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The crystallization of amorphous solids impacts fields ranging from inorganic crystal
growth to biophysics. Promoting or inhibiting nanoscale epitaxial crystallization and se-
lecting its final products underpins applications in cryopreservation, semiconductor de-
vices, oxide electronics, quantum electronics, structural and functional ceramics, and ad-
vanced glasses. As precursors for crystallization, amorphous solids are distinguished from
liquids and gases by the comparatively long relaxation times for perturbations of the me-
chanical stress and for variations in composition or bonding. These factors allow experi-
mentally controllable parameters to influence crystallization processes and to drive mate-
rials towards specific outcomes. For example, amorphous precursors can be employed to
form crystalline phases, such as polymorphs of Al;O3, VO;, and other complex oxides, that
are not readily accessible via crystallization from a liquid or through vapor-phase epitaxy.
Crystallization of amorphous solids can further be guided to produce a desired polymorph,
nanoscale shape, microstructure, and orientation of the resulting crystals. These effects
can enable advances in applications in electronics, magnetic devices, optics, and catalysis.
Directions for the future development of the chemical physics of crystallization from amor-
phous solids can be drawn from the impact of structurally complex and non-equilibrium

atomic arrangements in liquids and the atomic-scale structure of liquid-solid interfaces.
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I. INTRODUCTION

Amorphous solids crystallize through atomic-level and nanoscale processes drawing on chem-
ical, thermodynamic, mechanical, and nanostructural phenomena. Improving the current state of
understanding and control of these processes promises to provide new ways to exploit the fun-
damental processes involved in crystallization. A key question in technological applications of
materials synthesis is how to guide crystallization to form particular solids with desirable stable or
metastable phases, selected orientations, or three-dimensional nanoscale geometries. Within this
scope of potential outcomes, controlling the defect concentration, crystalline phase, and composi-
tion of epitaxy and crystal growth, in particular, remains an important challenge in many materi-
als systems, including complex oxides, epitaxial and nanocrystalline semiconductors, and hybrid
organic-inorganic perovskite semiconductors.! This perspective discusses aspects of crystalliza-
tion from an amorphous phase in the solid state, a process affecting a wide range of materials.
Semiconductors and complex oxides crystallize from the amorphous phase guided by a single-
crystal substrate via solid-phase epitaxy (SPE).? In the biological sciences, metastable crystalline
forms of solid materials have important roles in cryopreservation and biomineralization.>* At-
mospheric and planetary systems depend on crystallization processes involving amorphous solid
water.>~’ In all cases, the structure of interfaces, the kinetics of atomic and molecular rearrange-
ment during crystallization, the valence of the component atoms, and the structure of the amor-

phous phase play important roles.

The scope of parameters of relevance to the crystallization of amorphous solids is illustrated
in Fig. 1(a). These parameters include (i) the structure and nanoscale geometry of the substrate,
which have a role in templating the crystallized layers, (ii) the polymorph, orientation and defect
structure of the crystallized material, all of which can be distinct from the substrate, (iii) the com-
position of the crystallized material, and (iv) the atomic arrangement and bonding on both sides
of the advancing amorphous-crystalline interface. Finally, there are the structural and chemical
properties of the amorphous layer itself, such as the mechanical stress, composition, and structural
perturbation due to nanoscale dimensionality. All of these parameters can potentially be employed

to guide the epitaxial crystallization of amorphous materials from crystalline seeds.

This perspective illustrates the points that unify nanoscale mechanisms of crystallization across
multiple amorphous materials. The overall goal is to provide an overview of ideas relevant to guid-

ing crystallization and to point out commonalities among different materials. Two model systems
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TABLE I. Factors affecting the nanoscale epitaxial crystallization of amorphous materials.

Factor Selected
References

Epitaxial template and amorphous/crystalline interface structure: bonding 8,9

and substrate interface effects

Cation valence and phase selection depending on crystallization 10

environment

Externally applied stress ?

Structure of the amorphous phase, structural relaxation 1-14

Competition between seeded and homogeneous nucleation 15-19

Density difference between amorphous and crystalline phases 20-23

are used here to illustrate the principles that can be employed to guide crystallization using the tem-
plating effects at interfaces and the structural, chemical, and ionic state of the amorphous solid.
These systems are the crystallization of (i) amorphous solid water (ASW) to form crystalline ice,
which is important in the context of biology, atmospheric science, and planetary science and (ii)
structurally and compositionally complex metal oxides with wide-ranging applications in optics,
electronics, and electromechanical technologies. The model systems have common features, in-
cluding the roles of interfaces, variation of the structure of the amorphous phase as a function
of preparation conditions and processing history, the development of mechanical stress, and the
importance of nanoscale geometries. In each case, the final crystalline products can depend on the
structure and history of the amorphous phase. The perspective concludes with directions in which
the crystallization of amorphous materials can, in principle, be guided by phenomena that arise in
the crystallization at liquid/solid interfaces but which are not yet exploited in the crystallization of
amorphous solids. The factors that influence the amorphous-to-crystalline transition, along with

examples of references to the effects of these factors are summarized in Table I.

Recent advances in theory, computation, synthesis, and characterization promise to provide new
insights and improved control of crystallization processes. Computational approaches to under-
standing crystallization include molecular dynamics studies of the structure of amorphous solids
and amorphous-crystalline interfaces and the kinetics of crystallization.”*> A key computational

advance has involved the development of enhanced sampling techniques that bias molecular dy-
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namics simulations towards rare events in crystallization and allow free-energy landscapes to be
explored. The enhanced sampling approach has recently been applied to the crystallization of
amorphous Si0;, which would be prohibitively difficult to study in classical molecular dynamics
simulations.?® In experiments, recent developments in in sifu transmission electron microscopy
(TEM) provide insight into the phases formed during crystallization and the kinetics of oxide
and ice crystallization.>’~2° The development of instrumentation employing the high brilliance of
synchrotron x-ray sources allows nanoscale epitaxial crystallization to be probed in sifu.3%33 In
bulk, synchrotron diffraction techniques have been adapted to discover the sequence of phases
that forms during the crystallization of multi-component liquids.3* Corresponding technological
developments in nanoscale patterning provide nucleation sites for crystallization using nanotech-
nology, for example by synthesizing and transferring single-unit-cell-thick crystalline oxide sheets

for patterning the surface of single crystals.3>3°

The crystallization of amorphous solids is distinguished from crystal growth from a liquid or
vapor in several ways. First, the processes relaxing structural or chemical perturbations in amor-
phous solids occur over long times in comparison with crystallization. The processes relaxing
chemical or structural perturbations each involve atomic motions but are fundamentally distinct
and thus diffusion, stress relaxation, crystal nucleation, and crystallization from an existing seed
can occur with different rates and temperature dependence. The kinetics of structural rearrange-
ment in amorphous solids are in general far slower than liquids.>”-*® The viscosity of liquid com-
plex oxides at their melting point is typically in the range 1-100 mPa s. The viscosities of Al,O3
and DyScOs3 at their melting points, for example, are 2.72 and 49.86 mPa s, respectively.’® As
described in more detail below, the stress is relaxed on the Maxwell relaxation timescale set by the
elastic constants and the viscosity. For oxide liquids this predicted time is on the order of 10~!?
s or less, relaxing mechanical stress in the liquid over periods far shorter than the time required
for crystallization. In amorphous solids, the relationship is the opposite. Because the relaxation of
spatial variations of structural features within amorphous solids can occur at timescales far slower
than crystallization, the structural, elastic, and composition variations persist during crystallization
and influence the selection and formation of the final crystalline phase.

The time required for crystallization over a nanoscale distance d iS d /V¢ryst, Where verys is the
crystallization velocity. Values of vy range from 0.1 to 100 nm/min for SrTiO3, CaTiO3, Al,O3,
and other oxides at temperatures ranging from approximately 300 to 800 °C.!3404! The velocity

typically exhibits an Arrhenius temperature dependence.!>#%4! The crystallization of ASW also
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occurs at rates within this range at a temperature of 128 K.!6 The temperature dependence of the
crystallization time for d=5 nm is shown in Fig. 1(b) for SrTiO3, a prototypical complex oxide,
using the velocities and activation energy reported by Chen er al. '>. The characteristic time for

crystallization of SrTiOs at this length scale ranges from 10 s at 800 °C to 103 s at 300 °C.

The characteristic time for the relaxation of tensile viscoelastic stress iS Ty = 31 /E, where
1 is the viscosity and E is Young’s modulus.?” Similarly, the relaxation time for shear stress is
n/G, where G is the shear modulus.’” The example of amorphous SiO, illustrates the range of
relaxation times that can be expected in oxides. The glass transition of SiO, is at 1885 °C.** At
this temperature, the relaxation times of a hypothetical viscoelastic solid with E=100 GPa, ap-
proximately matching SiO; at viscosity 7 = 10! Pa s, yields a relaxation time on the order of
10 s. This mechanical relaxation time is thus already comparable to the timescale of crystalliza-
tion at the glass transition temperature, and can be expected to increase exponentially at lower
temperatures. More specific estimates provide insight into relaxation times in an experimentally
relevant range of temperatures far below the melting point. The viscoelastic relaxation time for the
prototypical complex oxide SrTiOs3 is shown in Fig. 1(b). The range of temperatures in Fig. 1(b)
includes those at which crystallization from a seed can proceed for submicron distances without
competing homogeneous nucleation.!> As shown in Fig. 1(b), the viscoelastic relaxation time for

SrTiO5 ranges from 10° s at 800 °C to far longer times at lower temperatures.

Figure 1(b) also illustrates an important gap in the present state of knowledge of amorphous
complex oxides in the temperature range of interest for deposition and crystallization. The crystal-
lization rate and Young’s modulus of SrTiO3 are available in the literature for a range of deposition
conditions, gas environments, and temperatures.!>*3%* Viscosity measurements for amorphous
complex oxides at temperatures on the order of 500 °C or less, relevant to crystallization, are
not yet reported. The estimates of the viscoelastic relaxation time in Fig. 1(b) use the viscosity
derived from mechanical measurements of polycrystalline crystallized SrTiO3.% In the case of
metallic glasses, there is evidence that the viscosity of amorphous materials far below the melt-
ing point depends on their thermal history and the degree of crystallization.*® There is also some
experimental evidence that the upper limit of the room-temperature viscosity of SiO; is on the
order of 5 x 107 Pa s, rather than continuing the very rapid scaling with temperature that is ob-
served at elevated temperatures.*” The uncertainty in the viscosity makes precise estimation of
the viscoelastic relaxation times in the low-temperature range uncertain. In any event, even with

this uncertainty, the these relaxation times within amorphous complex oxides are far longer than
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the time required for crystallization. As such, the entire volume of nanoscale amorphous complex

oxides would be expected to crystallize prior to significant viscoelastic relaxation.

The time required for diffusion of the cations in metal oxides over nanometer-scale distances
is also, in general, far longer than the time required for the local (on the order of 1 nm or less) re-
arrangements that result in crystallization. Figure 1(b) shows characteristic times for the diffusion
of metal and oxygen ions over a distance of 1 nm in SrTiO3. As with the viscosity, measurements
of the diffusion constant in this temperature regime are often indirect. The characteristic time for
the equilibration of the ionic composition in Fig. 1(b) employs an effective diffusion constant for
metal ions in SrTiO3 drawn from an analysis of mechanical relaxation in crystalline SrTiO3.%
The time required to equilibrate oxygen concentrations in SrTiOj3 is reported from oxygen dif-
fusion measurements and is far shorter than the metal-ion diffusion and crystallization time.*
Diffusion can also be dramatically different between the crystalline amorphous phases of oxides
and can, for example in SrTig ¢sFeo 3503 _s, increase significantly upon crystallization.48 Based on
available estimates, it is evident from Fig. 1(b) that the distribution of metal ions is not smoothed
by diffusion at the timescale associated with crystallization across a wide range of temperatures.
The relatively slow rate of diffusion in comparison with crystallization simultaneously prevents
separation of initially homogeneous amorphous layers into compositionally distinct phases by
suppressing the required mass transport and also allows built-in compositional profiles to be main-
tained because inhomogeneity is not smoothed out by diffusion. Nanoscale gradients in the cation
valence may be smoothed by oxygen diffusion and may not be preserved during crystallization. In
SrTiO3, crystallization of a 5 nm layer occurs before chemical composition equilibration or stress
relaxation for all temperatures less than 1000 °C. The relative slowness of diffusion means that it
is critical to assure that, in systems for which the targeted crystallized material has uniform com-
position, the amorphous precursor has the precise composition of the desired crystalline phase and
is homogeneous on the nm-scale. The relative slowness of cation diffusion also means that cation
transport is not be fast enough to yield phase separation or to smooth intentionally introduced
composition profiles.

Similar considerations apply to the ASW. The low-temperature viscosity and elastic constants
of ASW have been reported and give viscoelastic relaxation times that are long in comparison
with the crystallization timescale. The viscosity of ice at the reported glass transition temperature,
T,=136 K, is 10'> Pa 5.5 The low-temperature shear modulus of amorphous ice is 1.2 GPa.*

The resulting relaxation time 1/G at 136 K is thus 900 s. An interesting point of difference
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between ASW and oxide systems is that transformations in ASW occur at temperatures near the
glass transition temperature, and thus can have shorter elastic relaxation times than in oxides.
As discussed below, however, structural effects arising from elastic distortion are observed in the
crystallization of ASW.?? A slow mechanical relaxation time can thus be expected in many systems
and leads to long-length-scale elastic effects in crystallization that arise due to mechanical stress.
Relaxation and diffusion timescales in ASW are likely to be longer than crystallization times
across a wide range of relevant conditions and materials.

The shapes of crystallized regions observed in low-dimensional crystallization in multiple dif-
ferent amorphous solid systems are similar, as shown in the micrographs Figs. 1(c)-(e). A de-
piction of the seeded lateral crystallization of SrTiO3 within an amorphous SrTiO3 thin film and
the resulting crystal morphology are shown in Fig. 1(c).’>? SrTiO3 and other complex oxides
with the perovksite structure have applications in correlated electron phenomena, including in the
realization of two-dimensional electron gases, piezoelectric materials, and transparent conductors
formed by oxide crystallization.'?>3 Similar microstructuctural features result from the crystal-
lization of CaCO3, a process relevant to biomineralzation, as illustrated in Fig. 1(d).>'>* A further
electronic and optoelectronic application of nanoscale amorphous materials crystallization is in
chalcogenide phase change materials, which is underpinned by the same principles and result in

similar morphologies, as illustrated in Fig. 1(e).?!

The principles and processes governing crystal-
lization yield crystalline morphologies for ASW with similar shapes and relative size distributions
to those observed in oxide and chalcogenide systems. The TEM images in Fig. 1(f) show the
nucleation and growth of ice nanocrystals during the heating of ASW for temperatures up to the

completion of the transformation to polycrystalline ice at 156 K.

II. ICE AND AMORPHOUS SOLID WATER
A. Relevance and applications of the crystallization of amorphous solid water

The crystallization of ASW exemplifies many of the ideas discussed above and provides a point
of comparison (and, in some cases, contrast) with the related crystallization of amorphous oxides.
ASW is most typically generated in experiments through vapor deposition onto a substrate held at
low temperature on the order of tens of K>3 Under such conditions, the deposited molecules lack

sufficient mobility to relax into their crystalline lattice and are kinetic trapped in a non-equilibrium
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1.png

FIG. 1. (a) Nanoscale crystallization of amorphous solids involves phenomena and properties in the amor-
phous solid, the crystallized solid, at the interface between them, and in the crystalline substrate that serves
as the structural template. Al,O3 graphic adapted with permission from Liu ez al. 8. Copyright 2020 Amer-
ican Chemical Society. (b) Timescales of crystallization over a distance of 5 nm, the viscoelastic stress
relaxation, and diffusion of metal ions and oxygen over a distance of 1 nm for SrTiO3. Parameters for these
estimates are given in the text. (c) Schematic and scanning electron micrograph of the seeded nanoscale
lateral crystallization of an amorphous SrTiOs3 thin film, after 840 min at 450 °C, after Marks et al. 30 The
open square indicates the location of a pre-deposited SrTiO3 seed crystal. (d) Morphology resulting from
crystallization of amorphous CaCOj3. Reprinted with permission from Pecher, Guenoun, and Chevallard>' .
Copyright 2009 American Chemical Society. (e) Crystallization of amorphous GegSn,SbyTeq; at 125 °C.
Reprinted with permission from Koch et al. 2!, Copyright 2018, with permission from Elsevier. Labels give
the elapsed time in minutes since the start of crystallization. (f) Transmission electron microscopy images
of the crystallization of amorphous ice during heating. Labels indicate the temperature in K at which each
image was acquired, after Jenniskens and Blake ®. Copyright American Astronomical Society. Reproduced

8
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(amorphous) configuration. Water exhibits a number of distinct amorphous solid phases, i.e. it is
typically considered to be polyamorphous.'? These phases include low-density amorphous (LDA),
high-density amorphous (HDA), and very high-density amorphous (VHDA) structures;'? we use
the shorthand ASW as an umbrella term for the solids of amorphous water, without regard to a spe-
cific amorphous structure. The amorphous structures have a local tetrahedral hydrogen-bonding
configuration, with two hydrogen-bond donors and two acceptors on average, similar to liquid
water but with with increasing occupancy of additional interstitial waters in the first coordination
shell.>® The initial crystalline phases reached from bulk forms of the various amorphous phases
of ASW are depicted in Fig. 2 for a wide range of temperatures and pressures from 0 to 500 K
and 0.1 to 10 GPa, with arrows showing the typical observed kinetic products of crystallization.!?

Different crystalline polymorphs of ice result from the crystallization of ASW, depending on the

pressure, temperature, and initial amorphous phase.

ASW prepared by vapor deposition onto a cold substrate typically yields the LDA phase, while
subjecting crystalline ice to high pressures (in excess of 1.6 GPa) at low temperatures results in
collapse into the HDA phase.>® The crystallization phenomena that follow the preparation of the
sample can be quite complicated and can depend in detail on the thermal history. For example,
upon heating at ambient pressure, the HDA phase relaxes to the higher-volume LDA phase,>> and,
with continued heating, crystallizes into the cubic phase of crystalline ice (I.).> In other cases,
the amorphous has been described as consisting of two structurally distinct phases, one LDA-like
and a higher temperature "hyper-quenched" phase, whose relative prevalence can be altered by
rapid transient annealing via a laser pulse.’’ The details of such complex crystallization behavior
are not completely captured by the general kinetic pathways shown in Fig. 2. The temperature
at which crystallization is observed during the heating of ASW is often near or above T,, when
the relaxation times are shorter and are comparable to the timescale for its crystallization to ice.®
The crystallization behavior is consistent with the observation that, during crystallization, ASW
exhibits tremendously enhanced translational diffusion, more than 10° times higher than the cor-
responding values in crystalline ice.>® At lower temperature, below 238 K including temperatures
near T, crystallization rates are largely diffusion-driven.%” In this sense, ice contrasts with metal
oxides, where annealing and crystallization often occurs at temperatures far below 7. Although

difficult to quantify, this observation may suggest that the multitude of diverse metastable phases

found in ASW may be somewhat more difficult to stabilize in oxides.
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FIG. 2. Pressure and temperature dependence of the initial crystallized products resulting from heating or
cooling of the various liquid, low-density amorphous (LDA), high-density amorphous (HDA), and very-
high-density amorphous (VHDA) phases of water. Temperatures include the equilibrium melting point Ty,
and the (approximate) crystallization temperature Tx. The phases of ice are labeled with I, I, and numerals.
Downward-pointing arrows indicate the initial, metastable crystallization products, labeled with numerals,
of liquid water upon cooling. Upward arrows indicate the initial crystallization products of amorphous ices
upon heating. Stable crystal phases are labeled in gray-colored regions in the background. Figure reprinted

with permission from Amann-Winkel et al. '3. Copyright 2016 by the American Physical Society.
B. Substrate effects in ASW crystallization phenomena

As is the case for other amorphous materials, the crystallization of ASW may proceed via
homogeneous or heterogeneous nucleation. The competition between these nucleation pathways
and the subsequent kinetics of crystal growth exhibit a sensitivity to the substrate onto which the
ASW was deposited.'®~1° The role of the substrate in crystallization may be further explored by
comparing ASW crystallization of thin films (where heterogeneous nucleation and subsequent
crystal growth dominates) on different substrates, for example Pt(111) and crystalline ice (CI).
As depicted in Fig. 3, the rate of crystallization of ASW increased by a factor of nearly 1000
when deposited on CI rather than Pt(111).'6 The apparent activation energy for crystallization is

substantially lowered on the CI substrate.'® In oxides, the activation energy for nucleation at sites
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other than existing amorphous crystalline interfaces is higher than the activation energy for the

motion of the amorphous/crystalline interface. !

The relative importance of the substrate on the nucleation of crystals within ASW depends on
the ASW film thickness. As might be intuitively expected, the contribution due to crystal growth
initiated at the substrate interface is reduced at larger ASW thicknesses. Homogeneous nucleation
is thought to dominate in layers thicker than 100 monolayers (ML), which more closely resem-
ble the bulk, 60! although the exact balance between homogeneous and heterogeneous nucleation
is still somewhat debated.®? For thinner films, the role of the substrate in the transformation Ki-
netics becomes increasingly relevant. This competition between homogeneous an heterogeneous
nucleation is also sensitively dependent on the structure of the substrate: whereas crystallization
of ASW on epitaxial Pt(111) has often shown rapid growth from the Pt-ice interface, this hetero-
geneous nucleation is suppressed on non-epitaxial Pt(533) due to an inherently larger nucleation
barrier.3 In fact, for sufficiently thin films on Pt(533), nucleation at the ice-vacuum interface ap-
pears to dominate.®> The results on Pt(533) are supported by other measurements which suggest
that the nucleation rate at the ASW/vacuum interface exceeds that of bulk homogeneous nucleation

in a film.!”

The substrate-guided crystallization of ASW is reminiscent of SPE in oxides and semiconduc-
tor synthesis.”>* The crystallization mechanisms of ASW on CI and the SPE crystallization of
semiconductors and oxides are similar in exhibiting a competition of homogeneous and heteroge-
neous nucleation and in the impact of the structure of the substrate structure on crystallization. In
both cases, the sites of heterogeneous nucleation can include surfaces and interfaces. Experiments
with thin-film CI substrates in which the temperature and ASW thickness are varied show that
colder and thinner ASW layers films favor heterogeneous nucleation.”? Lower temperatures cor-
relate with lower homogeneous nucleation rates, thus favoring substrate-induced crystallization
on CI. Similarly, thinner layers have a greater surface area per unit volume, thus favoring het-
erogeneous nucleation.?? In addition to exhibiting a different regime of the competition between
different nucleation mechanisms, thicker ASW films can crack as crystallization proceeds due to

the elastic effects arising from the mismatch between the densities of ASW and crystalline ice.??
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FIG. 3. Time dependence of the converted fractions of ASW layers on crystalline ice (CI) and Pt(111) during
crystallization at annealing temperature 7, = 128 K, indicating the role of the CI substrate in promoting
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crystallization. Reprinted from Dohndlek et al. *®, with the permission of AIP Publishing.

C. Polymorph selection in ASW crystallization

The structure of ASW, even within a given amorphous phase, depends on the thermal history
and evolves with temperature and the history of the material. The ASW structure, in addition to the
substrate, can play an important role in determining the phases formed, morphology and crystal
orientation, internal microstructure, and residual strain after crystallization. Crystallization of
ASW typically yields cubic ice /.. The formation of I is consistent with the prediction of classical
nucleation theory (CNT), which favors the /. phase because of the lower surface energy of cubic
ice in comparison with the competing hexagonal phase (I;,).® Electron diffraction measurements
show evolving characteristic peaks in ASW upon annealing, indicating that the structure becomes
more similar to .. The structural similarity provides one possible microscopic explanation for
the lower interfacial energy of ASW with /.. The amorphous structure thus appears to have an

important role in determining the final product.

Certain ASW structures and specific sets of annealing conditions have a propensity to yield
hexagonal I;, upon crystallization.®> Seidl et al. %> compared the results of crystallization of unan-
nealed and expanded structural variants of HDA. Unannealed HDA (uHDA) is created by pressure-
induced amorphization of crystalline ice [, at low temperature, approximately 80K, which results

65,66

in a heterogeneous macroscopic structure. . uHDA yields a mixture of both ice /. and 7, upon

crystallization in contrast to predictions of CNT, which presumes a pure /. final structure. This
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FIG. 4. Crystallization products upon annealing of two different ASW structures at 150 K, traced via the
O-O0 structure factor Spo(Q) measured using x-ray scattering as a function of scattering wavevector Q. (a)
Crystallizing LDA-I forms hexagonal 7, while (b) LDA-II results in cubic /.. Reproduced from Mariedahl
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et al. " with permission from the Royal Society of Chemistry.

difference may arise from residual features similar to parent ice /; not fully removed by pressure-
induced amorphization.®> Expanded HDA (eHDA) is produced from uHDA by further heating
and relaxation prior to crystallization. In contrast with uHDA, eHDA possesses a homogeneous
structure and an expanded interplanar spacing of the lowest-angle x-ray reflection compared with
uHDA.®7 Since all residual parent features present in uHDA from J;, have (presumably) been re-
moved by thermal relaxation, eHDA yields exclusively /.. A similar sensitivity to the initial ASW
structure has been found for LDA. LDA with different preparations, and thus subtly different
amorphous structures, yields either . or Ih.14 These two forms, termed LDA-I and LDA-II, ex-
hibit a structural difference observed by measuring the O-O structure factor over the course of
crystallization, as shown in Fig. 4. The crystallization of LDA-I yields 7, while LDA-II yields
I. crystals in which there exists a high degree of structural disorder. For both HDA and LDA, the
underlying implication is that the structure of the amorphous phase can play a determining factor
in the outcome of the crystallization. This influence can be due to residual common underlying
structural motifs between amorphous and crystalline phases. Computational studies have probed
the free-energy landscape for the formation of I, and 1,.%8%° Ice crystallization, has been further
extended to explore both I, and I, polymorphs simultaneously.”? Overall, studies of the crystal-
lization of ASW benefit from advances in instrumentation, theory and computation, and by the

exchange of key concepts with the crystallization of other amorphous materials.
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III. PHASE SELECTION AND GEOMETRIC CONTROL IN CRYSTALLIZATION OF
AMORPHOUS COMPLEX OXIDES

The crystallization of amorphous complex oxides involves phenomena arising from atomic
scale bonding at interfaces, the nanoscale variation of strain, and the composition and valence of
the 1onic components. Epitaxial crystallization of complex oxides can be induced by a homoepi-
taxial or heteroepitaxial interfaces. Homoepitaxial or heteroepitaxial SPE can be induced in a wide
range of oxides, including TiO,, Al,O3, SrTi03.15:3%-71 Several factors influence the selection of
the phase and orientation of the crystallized layer. Homoepitaxial Al,O3, for example, can adopt
either the y- or a-Al,O3 polymorphs depending on the the characteristics of the seed crystal.”!-7?
Homoepitaxial crystallization via SPE on the two-dimensional surface of the c-plane o-Al,O3
substrate favors y-Al,03.7> The selection of y-Al,O3 as the initial phase upon crystallization ap-
pears to be influenced by comparatively small density difference between y-Al,O3 and amorphous
Al,O3, as well as by the continuity of the oxygen sublattice between y-Al,O3 and the -Al,O3
substrate.®73 Altering the geometry from planar to the three-dimensional structure associated with
crystallization from nanoscale seed crystals can lead to the crystallization of a-Al,03.”" The dif-
ference may arise from the presentation of lateral (rather than vertical) crystal faces on the seed,
because of the relative sizes of the seed and substrate, or because the configuration of the seed
may lead to the presence of additional atomic steps at the amorphous/crystalline interface. More
generally, the selection of the polymorph in Al;O3 can be linked to a combination of interface
structural effects, stress effects due to the difference in density between the amorphous and crys-
talline forms, and the similarity of the crystalline and amorphous sublattice structures (e.g. oxygen
arrangement).® In the case of the crystallization of ASW described above, the large density dif-
ference led to mesoscopic and macroscopic effects that included the development of cracks in the
crystallized ice.?® For oxides in general, the plastic deformation that arises in response to the den-
sity difference appears not to involve cracking but instead leads to the introduction of dislocations
that cause the local crystal orientation to change continuously as the crystallization front advances

laterally into the amorphous material 203

The energy landscape of the crystallization process for amorphous solids evolves as a function
of temperature. The landscape can be studied via enhanced sampling techniques in molecular
dynamics’* from which free energy differences between the amorphous and crystallized phases

can be extracted, as recently demonstrated for SiOz,26 calcite,”> and ASW.8:6% Further devel-

14



AlP

Publishing

opment of computational techniques can reveal the temperature dependence of the free-energy
landscapes of other oxides, including those for which multiple polymorphs can be nucleated, such
as AlpOs. In principle, the variation of the landscape may result in the activation of different
crystallization pathways at different temperatures.

Amorphous metal oxides share many of the structural motifs observed in their crystalline coun-
terparts. The arrangements of metal-centered oxygen-bounded polyhedra in amorphous TiO; and
Al>Oj3 are shown in Figs. 5(a) and (b), respectively. The crystallization of amorphous oxides at
the amorphous-crystalline interface occurs through a change in the arrangement of these polyhe-
dra. The rearrangement is reflected by a change in the geometric order parameters describing the
arrangement and connection of the ions. The Steinhardt order parameter describes the connection
of ions using an expansion in terms of spherical harmonics.”® The correlations can include all
ions, or oxygen-oxygen (O-O) or cation-cation coordination. For simulations of the crystallization
of Al,O3 the gg order parameter for Al-Al and O-O correlations is particularly useful in distin-
guishing amorphous Al,O3 from crystalline a-Al,O3. The Steinhardt order parameter plotted in
Fig. 5(c) illustrates the structural differences between a-Al,O3z and amorphous Al,O3 after the
simulated preparation of the amorphous layer and allows the amorphous-crystalline interface to be
defined and tracked as the crystallization is simulated. Crystallization processes involve changes

in these configurations at the amorphous/crystalline interface.’

A. Selection of the crystallized oxide phase

Several systems exhibit crystallization processes in which only a single final crystalline form
is reasonably accessible after crystallization. Examples of such systems include Si, SiGe alloys,
SrTiO3, and CaTiO3, for which no other crystalline polymorphs or compounds of different ionic
valence appear during crystallization. Alloying or doping with impurities in these systems affects
the rates of crystallization by changing both the amorphous-crystalline interface velocity and the
activation energy that sets temperature dependence of the velocity. For example, the activation
energy for crystallization in SrTiO3 depends on the concentration of dissolved hydrogen.** Simi-
larly, the crystallization of SiGe solid solutions results in the formation of an SiGe alloy with the
diamond-cubic structure at a velocity that depends on the Si-Ge composition.? The dependence of
the interface velocity on the Ge concentration arises from the variation of the interface attachment

rate as a function of the local chemical environment, with a significantly slower attachment rate
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FIG. 5. (a) Atomic coordination (left) and structural building blocks (right) of amorphous TiO,. Re-
published with permission of IOP Publishing Ltd. (all rights reserved), from Kohler et al.’’; permission
conveyed through Copyright Clearance Center, Inc. (b) Corner-sharing tetrahedra (left) and edge-sharing
polyhedra (right) in amorphous Al,O3. Reprinted (figure) with permission from Gutiérrez and Johansson 2> .
Copyright 2022 by the American Physical Society." (c) Steinhardt order parameter g for O-O and Al-Al

arrangements (left) and the amorphous/crystalline a-Al,O3 interface (right). Reprinted with permission

from Liu et al. 8. Copyright 2020 American Chemical Society.

for Si in an Si-rich environment.” Beyond these systems, other metal oxides can be expected to
exhibit additional compositional effects because of the multiple valences available for many metal

ions and because multiple crystalline polymorphs can be produced.

The formation of amorphous layers with slight differences in composition can lead to the crys-
tallization of different compounds in systems in which multiple crystalline phases are relevant to
crystallization. The phases that form are particularly sensitive to the precursor composition in sys-
tems in which one or more of the components adopt multiple oxidation states. The Sr-V-O system
shows this behavior, and complicates the development of SrVO3 for use as a correlated-electron
transparent conductor. This system exhibits multiple phases with a 1:1 Sr:V ratio but with differ-

ent structures, O concentrations, and V valence.”87° Favoring the formation of SrVOj3 over other
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crystalline phases involves promoting the stabilization of V4* among oxidation states of V, which
include V3*, V#*, and V>* and combinations thereof. In vapor-phase epitaxial growth via molecu-
lar beam epitaxy the valence of V can be controlled by setting the oxygen partial pressures within
a narrow growth window.”” When formed via SPE SrVOj is favored by controlling the activity of
0, during the deposition of the amorphous layer and crystallization.!” This direction to the desired
phase using the oxygen activity has also been demonstrated in a few other oxide systems. SPE
of yttrium iron garnet (YIG) in an oxygen gas environment avoids the formation of a competing
YFeOj3 phase.? Controlling the oxidizing environment allows the Delafossite electronic conduc-
tor PtCoO, to form without decomposition into metallic Pt.3! The principle that the crystallized
phase depends on the oxygen environment is also familiar from the synthesis and transformation
of oxide single crystals, including CayCo,05.82

As in the case of the crystallization of ASW discussed above, there are indications that the
atomic-scale structure of the of the amorphous oxides precursor affects the phase resulting from
crystallization. In a particular example, the preparation of amorphous VO, influences the poly-
morph that is subsequently formed during crystallization.!! The structure of amorphous VO, de-
pends strongly on the repetition rate of the laser during pulsed-laser deposition (PLD), as shown
in the x-ray scattering patterns and pair distribution functions in Fig. 6(a).'! The rhombohedral R
phase of VO, or a mixture of R and monoclinic M1 phases can form upon crystallization, depend-
ing on the laser repetition rate. It is an intriguing possibility that the observed difference in the
structure of amorphous VO, formed at different laser repetition rates has a direct influence on the
phase selected during crystallization. There are indications from computational studies of several
oxides that the phase resulting from the relaxation of an initially randomized structure can exhibit

different polymorphs depending on the initial conditions.??

A similar dependence of the crystallization behavior on the conditions for the preparation of the
amorphous solid has been observed in TiO;. The final crystallized form depends on factors that
are varied during the preparation of TiO;. First, the TiO; polymorph resulting from crystallization
depends on the oxygen deficiency resulting from with the deposition conditions during sputtering
and PLD.3*8 The brookite polymorph of TiO, was formed under conditions in which the oxygen
content was below the nominal TiO5 stoichiometry.®* In addition, Mangun et al. also speculate
that residual stress resulting from the deposition process influences the phase selection.?* Finally,
higher deposition rates for amorphous TiO; thin films also favor the formation of the brookite and

rutile phases over anatase.3> The oxygen concentration between the two TiO, layers due to the

17



AlP

Publishing

different deposition rates is apparent as a difference in the electrical resistivities of the amorphous
TiO; layers.®

The structure of amorphous complex oxides evolves dynamically during crystallization. An
example of this evolution is apparent in the x-ray scattering pattern of amorphous SrTiO3, which
becomes sharper and develops a higher peak intensity before crystallization, as shown in Fig.
6(b)."> The evolution of the SrTiOj scattering pattern before crystallization may indicate that crys-
tallization occurs after the onset of short-range atomic mobility within the amorphous phase. The
rearrangement within the amorphous phase also leads to the development of mechanical stress be-
fore crystallization upon heating in amorphous SrTiO3.*3 The structural changes in the amorphous
phase before crystallization may represent local relaxation from a less stable structure produced by
the deposition process. The stress that develops in this way is not relaxed through viscous flow over
the timescales relevant to crystallization, consistent with the atomic scale of the rearrangement ap-
parent in the x-ray scattering patterns in Fig. 6(b).!> The scattered intensity from the amorphous
layer occurs at an angle that is distinct from the x-ray reflections from the crystallized material.
The angular profile of the scattered of the sharpens during heating and retains this shape during
the initial growth of the crystalline phase.!> A similar relationship between structural changes is
apparent in the connection between molecular diffusion and crystallization is observed in ASW
discussed above.”® Beyond the dynamical evolution during heating, the structure of amorphous
solids can be influenced by nanoscale size effects. The static structure of Al,O3 layers with few-
nm thicknesses, where surface and interface effects are important, is different from thicker layers,
with differences in the coordination of Al.3¢ There is a possibility that these structural differences

will affect crystallization.%¢

The interface bonding effects described above can cause the kinetics of crystallization to de-
pend on the geometric orientation of the amorphous/crystalline interface. The velocity of the
amorphous/crystalline interface during the crystallization of amorphous Si on a single-crystal Si
substrate depends on the crystallographic orientation of the substrate.’ In the case of complex ox-
ides, the crystallization of velocity of SrTiOsz is similar on (100) and (110) surfaces of SrTiO3 40
Crystallization on the (111) faces of SrTiOs is qualitatively different, with reports of complex time-
dependent kinetics.*® The orthorhombic perovskite CaTiO3 similarly presents a more complex
case than the (100) and (110) faces of SrTiO3. The Crystallization velocities on the a- or c-axis
oriented faces of CaTiO3 exhibit a low activation energy and thus a higher low-temperature veloc-

ity in comparison with the b-axis oriented faces.*? At the nanoscale, the orientation dependence
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FIG. 6. (a) X-ray scattering patterns (left) and pair distribution functions (right) for amorphous VO, thin
films deposited at different pulsed laser deposition laser repetition rates, after Stone et al.''. Licensed
under a Creative Commons Attribution (CC BY) license (b) X-ray scattering patterns collected with an x-
ray wavelength of 1.5406 A exhibit structural differences in amorphous SrTiO3 between the as-deposited
form and before crystallization at 600 °C. Reprinted with permission from Chen et al. 3. Copyright 2017
American Chemical Society. The time dependence of the intensity distribution near the amorphous intensity
maximum in the range near 260=29°indicates that the structure of the amorphous phase evolves during
heating. The (110) x-ray reflection of SrTiOs is labeled STO (110) and occurs at an different 20 angle than

scattering from the amorphous layer.

of the velocity of the amorphous/crystalline interface can result in faceting in some crystallized

oxides, including TiO, .3

Composition variations built into the creation of the amorphous material in order to permit
the design of compositionally structured crystals. Composition are preserved throughout crys-
tallization because the characteristic distance for ionic diffusion is significantly shorter than than
the crystallization front displacement. An example of the incorporation of nanoscale composition
variation in the crystallized material is apparent in the cross-sectional TEM image in Fig. 7(a). A
5 nm-thick layer of amorphous Al,O3 was formed at the interface between the SrTiO3 substrate

and a thicker amorphous PrAlOj layer as a result of the nucleation delay during atomic-layer
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deposition.!? The Al,O3 composition was preserved during crystallization at 750 °C and yielded
a crystalline interface layer of y-Al,03.!2 The creation of composition profiles during deposition

presents a route to the formation of epitaxial heterostructures.

B. Stress effects in nanoscale crystallization of complex oxides

Mechanical stress at the amorphous-crystalline interface affects the rate of crystallization be-
cause crystallization processes occur with an energy barrier that can be modified through a pres-
sure (or more accurately stress tensor) that is described by an activation volume.? The product of
the free-volume and stress tensors appears in thermal activation exponent, influencing the crys-
tallization kinetics.? Stress arises from several sources: (i) the difference in the density of the
amorphous and crystalline phases, (i1) the reconfiguration of the amorphous layer prior to crystal-
lization, which increases the stress one particular case discussed below,*, (iii) externally applied
force, and (iv) mesoscopic effects arising from the multi-dimensional crystallization directions.
At a slightly larger length scale, stress can lead to mesoscopic effects associated with stress-driven
instabilities of the growth front. Morphological instabilities arise from the dependence of the crys-
tallization velocity on the stress, including a coupling between the interface curvature and growth
rate.%?

In several cases, the longer-range distribution of stress leads to the formation of defects in
the crystallized material that relax the mechanical stress. In crystallization over long distances
in thin film layers, this relaxation of the stress can lead to a distinctive microstructure in which
the continuous formation of defects leads to an overall position-dependent rotation of the orien-
tation of the crystal.?%3%87 This rotation does not arise in the crystallization of planar thin films
because the volume difference can be accommodated by the displacement of the free surface. In
lateral crystallization and other less-symmetric nanoscale geometries the movement of the surface
is not sufficient to relax the stress. The generation of defects in the growing crystal yields rota-
tions that can be on the order of several degrees per micron. A recent model for the distribution
of dislocations resulting in the orientation rotation is shown in Fig. 7(b).?’ Similar rotational ef-
fects have been observed in GeO,, SbS3, and SrTi03.20-36-87 The microstructure and orientational
variation resulting from crystallization in these systems are shown schematically in Fig. 7(c) for
the case of the crystallization of GeO,.2? The resulting spatial gradient of the orientation of the

crystallized layer is also apparent in the x-ray microbeam diffraction study of SbS3 shown in Fig.
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7(d).37 Interestingly, reports of lateral crystallization of the anatase form of TiO, do not describe

the lattice rotation effect.3>

One possible explanation for the absence of apparent lattice rotation
effects in TiO, is that, in both simulations and experiments under some deposition conditions,
the density difference between amorphous TiO, and anatase on the order of 3% or less.3%8° The
density difference between amorphous and crystalline TiO» is thus smaller than the differences of
more than 10% for SrTiO3 and GeO; and could reduce the stress leading to the lattice rotation
effect.!>?0 Strain remaining after crystallization can affect the structure and properties of the crys-

tallized complex oxide, for example through the stabilization of a ferroelectric structure of SrTiO3

by biaxial strain in epitaxial growth.”

IV. INSPIRATION FROM MATERIALS WITH COMPLEX LIQUID-PHASE
STRUCTURES AND INTERFACE CONFIGURATIONS

The preceding sections show that there is a connection between the structure of amorphous
materials, their interfaces with crystals, and the results of crystallization. Further inspiration for
phenomena to be exploited in the future in crystallization of amorphous materials can be drawn
from the structure and crystallization of liquids. The principles that relate the structure of amor-
phous materials and the products of crystallization are similar to those for the crystallization of
liquids with complex structures. The structure and polymorph of the crystallized material can
be influenced by the factors that affect the structure of the liquid phase. These are the composi-
tion, degree of undercooling, and the imprint of the symmetry of the crystalline interface structure
onto the liquid. Similar factors have not yet been extensively exploited in the crystallization of
amorphous solids. This comparison with solidification from liquids provides a frontier for future

developments in the crystallization of amorphous solids.

A. Precrystallized structure in the liquid phase

Intermetallic compounds exhibit connections between the observed structure of liquids and

their crystallization products,”!—24

akin to related ideas about the importance of local structure
that have also been proposed in the nucleation of supercooled water.* Experimental and compu-
tational studies of liquids indicate that structural cues present in the precursor phase influence the

formation of the final crystalline phase. The evidence points to the existence within the liquid
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FIG. 7. (a) Preservation of the nanoscale composition distribution in a crystallized complex oxide. An
Al, O3 layer with a thickness of 5 nm at the interface between PrAlO3 and the SrTiO3 substrate was retained
after crystallization. Reprinted with permission from Waduge et al. '2. Copyright 2019 American Chemical
Society. (b) Model for the distribution of the defects arising during spherulitic crystallization of GeO,,
after Lutjes et al. 2. Licensed under a Creative Commons Attribution (CC BY) license. (c) Distribution of
crystallographic orientations resulting from the spherulitic crystallization of GeO», after Lutjes et al. 2°. Li-
censed under a Creative Commons Attribution (CC BY) license. (d) Model distribution of defects produced
during the crystallization of SbS3 on a glass substrate surface and the resulting elongation of the Laue x-ray
reflection from that region, after Savytskii et al.®’. Licensed under a Creative Commons Attribution (CC

BY) license.
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of clusters of the building blocks of the intermetallic phase.®? In particular, the liquids employed
in flux-mediated synthesis include clusters that are stabilized by the metal flux in configurations

similar to their configuration in the crystal.®?

A particular example occurs in the Ba-Ge system.
Cage-like structures of Ge around Ba atoms are form in the liquid state of Ba—Ge at melt compo-
sitions near the Ba-Ge eutectic at 17 atomic percent Ba, a structure that is similar to the BaGes
clusters in crystallized BagGe,s (16 atomic percent Ba) and BagGesz (19 atomic percent Ba).!
Other examples cited by Latturner °? include Al>Au clusters and SiPdg clusters.”>“* Precrystalline
structure with similarities to the crystallized phase, including in the octahedral configurations, is
observed in simulations of the amorphous form of Ge-Sb-Te phase-change memory materials.”>
In an analogous case, sequencing the deposition of the components of the complex oxide ScFeO3
during epitaxial growth from the vapor can produce a metastable layered polymorph.”®
Simulations of the structure of the liquid form of intermetallic compounds and alloys allow the
structural features of the liquid to be described more precisely. The spatial arrangement of clusters
with different Frank-Kasper numbers, including icosahedral order and Z=9 and Z=10 configu-
rations, in simulations of a PdSi liquid is shown in Fig. 8(a).” The statistical distribution of
atoms among these configurations is a useful descriptor of order in crystalline phases and metal-
lic glasses.??~191 The Si-centered clusters in a Pd-Si liquid resemble the structure of the Pd-Si
metallic glass and have been linked to the stabilization of Pd-Si glasses.”® The pair distribution
function constructed from in sifu x-ray scattering studies probes the local structure of complex
melts experimentally. The structure of the liquid melt is has been predicted to have an impact on
the phases formed in crystallization of systems such as Cu-K-S for which the melt with excess K
and S serves as a flux.3*10%103 Drawing inspiration from this observation, it seems possible that a

similar dependence of the structure of the amorphous solids or a persistent history dependence of

the amorphous structure may lead to the nucleation of different solid phases.

The dependence of the structure of the liquid on its composition and on the temperature at
which crystallization occurs can have a role in determining the structural phase of the material
formed by crystallization. The polymorph of the ferroelectric BaTiO3 formed during crystalliza-
tion can be influenced by varying the supercooling of the liquid.'% The cubic and hexagonal
polymorphs of BaTiO3 are selected at high (more than approximately 300 K) and low (less than
approximately 180 K) values of the supercooling, respectively, as illustrated in the powder x-ray

) 104

diffraction patterns in Fig. 8(c The cubic and hexagonal polymorphs of BaTiO3z nucleate

separately from the liquid phase, with nucleation rates that depend on the supercooling.!%* X-ray
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FIG. 8. (a) Clusters formed in simulations of Pd-Si liquids at 900 K, classified as local icosahedral order with
Z=12 Frank-Kasper polyhedra, as well as order corresponding to Z=9 and Z=10 polyhedra. Reproduced
from Dong et al. °* with permission from the Royal Society of Chemistry. (b) Dependence of the crystalline
phase formed from a BaTiO3z melt, depending on the degree of undercooling. The degree of undercooling
can select the formation of the tetragonal phase (left) or a mixture of tetragonal and hexagonal phases (right),

after Ge et al. '%*. Licensed under a Creative Commons Attribution (CC BY) license.

scattering and molecular dynamics studies of the BaTiOj3 link the difference in nucleation of the
two phases to temperature-dependent differences in the atomic coordination in the melt, including

the degree of polymerization of TiO4 polyhedra.!%4

The local configuration of ions in liquids can persist in a non-equilibrium distribution, depend-
ing on their processing history, and can affect the nucleation of solids. Potassium-sulfur melts
exhibit structural similarity with the phases from which they are formed and can also have persis-
tent non-equilibrated populations of sulfur chains of different lengths.3*10%193 Chains of S within
the K-S melt occur in different lengths with a distribution of populations that depend on the parent
compounds.’*!0> Raman spectroscopy indicates that melts formed from K,S3 and K;Ss incorpo-
rated statistical distributions of S,,?>~ chains with n = 3 and n = 5 that were not in equilibrium
with S,,412~ and other chain lengths at 400 °C.34102 The observation of non-equilibrium structure
within the melts points to the possibility that the crystallization can be selectively changed by

changing the processing history of the amorphous material.
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B. Interface structure imprinted on precursor phase

Insights into how the structure of the amorphous/crystalline interface can be further employed
to influence crystallization can be gained from the role of the structure of liquid/crystalline inter-
face in liquid crystallization. The liquid-phase effects described above point to new directions for
using interfacial effects in amorphous crystallization, including exploiting the packing and coor-
dination of an atomic-scale layer of the liquid near the interface.'% The interface structure affects
thermodynamic parameters of the interface, including the entropy and internal energy density. A
diagram and sketch of thermodynamic quantities at the melting point 7j; is shown in Fig. 9(a).
The schematic in Fig. 9 likely simplifies the structural description, including the potential devel-
opment of order arising from ionic charges. The order imparted by the formation of the interface,
however, is likely in general to lead to a region of intermediate entropy between the entropy of
the crystal Sc and the entropy of the liquid Sz. The entropy difference AS between the solid and
liquid phases is reduced at the interface. The internal energy density U also differs between the
two phases. In the model illustrated in Fig. 9(a), the reduction of entropy in the region near the
interface corresponds to the interface free energy, or surface tension, 6.'% There may also be an
enthalpic contribution due to the interface, in addition to the entropy component illustrated in Fig.
9. The interfacial structure and interface energy in amorphous/crystalline interfaces are not yet
completely explored but may have similar features and may affect crystallization. In addition to
the oxide bonding and epitaxy issues discussed in the context of oxide crystallization above, there
is an intriguing possibility that the complex oxide amorphous layers may exhibit structural order

extending into the amorphous layer.

Two examples highlight the role of the liquid structure at the liquid-solid interface in crystal-
lization and point to ways to employ similar concepts at the amorphous-solid interface during the
crystallization amorphous solids. There are atomic-scale signatures of order in Al at the interface
between liquid-Al and Al,O3, as shown in Fig. 9(b).'% This order can have a role in subsequent
crystal growth, for examples when the permeation of ambient oxygen to the interface leads to the
formation of additional Al,03.'% The crystallization of liquid Au-Si at the eutectic composition
on an Si (111) substrate involves an undercooling that depends on the structure of the interface.!%”
The formation of the Au-induced Si (111) 6 x 6 reconstruction, as in Fig. 9(c) stabilizes 5-fold

coordination in the liquid, and reduces the rate of the nucleation of the solid phase.107 There are

similar observations of ordering at the liquid Al/sapphire interface.!%® The further development of
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FIG. 9. (a) Structure, density, entropy S, entropy difference AS, internal energy U, and interface free energy
or surface tension o of a liquid/crystal interface at the melting temperature Tj,. Reprinted from Spaepen !9
with permission from Elsevier. (b) Ordering of Al at the interface between liquid Al and crystalline Al,Os3,
from Oh et al. 9. Reprinted with permission from AAAS (c) Locations of Au atoms in the Au-induced Si
(111) 6 x 6 reconstruction, which promotes 5-fold order in the Au-Si eutectic liquid. Adapted by permission

from Springer Nature from Schiilli ez al. 177,

in situ x-ray scattering and TEM techniques can enable the exploration of similar effects in the
crystallization of oxides and ASW.

In the areas described in this section, the connection between the structure and processing his-
tory of liquids and their crystallization products is more completely developed than the analogous
phenomena in the crystallization of amorphous materials. The liquid/solid interface thus provides

possible perspectives for the future direction of efforts to guide amorphous crystallization.

V.  CONCLUSIONS

The crystallization of amorphous materials provides valuable routes to the synthesis of mate-
rials, to control crystallization in biological systems, and in understanding the state of water in
atmospheric and planetary science. The crystallization of amorphous water is also essential in bi-
ological applications including cryopreservation of cells and tissue.!?” Other biologically relevant
systems depend on the nanoscale crystallization of amorphous oxides including CaCO5.7!->

Several experimental factors influence the rate and phase of crystal growth during the crystal-
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lization process, including factors such as interface structure, externally applied stress, and cation
valence, that can be experimentally controlled. Ultimately controlling these factors is essential
in guiding crystallization. The same factors also provide the means to envision new forms of
crystalline materials, including phases that are challenging to stabilize with other synthesis ap-
proaches, three-dimensional epitaxial forms, and nanostructures with novel microstuctures. The
factors apply across the range of complex oxide materials and in the crystallization of amorphous
solid water, as discussed here.

Similar concepts apply across several materials, as illustrated here in particular for water and
metal oxides. The understanding and eventual control of these processes have the potential to
enable the crystallization of novel phases and the formation of heterostructures and other nano-
materials. Specific areas of impact include the crystallization of specific polymorphs, including
metastable polymorphs, the use of structural cues to promote, guide, or suppress crystallization
and crystallization that preserves structure imparted into the amorphous precursor. Although not
considered explicitly in this perspective, there is an extensive literature in the non-epitaxial devitri-
fication of covalent-network glasses in the bulk and in the crystallization of compounds dissolved
in glasses that employs similar concepts.!! Further advances in the field of amorphous crystal-

lization will draw on concepts from bulk and interface structure of liquids.
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