,
are not in equilibrium with the liquid (highlighted in red) and
therefore not directly accessible with single crystal growth.

There are no such restrictions when doing pure solid
reactions, as in polycrystalline powders, where one can directly

Liquid

--OT,

A + AB AB + B

A AB B

Figure 8. A hypothetical binary phase diagram illustrating the
challenges of compositional control during single crystal growth.
Direct melting can produce only a single composition—that of the
point where the AB single phase region touches the liquid phase (the
intersection of green, purple, and black lines). Changing to an A-rich
melt enables one to access the compositions along the boundary of
the liquid-AB region, highlighted in green. Using a more B-rich melt
than the apex can form those compositions highlighted in purple. It is
not possible, however, to access those compositions highlighted in red
through a fluid—solid crystallization process because there is no two
phase region including a fluid as the second phase. Even those
compositions in purple are difficult to access in practice because a
very small change in temperature (e.g., natural fluctuations) results in
a large change in the composition of the solid precipitated.
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target any temperature and composition point in the phase
diagram. As such, polycrystalline specimens can be, and in
many cases are, more stoichiometrically perfect than their
single crystal counterparts.

In such cases, additional complexity must be added to the
crystal growth method in order to access the exact desired
stoichiometry. In the case of this flux example, this requires
changing another thermodynamic variable (e.g., pressure) or
adding another component in order to expose a region where
the desired stoichiometry is in equilibrium with a fluid phase.

Even if the desired composition is found in equilibrium with
a fluid, it may be extremely difficult to in fact produce a
homogeneous stoichiometry because small variations can cause
large changes in the equilibrium composition. This is shown
for the compositions highlighted in purple, where a very small
AT induces a large compositional change Ax. This adds a
further constraint on the method used for growth.

5. AN OPEN FRONTIER: USING GRADIENTS IN
CRYSTAL GROWTH

The use of temperature gradients in crystal growth is well-
known, e.g., while executing the Bridgman and Czochralski
techniques. However, gradients of pressure, concentration, and
magnetic and electric fields, all of which have been utilized in
the preparation of “semiconductor” grade single crystals,”””
can also be used. 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
saturation; then, a second solvent, in which the target material
is both not present and insoluble, is carefully layered on top of
the saturated 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 flux.”

Nonstandard gradients can be used to improve crystal
growth by drawing impurities within the target material toward
one end of the gradient, resulting in a more pure single crystal
that may potentially have fewer defects by removing inclusions
and other disruptions to the regular structure. 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.
These effects occur even when the energy content of the
applied field (e.g, 1 T magnetic field ~1 K of energy) is much
less than the growth temperature.

External applied pressure has been used in a number of
different applications for material synthesis. Pressure gradients
can have varying effects. For example, Agl is shown to
eventually dissociate under applied pressure.”® In terms of
crystal growth, pressure gradients can be created as a result of
the primary applied temperature gradient which then
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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.

6. SUMMARY

Several techniques for the synthesis of new materials, both
common and uncommon, have been presented with a special
focus on how each technique tackles the single crystal growth
process differently and how variations on the established
methods alter the standard process to enable and/or improve
specific parts of the growth process. Additional synthetic
techniques in the scientist’s toolkit provide improved
flexibility”’ =" in the number of routes to approach the crystal
growth of any one material, which can help synthesize single
crystals of materials that might otherwise be unsuitable for
certain techniques, and therefore improves the ability to target
many more classes of materials for research. With greater
visibility, it is hoped that greater usage and throughput for new
and interesting materials in order to push forward on the many
challenges facing society today will come.
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