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Abstract: Large-sized crystalline materials are the basic raw materials in semiconductors, lasers, and communi-
cations. Preparation of large-scale, high-quality crystalline materials has become a bottleneck restricting the
development of related industries. Breaking through the preparation theory and technology of large-sized crystal
materials is the key to obtaining high-quality large-sized crystals. Preparation process of crystal materials often
undergoes nucleation and growth stages, including multiple processes at spatiotemporal scale: from atom/molecules,
through clusters and nuclei, to bulk crystals. To further explore and accurately understand the crystal growth
mechanism, we need intensively study the multiscale process,multi-scale in situ characterization techniques, and
computational simulation methods. Among them, the latest in situ characterization methods for crystal growth

includes optical microscopy, electron microscopy, vibration spectra, synchrotron radiation, neutron technology, and
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especially, machine learning method. Thus, the multi-scale computational simulation techniques for crystallization is

introduced, for example, first principles calculation at atom/molecular scale, molecular dynamics simulation, Monte

Carlo simulation, phase field simulation at mesoscopic scale, and finite element simulation at macroscopic scale. A

single in situ characterization or simulation technique can only explore crystallization information over a specific time

and space scale. To accurately and fully reflect the crystallization process, a combination of multi-scale methods is

introduced. It can be speculated that the establishment of in sifu characterization technology and computational

simulation methods for the actual large-sized crystal growth environment will be the future development trend, which

provides an important experimental and theoretical basis for developing crystallization theory and controlling crystal

quality. Furthermore, it can be deduced that the combination of in situ characterization technology with machine

learning and big data technology will be the trend for large-sized crystal growth.

Key words: crystal growth; multi-scale crystallization; vibration spectra; in situ characterization; multi-scale

simulations; review
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Fig. 3 Crystallization spectrum of hydrated calcium carbonatel"}
(a) FTIR spectra of calcium carbonate monohydrate (blue spectrum) and aCCM (black spectrum); (b) Schematic representation of different
vibrational modes; (c¢) FTIR spectra of aCCM recrystallized in acetonitrile mixture after different intervals; (d) Rectangle area in (c) showing
hydroxyl stretching band region during recrystallization of aCCM after different intervals
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Fig. 4 Raman spectra and microstructure evolution of LCB crystal growth
(a) Raman spectra of LCB crystals at room temperature and LCB-grown raw material powders at different temperatures;
(b, ¢) Molecular structural evolution in LCB-grown melts?*!
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(a, b) Crystallographic structures of stoichiometric LN and congruent
LN with anti-site Nb;;*" and Vy;~ defects. Green octahedra indicate
NbOg and LiOg; (c) Formation energies of different point defects
(Nby;*, Vi, and Nb;*" + Vi, ) in LN as a function of Fermi energy
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Fig. 10 Atomic structure (left) and electron localization
functions (right) of CaHg*!
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Fig. 11

Displacement of atoms in the interface layer during energy minimization

[92]

(a) Al atoms; (b) Ni atoms
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Fig. 12 Variation of crystal growth rate ¥, with temperature®®*!
Error bars represent the standard deviation of growth velocity
measurements. The system can still maintain the maximum growth rate

in deep and supercooled region without temperature change
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Fig. 14 Phase-field simulation of the solidification of Al-1% Cu alloy at a cooling rate of 0.1 K/s
(al-a4) Solid fraction of the 2D system at 0.9; (b1-b4) Substantial fraction of the 3D system at 0.2;
(b1-b4)3D systems corresponding to (al-a4), respectively, containing different numbers of grains

S, SR B AT RE R iR 5 B s R v A
F8% 4 )8, Hong Al Viswanathan 71 & T — /3%
T B % 9E 28 4 40 35 A5 7Y (Grand  potential-based
nonlinear phase-field model)"*®, 7£ — %% ] L #7¢
TR AL R S I BT AL, s T
4 A AL 2 O T () BE o S B AN [F] 1Y
AR TR, AR T MR A8
Jr S B TR FE (1) oy o6 5 LR I 7, AR i AE )
AT A WIRr

2 4 JE@ A 5 i) £ 7 T, SO O AT 0] A4 R R
SHEE, Gong VT 4N =4 BAISEN,
Wl 14 frs, WAL TR Al-Cu & 4 % il 5t ] i 72
O T B0 5 o WA B R AL 7KL ¥ 4D
T N [ AT R B = AN T T AR R B, e
PRI (B 22 [ A4 o e s 1 1), VB m AT 5 A
LT 25 F AT IO A TR 2 R AH S
6.3 HBEMREREY

A IR TTAEAUTT V5SS — Mg S o A Bt =
PR S AL AR 0 2 5 TR L R 1) R ) 2 R RS A A
JiEP e 3 I B O A B T B D SR A e e i
A1 T AN 26 AT R ISR O FE 4, IR1S44
FAHCRFEAE T . B AT, VAR AL R &
g w2 N .

TALM ELRTE 2 8 E T w4 0, B 5 d
fik o AE MV AU R 1502 Th B AR ) B R VR AR K AR
TR RAE BN, FENENRERNME S R
AR ) A FABEAT RS B, RSO 1R i I 0t

[97]

Wi %% . Lipchin A1 Brown 2t T —F 24 Ak 0 f% 5 14
EHBALHN Jones-Launder B w4, T
P B R G B AL AR TR T . 1%
FERA RS IE, R T S ORI e
A& TR AL 11 5 70

7 BREERE

% RO A VR R RE1 25 1) il 5 I R 0 P i A A=
KPrg, w2 RE s Adie: 5o 5-Biik-
A% - R AR, IR - TR - U IS - AR A S
HERS, si-2e- TSR IETE S S« 2 RO R AR R
AR E AAER I N T 58 4 B R A 2 1 R A 2
BE, H AT B S R AL B R R R I AE KRR IR —
ANEJLANTT o A8 S /N 2 B AT TR RO, BLR
2 RIER G T30, SR T FRU I 00 78 Sl A A
AR BAIS o AL SKPR AR IR [ B AL A 23R
LB VL v AT 3%, R ARRIE R,
Frml g aplas 2. RARSETFB, 2 AR
TENUA R 2 B IE AR R A Je . Xt ok 2E
KHEWPR. AREE. ERBERULKRT PR
fil J5 (R DR R R AR T

5% L Hk:

[1] LIU F, CHEN K F, PENG C, ef al. Advance in theory and tech-
nology of rapid growth of large-size crystals. Journal of Synthetic
Crystals, 2022, 51: 1732.

[2] B, WAL L AR S E B, JEnt: B
2 HihRAE, 2020:



H3W

MrEdig, % 2 RSB R AL RAEBOR 5 1 RIURT 7e it

267

(3]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

HHER BRI 2. T AARSRIRHE 2021 BRI, T
TR AME R R AR LA . bt b R HOR R
2021: 2-9.

KUNFENG CHEN, J’AN WU, QIAN’YU HU, ef al. Omni-functional
crystal: advanced methods to characterize the composition and
homogeneity of lithium niobate melts and crystals. Exploration,
2022, doi:10.1002/EXP.20220059.

CHEN K F, XUE D F. Fast growth of cerium-doped lutetium
yttrium orthosilicate single crystals and their scintillation proper-
ties. Journal of Rare Earths, 2021, 39(12): 1527.

ZHAO J, MEI DJ, XUE DF, et al. Recent advances in nonlinear
optical rare earth structures. Journal of Rare Earths, 2021,
39(12): 1455.
FWEWE, brE, R, 5
GB/T 39131-2020, 2020-10-11.
LIU F, CHEN KF, PENG C, et al. Recent advances and perspec-
tives on melt structures of large-size functional oxcide crystals.
Journal of the Chinese Ceramic Society, 2023, DOIL: 10.14062/j.
issn.0454-5648.20220301.

SUN C, XUE D. Chemical bonding theory of single crystal growth
and its application to fast single crystal growth of rare earth
inorganic materials. Science China Chemistry, 2018, 48(8): 804.
ASWAL D K, SHINMURA M, HAYAKAWA Y, et al. In situ
observation of melting/dissolution, nucleation and growth of

N LS RERTE, [ 5 HE

NdBa,Cu;0, by high temperature optical microscopy. Journal of
Crystal Growth, 1998, 193(1/2): 61.

ASWAL D K, SHINMURA M, HAYAKAWA Y, et al. In situ
measurement of the growth rate of YBa,Cu;O, single crystals.
Journal of Crystal Growth, 1999, 197(1/2): 379.

SOHN I, DIPPENAAR R. In-situ observation of crystallization
and growth in high-temperature melts using the confocal laser
microscope. Metallurgical and Materials Transactions B, 2016,
478B: 2083.

HOMMA Y. 23-In Situ Observation of Crystal Growth by
Scanning Electron Microscopy. Handbook of Crystal Growth (2nd
Edition) Fundamentals, 2015: 1003—-1030.

ZHANG Z, FEI L, RAO Z, et al. In situ observation of ice forma-
tion from water vapor by environmental SEM. Crystal Growth
Design, 2018, 18: 6602.

ZHANG Z, LIU N S, LI L Y, et al. In situ TEM observation of
crystal structure transformation in InAs nanowires on atomic scale.
Nano Letters, 2018, 18(10): 6597.

LI J, DEEPAK F L. In situ kinetic observations on crystal nuclea-
tion and growth. Chemical Review, 2022, 122: 16911.
NISHIZAWA H, HORI F, OSHIMA R. In-situ HRTEM observa-
tion of the melting-crystallization process of silicon. Journal of
Crystal Growth, 2002, 236: 51.

MCPHERSON A, MALKIN A J, KUZNETSOV Y G. Atomic force
microscopy in the study of macromolecular crystal growth. Annual
Review of Biophysics and Biomolecular Structure, 2000, 29: 361.
KRASINSKI M J, ROLANDI R. Ex situ investigation of surface
topography of as-grown potassium dihydrogen phosphate crystals
by atomic force microscopy. Journal of Crystal Growth, 1996,
169(3): 548.

YANG S F, SU G B, TANG J, et al. Surface topography of rapidly
grown KH,PO, crystals with additives: ex sifu investigation by
atomic force microscopy. Journal of Crystal Growth, 1999,
203(3): 425.

LIU L, ZHANG S, BOWDEN M E, et al. In situ TEM and AFM
investigation of morphological controls during the growth of single
crystal BaWO,. Crystal Growth & Design, 2018, 18: 1367.

[22]

(23]

[24]

[25]

[26]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

PETIT T, PUSKAR L. FTIR spectroscopy of nanodiamonds:
methods and interpretation. Diamond and Related Materials, 2018,
89: 52.

ALCOTT G R, VAN MOL T, SPEE K. Evaluation of chemometric
models in an FTIR study of the gas phase during atmospheric-
pressure CVD of tin oxide thin films. Chemical Vapor Deposition,
2000, 6(5): 261.

DUNUWILA D D, BERGLUND K A. ATR FTIR spectroscopy for
in situ measurement of supersaturation. Journal of Crystal Growth,
1997, 179(1/2): 185.

SUN C T, XUE D F. In situ IR spectral identification of NH4H,PO,
structural evolution during crystallization in water-ethanol mixed
solvent. CrystEngComm, 2015, 17(13): 2728.

SUN C T, XUE D F. In situ IR spectral observation of NH,H,PO,
crystallization: structural identification of nucleation and crystal
growth. Journal of Physical Chemistry C, 2013, 117(37): 19146.
SUN C T, XUE D F. Hydrogen bonding nature during ADP
crystallization. Journal of Molecular Structure, 2014, 1059: 338.
SUN C T, XUE D F. Crystallization behaviors of KDP and ADP.
Optical Materials, 2014, 36(12): 1966.

SUN C T, XUE D F. In situ ATR-IR observation of nucleation and
crystal growth of KH,PO, in aqueous solution. CrystEngComm,
2013, 15(48): 10445.

CHENG M, SUN S T, WU P Y. Microdynamic changes of moisture-
induced crystallization of amorphous calcium carbonate revealed
via in situ FTIR spectroscopy. Physical Chemistry Chemical
Physics, 2019, 21(39): 21882.

MASLYK M, MONDESHKI M, TREMEL W. Amorphous calcium
carbonate monohydrate containing a defect hydrate network by
mechanochemical processing of mono-hydrocalcite using ethanol
as auxiliary solvent. CrystEngComm, 2022, 24(26): 4687.
MORRISON P W, HAIGIS J R. In situ infrared measurements of
film and gas properties during the plasma deposition of amorphous
hydrogenated silicon. Journal of Vacuum Science & Technology A,
1993, 11(3): 490.

JONAS S, PTAK W S, SADOWSKI W, et al. FTIR in-situ studies
of the gas-phase reactions in chemical-vapor-deposition of SiC.
Journal of the Electrochemical Society, 1995, 142(7): 2357.
WANG D, WAN S M, YIN S T, et al. High temperature Raman
spectroscopy study on the microstructure of the boundary layer
around a growing LiB;Os crystal. Crystengcomm, 2011, 13(16): 5239.
YANG H O, KIM J H, KIM K J. Study on the crystallization rates
of beta- and epsilon-form HNIW in in-situ Raman spectroscopy
and FBRM. Propellants Explosives Pyrotechnics, 2020, 45(3): 422.
ZHANG J, WANG D, ZHANG D M, et al. In situ investigation of
BaBPOs crystal growth mechanism by high-temperature Raman
spectroscopy. Journal of Molecular Structure, 2017, 1138: 50.
ZHANG X H, LUO H S, ZHONG W Z. The analysis of morpho-
logy evolution in KABO crystal growth. Journal of Crystal Growth,
2006, 292(1): 104.

LIU S S, ZHANG G C, FENG K, et al. In situ Raman spectros-
copy studies on La,CaB,¢Oyy crystal growth. Crystal Growth &
Design, 2020, 20(10): 6604.

SUM C T, CHEN X Y, XUE D F. Hydrogen bonding dependent
mesoscale framework in crystalline Ln(H,0)y(CF;SO3);. Crystal
Growth & Design, 2017, 17(5): 2631.

ZHANG N, LIN Z, MAN S. Fabrication and spectral properties of
Tm*-doped novel bismuthate glasses. Journal of the Chinese
Society of Rare Earths, 2022, 40(1): 54.

CORNEL J, MAZZOTTI M. Estimating crystal growth rates using
in situ ATR-FTIR and Raman spectroscopy in a calibration-free



268

WL MR

i ¥ 385

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

manner. Industrial & Engineering Chemistry Research, 2009,
48(23): 10740.

CHEN X Y, SUN C T, WU S X, et al. Molecular paradigm
dependent nucleation in urea aqueous solution. Crystal Growth &
Design, 2017, 17(5): 2594.

CHEN X Y, SUN C T, WU S X, et al. Nucleation-dependant
chemical bonding paradigm: the effect of rare earth ions on the
nucleation of urea in aqueous solution. Physical Chemistry Chemi-
cal Physics, 2017, 19(13): 8835.

SUN C T, XUE D F. Physical chemistry of crystalline
(K,NH4)H,PO;, in aqueous solution: an in situ molecule vibration
spectral observation of the early formation stage. Journal of
Physical Chemistry C, 2014, 118(29): 16043.

ZHANG Y P, XUE D F. In-situ micro-Raman spectroscopy study
of gypsum crystallization driven by chemical reaction. Journal of
Molecular Structure, 2020, 1210: 128043.

PIENACK N, BENSCH W. In-situ monitoring of the formation of
crystalline solids. Angewandte Chemie International Edition, 2011,
50(9): 2014.

FORKER R, FRITZ T. Optical differential reflectance spectros-
copy of ultrathin epitaxial organic films. Physical Chemistry Che-
mical Physics, 2009, 11(13): 2142.

PROEHL H, NITSCHE R, DIENEL T, et al. In situ differential
reflectance spectroscopy of thin crystalline films of PTCDA on
different substrates. Physical Review B, 2005, 71(16): 165207.
ZHANG L, HU C G, FU X, et al. Pentacene crystal transition
during the growth on SiO, studied by in situ optical spectroscopy.
Synthetic Metals, 2017, 231: 65.

ZHANG L, FU X, HOHAGE M, et al. Growth of pentacene on
alpha-Al,05(0001) studied by in situ optical spectroscopy. Physical
Review Materials, 2017, 1(4): 043401.

WANG Y N, ZHANG L, SU C H, et al. Direct observation of
monolayer MoS, prepared by CVD using in-situ differential
reflectance spectroscopy. Nanomaterials, 2019, 9(11): 1640.
EVANS J S O, PRICE S J, WONG H V, et al. Kinetic study of the
intercalation of cobaltocene by layered metal dichalcogenides with
time-resolved in situ X-ray powder diffraction. Journal of the
American Chemical Society, 1998, 120(42): 10837.

BEALE A M, SANKAR G. In situ study of the formation of
crystalline bismuth molybdate materials under hydrothermal
conditions. Chemistry of Materials, 2003, 15(1): 146.

ZHOU Y, ANTONOVA E, BENSCH W, et al. In situ X-ray
diffraction study of the hydrothermal crystallization of hierarchical
Bi,WOg nanostructures. Nanoscale, 2010, 2(11): 2412.

MAH A, JIA X, CUI QL, et al. Crystal structures of C;NgHs under
high pressure. Chemical Physics Letters, 2003, 368(5/6): 668.
KIEBACH R, PIENACK N, ORDOLFF M E, et al. Combined in
situ EDXRD/EXAFS investigation of the crystal growth of
[Co(CeH;sN4)][Sb,S4] under solvothermal conditions: two different
reaction pathways leading to the same product. Chemistry of
Materials, 2006, 18(5): 1196.

SAYERS D E, STERN E A, LYTLE F W. New technique for
investigating noncrystalline structures-Fourier analysis of extended
X-ray-absorption fine structure. Physical Review Letters, 1971,
27(18): 1204.

TAMURA K, OYANAGI H, KONDO T, et al. Structural study of
electrochemically deposited Cu on p-GaAs(100) in H,SO,
solution by in situ surface-sensitive X-ray absorption fine structure
measurements. Journal of Physical Chemistry B, 2000, 104(38): 9017.
MUNOZ F F, ACUNA L M, ALBORNOZ C A, et al. Redox
properties of nanostructured lanthanide-doped ceria spheres
prepared by microwave assisted hydrothermal homogeneous

[60

[61

[62

[63

[64

[65

[66

[67

(68

[69

[70

[71

[72

(73

[74

[75

[76

[77

]

]

]

]

]

]

]

—

]

—

=

]

—

]

=

[t}

]

—

co-precipitation. Nanoscale, 2015, 7(1): 271.

TANG Y Z, ELZINGA E J, LEE Y J, et al. Coprecipitation of
chromate with calcite: batch experiments and X-ray absorption
spectroscopy. Geochimica et Cosmochimica Acta, 2007, 71(6): 1480.
ZHANG Y, WANG H Y, MA C Q, et al. Growth and optical
properties of gray-track-resistant KTiOPO, single crystals. Journal
of Crystal Growth, 2015, 412: 67.

YAO T, SUN Z H, LI Y Y, et al. Insights into initial kinetic
nucleation of gold nanocrystals. Journal of the American Chemical
Society, 2010, 132(22): 7696.

MORELL J, TEIXEIRA C V, CORNELIUS M, et al. In situ
synchrotron SAXS/XRD study on the formation of ordered mesos-
copic hybrid materials with crystal-like walls. Chemistry of Mate-
rials, 2004, 16(26): 5564.

DU Y, OK K M, OHARE D. A kinetic study of the phase
conversion of layered cobalt hydroxides. Journal of Materials
Chemistry, 2008, 18(37): 4450.

BOTS P, BENNING L G, RODRIGUEZ-BLANCO J D, et al.
Mechanistic insights into the crystallization of amorphous calcium
carbonate (ACC). Crystal Growth & Design, 2012, 12(7): 3806.
ZHOU C B, LI H F, ZHANG W Y, et al. Direct investigations on
strain-induced cold crystallization behavior and structure evolu-
tions in amorphous poly(lactic acid) with SAXS and WAXS mea-
surements. Polymer, 2016, 90: 111.

CRAVILLON J, SCHRODER C A, NAYUK R, et al Fast
nucleation and growth of ZIF-8 nanocrystals monitored by
time-resolved in situ small-angle and wide-angle X-ray scattering.
Angewandte Chemie International Edition, 2011, 50(35): 8067.
FAN W, OGURA M, SANKAR G, et al. In situ small-angle and
wide-angle X-ray scattering investigation on nucleation and crystal
growth of nanosized zeolite A. Chemistry of Materials, 2007,
19(8): 1906.

BREMHOLM M, FELICISSIMO M, IVERSEN B B.
Time-resolved in situ synchrotron X-ray study and large-scale
production of magnetite nanoparticles in supercritical water.
Angewandte Chemie International Edition, 2009, 48(26): 4788.
CHEETHAM A K, MELLOT C F. In situ studies of the Sol-Gel
synthesis of materials. Chemistry of Materials, 1997, 9(11): 2269.
WANG H W, WESOLOWSKI D J, PROFFEN T E, et al. Structure
and stability of SnO, nanocrystals and surface-bound water species.
Journal of the American Chemical Society, 2013, 135(18): 6885.
FERNANDEZ-MARTIN C, BRUNO G, CROCHET A, et al.
Nucleation and growth of nanocrystals in glass-ceramics: an in situ
SANS perspective. Journal of the American Ceramic Society, 2012,
95(4): 1304.

WALTON R I, MILLANGE F, SMITH R 1, ef al. Real time
observation of the hydrothermal crystallization of barium titanate
using in situ neutron powder diffraction. Journal of the American
Chemical Society, 2001, 123(50): 12547.

GAINES J M, PONZONI C. An in-situ characterization of II-VI
molecular-beam epitaxy. Physica Status Solidi B-Basic Research,
1995, 187(2): 309.

SENKER J, SEHNERT J, CORRELL S. Microscopic description
of the polyamorphic phases of triphenyl phosphite by means of
multidimensional solid-state NMR Spectroscopy. Journal of the
American Chemical Society, 2005, 127(1): 337.

ZHU Y Z, DING J L, WANG W J, et al. Interface diagnostics:
in-situ determination of crystal-melt interface shape evolutions via
probing growth interface electromotive force. Acta Materialia,
2022, 238: 118242.

GRANDIJEAN D, BEALE A M, PETUKHOV AV, et al. Unra-
veling the crystallization mechanism of CoAPO-5 molecular sieves



H3W

MrEdig, % 2 RSB R AL RAEBOR 5 1 RIURT 7e it

269

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

under hydrothermal conditions. Journal of the American Chemical
Society, 2005, 127(41): 14454.

JiREAL L I CHiEMT ~AT FIHCRME S 6 1 >~ F O
SiC & il O BFE & LRI 2 BIFEA ©— N THEHL[2021-10-25].
https://www.imass.nagoya-u.ac.jp/en/research/20211025 ujihara.html.

SKUBIC L, SOVDAT J, TERAN N, et al. Ab initio multiscale
process modeling of ethane, propane and butane dehydrogenation
reactions: a review. Catalysts, 2020, 10(12): 1405.

MARTIN R M. Electronic Structure: Basic Theory and Practical
Methods. Cambridge University Press, 2020.

FREYSOLDT C, GRABOWSKI B, HICKEL T, et al. First-principles
calculations for point defects in solids. Reviews of Modern Physics,
2014, 86(1): 253.

CHEN K, L1Y, PENG C, et al. Microstructure and defect charac-
teristics of lithium niobate with different Li concentrations. Inorga-
nic Chemistry Frontiers, 2021, 8(17): 4006.

WANG H, TSE J S, TANAKA K, et al. Superconductive sodalite-
like clathrate calcium hydride at high pressures. Proceedings of the
National Academy of Sciences, 2012, 109(17): 6463.

ZHANG S B, WEI S H, ZUNGER. A intrinsic n-type versus p-type
doping asymmetry and the defect physics of ZnO. Physical Review
B, 2001, 63(7): 075205.

JANOTTI A, VAN DE WALLE C G. Oxygen vacancies in ZnO.
Applied Physics Letters, 2005, 87(12): 122102.

JANOTTI A, VAN DE WALLE C G. Native point defects in ZnO.
Physical Review B, 2007, 76(16): 165202.

FRENKEL D, SMIT B, RATNER M A. Understanding Molecular
Simulation: from Algorithms to Applications. Academic Press San
Diego, 1996.

ALLEN M P, TILDESLEY D J. Computer Simulation of Liquids.

[89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

Oxford University Press, 2017.

BAUMGARTNER A, BINDER K, HANSEN J P, ef al. Applica-
tions of the Monte Carlo method in statistical physics. Springer
Science & Business Media: 2013.

BORN M, GREEN H S. A General Kinetic Theory of Liquids.
CUP Archive: 1949.

BROUGHTON J Q, GILMER G H, JACKSON K A. Crystalliza-
tion rates of a Lennard-Jones liquid. Physical Review Letters, 1982,
49(20): 1496.

SUN G, XU J, HARROWELL P. The mechanism of the ultrafast
crystal growth of pure metals from their melts. Nature Materials,
2018, 17(10): 881.

GAO Q, AT J D, TANG S X, et al. Fast crystal growth at ultra-low
temperatures. Nature Materials, 2021, 20(10): 1431.

DING F, YAKOBSON B 1. Energy-driven kinetic Monte Carlo
method and its application in fullerene coalescence. The Journal of
Physical Chemistry Letters, 2014, 5(17): 2922.

LANDAU L D, LIFSHITZ E M. Course of Theoretical Physics.
Elsevier: 2013.

HONG Z, VISWANATHAN V. Phase-field simulations of lithium
dendrite growth with open-source software. ACS Energy Letters,
2018, 3(7): 1737.

GONG T, CHEN Y, LI S, et al. Revisiting dynamics and models of
microsegregation during polycrystalline solidification of binary
alloy. Journal of Materials Science & Technology, 2021, 74: 155.
LEE H H. Finite Element Simulations with ANSYS Workbench
2022: Theory, Applications, Case Studies. SDC Publications, 2022.
LIPCHIN A, BROWN R A. Hybrid finite-volume/finite-element
simulation of heat transfer and melt turbulence in Czochralski
crystal growth of silicon. Journal of Crystal Growth, 2000, 216(1): 192.



