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The selection of stacking order in a broad range of close-packed polymorphic materials remains a
challenging enigma. Using in situ cryogenic transmission electron microscopy, we uncover the atomistic
mechanisms governing the vapor deposition growth of ice. We find that the heterogeneous ice nucleation
and growth undergo recrystallization accompanied by bifurcation, reflecting a coherent epitaxial transition
from a cubic-ice embryonic core to hexagonal-ice prismatic dendrites, with intermediate stacking-
disordered layers serving as a dynamic fluctuating bridge. Supported by molecular dynamics simulations,
these phenomena are attributed to a surface-constrained, symmetry-breaking crystallization preference
aligned with the principle of minimizing free energy. Our results highlight the critical role of the combined
effects of surface and symmetry in shaping ice crystallization, providing fresh insights into crystal growth
mechanisms and guiding principles for the design of advanced materials.
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Despite its ubiquity, the crystallization of water ice
remains enigmatic [1]. Ice I, the first identified ice poly-
morph, exists in two forms differing only in the stacking
sequences of water layers: hexagonal close-packed ice (Ih)
[2] and cubic close-packed ice (Ic) [3–7]. Although ice Ih is
more prevalent, both polymorphs can coexist up to ∼240 K
[8–15], and the rare 22° halo (Scheiner’s halo) has been
proposed as evidence for atmospheric ice Ic [6,16]. Upon
heating, ice Ic irreversibly transforms into ice Ih, with an
estimated free-energy difference of approximately 30 to
50 Jmol−1 [11,17,18]. These subtle energetic and structural
distinctions raise fundamental questions about the micro-
scopic mechanism of ice growth.
Macroscopic observations of natural snow polycrystals

suggest that ice Ic embryos may form during early crys-
tallization, potentially explaining the characteristic ∼70.5°
interdendritic angle [19–23]. Yet, direct experimental and

theoretical evidence remains scarce, hindered by limited
temporal and spatial resolution [24].
An alternative view invokes stacking disordered ice (Isd)

[25], comprising random sequences of cubic and hexagonal
layers. Molecular dynamics (MD) simulations using the
monoatomic water (mW) model, which accurately repro-
duces the melting point, suggest that structural entropy can
stabilize ice Isd [26,27], possibly making it the embryonic
nucleating phase. In situ cryogenic transmission electron
microscopy (cryo-TEM) reveals a preference for ice Ic
nucleation during vapor deposition [15]. Whether ice Isd is
intrinsically more stable than ice Ih, or instead emerges from
nonequilibrium dynamical effects associated with compet-
ing stacking orders, however, remains an open question.
In this Letter, we employed in situ cryo-TEM to inves-

tigate stacking-order selection during ice growth under far-
from-equilibrium conditions at low temperature (∼102 K)
and low pressure (∼10−6 Pa). Using a metal sheet as the
cold wall and molecular-resolution TEM imaging [15,28] to
track vapor-deposited ice growth from the substrate toward
the vacuum, we captured the coupled evolution of stacking
order and morphology, from an embryonic ice Ic hemi-
sphere, through stacking disordered intermediates, to ice Ih
prismatic branches along the close-packed direction. Our
findings reveal the surface-constrained metastability of
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cubic stacking and underscores the critical role of dynami-
cally disordered stacking as a transient intermediate that
mediates the transition from cubic to hexagonal order.
Figure 1 presents in situ cryo-TEM observations viewed

along the direction perpendicular to ice growth. The
experimental setup is schematically illustrated in Fig. 1(a)
(see details in Supplemental Material [29]). When the metal
substrate (a thin sheet of copper or gold) serving as the
cooling wall on the TEM holder was gradually cooled from
room temperature to 102 K (Fig. S1), residual vapor in the
TEM column vacuum (∼10−6 Pa) began to condense and
deposit on its surface. In situ electron energy loss spec-
troscopy confirmed the formation of water ice (Fig. S2).
Individual nuclei and crystallites were subsequently tracked
from the earliest stages of nucleation and growth using high-
resolution in situ TEM imaging.
The schematic illustrations in Fig. 1(b) depict the stack-

ing configurations of water-layer arrangements in the ice I
polytypes. Ice Ih exhibits mirror symmetry along the
stacking direction, whereas ice Ic displays centrosymmetry.
A random sequence of mirror-symmetric hexagonal and
centrosymmetric cubic layers gives rise to ice Isd.
Figure 1(c) shows a low-magnification TEM micro-

graph of an ice deposit, where lattice fringes extend
continuously from the core to the tip of the crystallite.

The corresponding indexed diffractogram identifies an ice
Ih structure growing along the h0001i direction, viewed
along the h112̄0i crystallography axis [Fig. 1(d)]. An
enlarged micrograph with molecular resolution (Fig. S3),
further confirms hexagonal stacking along the growth
direction, with four stacking faults detected among the
196 resolved layers [Fig. 1(e)]. This columnar crystallite,
exposing f0001g and f101̄0g facets of the hexagonal
prism, represents the nucleation and growth of ice Ih,
which, albeit thermodynamically stable, accounts for only
a minority of the observed deposits.
Most deposits undergo a coupled morphological and

structural transition from a hemispherical Ic core to
needlelike or branched Ih dendrites (Fig. 2). Overview
TEM micrographs [Figs. 2(a)–2(d)] show distinct cross
striations perpendicular to the growth direction, marking
the progressive evolution from hemispherical to dendritic
forms. The branching angle of ∼70.5° coincides with the
crystallographic angle between equivalent close-packed
f111g planes of Ic core, indicating preferential growth
along these planes. This directional preference drives
dendrite bifurcation and supports the ice Ic embryo
hypothesis inferred from macroscopic snow polycrystal
observations [19,21,23].
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FIG. 1. Molecular-resolution TEM imaging of the stacking order in ice I. (a) Schematic of heterogeneous ice nucleation and growth on
cryogenic walls through vapor deposition in a TEM vacuum environment. (b) Structure illustration of polymorphic ice I. (c),(d) TEM
image and the corresponding indexed diffractogram, respectively, of an ice Ih crystallite oriented along the h112̄0i crystallography
direction. (e) High-resolution TEM micrograph of the crystallite in (c), showing the hexagonal close-packed stacking at molecular
resolution; stacking faults are marked by dashed lines. Scale bars: 20 nm in (c); 2 nm in (e).
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High-resolution TEM micrographs in Fig. 2(b) reveal
that the hemispherical cores of the deposits consist of cubic
stacking layers. The pronounced striations above the core
exhibit stacking-disordered sequences, characterized by an
increasing proportion of hexagonal layers and a decreasing
proportion of cubic layers, all aligned with the equivalent
close-packed f111g planes of the Ic core, indicating
coherent epitaxial growth. At the growth front, the branch
tip is composed entirely of hexagonal stacking layers.
The statistics regarding the growth velocities of the

observed ice crystallites [Fig. 2(e)], further elucidate the
evolution of growth modes. Initially, isotropic growth
dominates; progressively, anisotropic growth develops
and increasingly favors out-of-plane directions at later
stages. This transition suggests a symmetry-breaking
mechanism underlying the growth transformation from
an ice-Ic core (four equivalent f111g planes and corre-
sponding h111i directions) to an ice-Ih prismatic branch
with a single close-packed stacking axis, aligned with
the stacking direction, consistent with the principle of
free-energy minimization during phase evolution.
Concurrently, the structural cubicity—defined as the frac-
tion of cubic layers within the stacking sequences—
decreases from the base to the tip, as shown in Fig. 2(f).

The ice Ic core, approximately 20 nm in diameter, was
repeatedly observed exposing equivalent close-packed
planes that bifurcate into Ih dendritic branches (see also
Figs. S4–S7). This heterogeneous nucleation preference is
consistent with previous reports on the metastable nature of
ice Ic relative to ice Ih and adheres to Ostwald’s step rule of
phase evolution [38], which describes transitions from
metastable to stable states through intermediate phases.
The experimentally observed stacking-disordered layers
bridging the Ic core and the Ih branches reflect a dynamic
interface, where local stacking fluctuations facilitate the
cubic-to-hexagonal transformation, revealing a nonequili-
brium pathway through which ice reorganizes its stacking
sequence during growth.
Furthermore, the role of coherent epitaxial stacking in

facilitating phase-transformation growth is corroborated by
statistical observations showing that coupled structural and
morphological evolution occurs only when the growth
direction aligns with the layer-stacking axis. Pure-phase
ice Ic, as shown in Fig. 3, forms when growth proceeds off
the h111i axis of the ice Ic core. In Figs. 3(a)–3(c), three ice
crystallites growing along directions away from h111i,
thus lacking a coherent axis with ice Ih, develop into
single crystalline Ic structure free of significant defects.
Crystallographic statistics for all observed pure-phase ice Ic
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FIG. 2. The growth evolution of stacking orders in ice I. (a) TEM micrograph of a grown ice, illustrating morphology transition along
the growth direction. (b) High-resolution TEM micrograph of the crystallite in (a), depicting the evolution of stacking orders from cubic
(C) to stacking disorder (SD), and finally to hexagonal (H), progressing from the base to the tip along the h111i layer stacking direction
of the cubic nucleus. (c),(d) TEM micrographs of grown crystallites, demonstrating the bifurcation of a hemispherical cubic ice nucleus
into hexagonal dendritic branches, with intervening stacking-disordered structures along equivalent h111i water-layer stacking
directions of cubic ice. (e) Statistics of growth velocities of in plane (vt), and out of plane (vn), showing the transition from isotropic to
anisotropic growth from the core to the branches. (f) Size-dependent cubicity, defined as the percentage of cubic stacking layers within
the overall stacking layers of ice branches, indicating a gradual transition from cubic to hexagonal stacking growth. Scale bars: 20 nm in
(a),(c), and (d); 2 nm in (b).
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[Fig. 3(d)] reveal varying growth directions other than
h111i, with sizes up to 110 nm, comparable to single
crystalline ice Ih in its equilibrium state (Fig. S8). This size
is substantially larger than the threshold for the cubic-to-
hexagonal transition along h111i, implying successful
kinetic trapping of the metastable phase, enabled by surface
protection that preserves epitaxial integrity and prevents
symmetry-breaking transitions. This methodology may be
readily extended to the controlled design of single crystals
in other polymorphic systems.
Previous theoretical studies report negligible differences

in thermodynamically relevant qualities, such as free energy
and nucleation barriers, among ice polytypes [25,39–42].
Yet, mW-model simulations predict that ice Isd is stabilized
by entropic effects, dominating homogeneous nucleation
along the classical nucleation pathway [26]. This contradicts
heterogeneous simulations suggesting multiple nucleation
routes for ice Ic [43], and the Ostwald’s step rule-based
assumption of cubic ice embryo formation [19,20].
Moreover, the dynamic behavior of heterogeneous ice
growth and the accompanying stacking-order evolution
observed in our experiments cannot be fully reconciled
with either one-step or two-step nucleation and growth
theories. To gain a more comprehensive understanding of
these structural and kinetic processes, we have performed
MD simulations of vapor-deposition growth of ice
[30–36,43] (see details in Supplemental Material [29]), as
shown in Fig. 4.
Given the negligible bulk energy difference between Ic

and Ih [44], we compared the coarse-grained surface
energies (γ) of ice nuclei with hemispherical and branchlike
morphologies [Fig. 4(a), Fig. S10]. Branchlike Ih is most
stable, followed by hemispherical Ic, with hemispherical Ih
and branchlike Ic less favorable for finite-sized clusters.
Calculations using a machine learning force field for water
model [37] (Fig. S11) corroborate this trend, suggesting
that the experimentally observed formation of hemisphere

Ic cores and Ih prism branches may be driven by morphol-
ogy-dependent surface energy preferences.
By designing ice nuclei with controlled morphologies to

evaluate free energy as a function of branch growth on an
ice Ic core [Fig. 4(b)], we find that the initial stages of
branch formation show negligible energetic differences
among Ic, Isd, and Ih. This indicates that stacking-disor-
dered structures are not energetically disfavored during
early recrystallization. As the branch grows, however, the
Ih structure becomes increasingly preferred.
MD simulations of water vapor deposition on an ice Ic

core reveal the growth of stacking-disordered layers, con-
sistent with our experimental observations. Representative
snapshots of the deposition trajectories [inset, Fig. 4(c)]
show diverse coordination with the top surface and pro-
nounced structural fluctuations reflecting competition
between Ic and Ih stacking [44]. This leads to random
sequences of cubic and hexagonal layers, generating stack-
ing faults that mediate the transformation from a hemi-
spherical Ic core to an Ih prism branch (Fig. S12). The
statistical cubicity of the crystallites decreases nonlinearly
with size along the stacking direction [Fig. 4(c)], confirming
that intermediate stacking disorder bridges the surface-
constrained metastable Ic core and the thermodynamically
stable Ih prism.
The competition between ice Ic and Ih has long been

explored through hydrogen-bond residual entropy [3], and
mW-model simulations [26], all suggesting that stacking
selection is inherently indeterminate, with ice Ic remaining
metastable within the hexagonal phase space [5,11,13,45].
Our results elucidate the surface-constrained metastabil-

ity of cubic stacking during heterogeneous ice nucleation
and growth, corroborating the polymorphic nature of the
ice I phase space. Moreover, we demonstrate that pure-
phase, single-crystalline ice Ic can be synthesized via off-
axis deposition growth, highlighting a general strategy for

FIG. 3. Pure-phase ice Ic. (a)–(c) Cubic ice crystallites viewed along the h001i, h110i, and h111i directions, respectively,
demonstrating that ice growth away from the h111i stacking direction of the water layers yields a single-crystalline cubic phase.
(d) Statistical analysis of the imaging projection planes and growth orientations of the observed pure-phase cubic ice crystallites.
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stabilizing surface-confined, high-symmetry metastable
structures in other materials.
Furthermore, our Letter depicts an atomistic picture of an

intrinsically nonequilibrium vapor-solid phase transition in
water, revealing how the interplay of symmetry and surface
dictates heterogeneous ice crystallization kinetics and
thermodynamics. The direct visualization of heterogeneous
ice nucleation and subsequent fluctuation-driven bifurca-
tion and recrystallization under cryogenic vacuum con-
ditions offers both a mechanistic foundation for snowflake

morphogenesis and fresh insight into the microscopic
origins of the macroscopic quantum phase transitions
in water.

Acknowledgments—This work was supported by
the National Key R&D Program of China (No.
2024YFA1208201, No. 2021YFA1400500, and
No. 2021YFA1400204), National Natural Science
Foundation of China (No. 52322311, No. 52461160301,
No. 52427802, No. 12334001, No. 11935002,
No. 11525520, No. 12535001, and No. 12488201), and
the Postdoctoral Fellowship Program of CPSF
(No. GZB20240813). Numerical simulations were carried
out on the TianHE-1A supercomputer. L. W. is grateful for
the support from the Youth Innovation Promotion
Association of CAS (No. 2020009).

Data availability—The data that support the findings of
this article are openly available [46].

[1] C. G. Salzmann, P. G. Radaelli, B. Slater, and J. L. Finney,
Phys. Chem. Chem. Phys. 13, 18468 (2011).

[2] W. H. Barnes and W. H. Bragg, Proc. R. Soc. A 125, 670
(1929).

[3] L. Pauling, J. Am. Chem. Soc. 57, 2680 (1935).
[4] W. Kuhs, D. Bliss, and J. Finney, J. Phys. (Paris), Colloq.

48, C1 (1987).
[5] Y. P. Handa, Dh. D. Klug, and E. Whalley, J. Chem. Phys.

84, 7009 (1986).
[6] E. Whalley, J. Phys. Chem. 87, 4174 (1983).
[7] H. König, Z. Kristallogr. Cryst. Mater. 105, 279 (1943).
[8] F. V. Shallcross and G. B. Carpenter, J. Chem. Phys. 26, 782

(1957).
[9] W. F. Kuhs, C. Sippel, A. Falenty, and T. C. Hansen, Proc.

Natl. Acad. Sci. U.S.A. 109, 21259 (2012).
[10] E. Mayer and A. Hallbrucker, Nature (London) 325, 601

(1987).
[11] O. Yamamuro, M. Oguni, T. Matsuo, and H. Suga, J. Phys.

Chem. Solids 48, 935 (1987).
[12] G. P. Johari, Philos. Mag. B 78, 375 (1998).
[13] T. C. Hansen, M. M. Koza, P. Lindner, and W. F. Kuhs,

J. Phys. Condens. Matter 20, 285105 (2008).
[14] T. C. Hansen, M. M. Koza, and W. F. Kuhs, J. Phys.

Condens. Matter 20, 285104 (2008).
[15] X. Huang et al., Nature (London) 617, 86 (2023).
[16] E. Whalley, Science 211, 389 (1981).
[17] J. A. McMillan and S. C. Los, Nature (London) 206, 806

(1965).
[18] Y. P. Handa, D. D. Klug, and E. Whalley, Can. J. Chem. 66,

919 (1988).
[19] T. Takahashi, J. Cryst. Growth 59, 441 (1982).
[20] Y. Furukawa, J. Meteorol. Soc. Jpn. II 60, 535 (1982).
[21] Y. Furukawa and T. Kobayashi, J. Cryst. Growth 45, 57

(1978).
[22] H. Uyeda and K. Kikuchi, J. Fac. Sci., Hokkaido Univ., Ser.

VII (Geophys.) 5, 21 (1977), https://hdl.handle.net/2115/
8694.

FIG. 4. Energetics and growth dynamics of ice polytypes.
(a) Surface energies (γ) of finite ice clusters, showing that
branchlike ice Ih and hemisphere ice Ic are more stable than
hemisphere Ih or branchlike ice Ic. (b) Free energy as a function
of molecule number Nmol, indicating neglectable energetic
differences among the polytypes (Ic, Isd, Ih) during early growth
on an ice Ic core, followed by a progressive stabilization of the Ih
branch at later stages. (c) Statistical cubicity of MD-simulated
vapor-deposited ice on an ice Ic core as a function of crystallite
size along the stacking direction. The black line and gray shading
denote the mean and standard deviation from ten independent
MD trajectories. Insets show representative MD snapshots of the
deposition process.

PHYSICAL REVIEW LETTERS 136, 088001 (2026)

088001-5

https://doi.org/10.1039/c1cp21712g
https://doi.org/10.1098/rspa.1929.0195
https://doi.org/10.1098/rspa.1929.0195
https://doi.org/10.1021/ja01315a102
https://doi.org/10.1051/jphys:019870048010100
https://doi.org/10.1051/jphys:019870048010100
https://doi.org/10.1063/1.450622
https://doi.org/10.1063/1.450622
https://doi.org/10.1021/j100244a040
https://doi.org/10.1524/zkri.1943.105.1.279
https://doi.org/10.1063/1.1743404
https://doi.org/10.1063/1.1743404
https://doi.org/10.1073/pnas.1210331110
https://doi.org/10.1073/pnas.1210331110
https://doi.org/10.1038/325601a0
https://doi.org/10.1038/325601a0
https://doi.org/10.1016/0022-3697(87)90130-2
https://doi.org/10.1016/0022-3697(87)90130-2
https://doi.org/10.1080/13642819808206734
https://doi.org/10.1088/0953-8984/20/28/285105
https://doi.org/10.1088/0953-8984/20/28/285104
https://doi.org/10.1088/0953-8984/20/28/285104
https://doi.org/10.1038/s41586-023-05864-5
https://doi.org/10.1126/science.211.4480.389
https://doi.org/10.1038/206806a0
https://doi.org/10.1038/206806a0
https://doi.org/10.1139/v88-156
https://doi.org/10.1139/v88-156
https://doi.org/10.1016/0022-0248(82)90365-7
https://doi.org/10.2151/jmsj1965.60.1_535
https://doi.org/10.1016/0022-0248(78)90415-3
https://doi.org/10.1016/0022-0248(78)90415-3
https://hdl.handle.net/2115/8694
https://hdl.handle.net/2115/8694
https://hdl.handle.net/2115/8694
https://hdl.handle.net/2115/8694


[23] T. Kobayashi, Y. Furukawa, T. Takahashi, and H. Uyeda,
J. Cryst. Growth 35, 262 (1976).

[24] X. Zhang, M. Matsumoto, Z. Zhang, and K. Mochizuki,
ACS Nano 18, 31021 (2024).

[25] T. L. Malkin, B. J. Murray, C. G. Salzmann, V. Molinero,
S. J. Pickering, and T. F. Whale, Phys. Chem. Chem. Phys.
17, 60 (2015).

[26] L. Lupi, A. Hudait, B. Peters, M. Grünwald, R. Gotchy
Mullen, A. H. Nguyen, and V. Molinero, Nature (London)
551, 218 (2017).

[27] A. Hudait, S. Qiu, L. Lupi, and V. Molinero, Phys. Chem.
Chem. Phys. 18, 9544 (2016).

[28] K. Kobayashi, M. Koshino, and K. Suenaga, Phys. Rev.
Lett. 106, 206101 (2011).

[29] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/gns5-686v for a discussion of the
methods used as well as additional experimental and
theoretical results, which includes Refs. [30–37].

[30] A. P. Thompson et al., Comput. Phys. Commun. 271,
108171 (2022).

[31] V. Molinero and E. B. Moore, J. Phys. Chem. B 113, 4008
(2009).

[32] L. Lupi, N. Kastelowitz, and V. Molinero, J. Chem. Phys.
141, 18C508 (2014).

[33] M. Matsumoto, T. Yagasaki, and H. Tanaka, J. Comput.
Chem. 39, 61 (2018).

[34] Q.-L. Liu and N. V. Priezjev, Comput. Mater. Sci. 161, 93
(2019).

[35] R. Freitas, M. Asta, and M. de Koning, Comput. Mater. Sci.
112, 333 (2016).

[36] D. Frenkel and A. J. C. Ladd, J. Chem. Phys. 81, 3188
(1984).

[37] P. M. Piaggi, A. Z. Panagiotopoulos, P. G. Debenedetti, and
R. Car, J. Chem. Theory Comput. 17, 3065 (2021).

[38] W. Ostwald, Z. Phys. Chem. 22, 289 (1897).
[39] E. B. Moore and V. Molinero, Nature (London) 479, 506

(2011).
[40] A. Zaragoza, M. M. Conde, J. R. Espinosa, C. Valeriani,

C. Vega, and E. Sanz, J. Chem. Phys. 143, 134504
(2015).

[41] B. Cheng, C. Dellago, and M. Ceriotti, Phys. Chem. Chem.
Phys. 20, 28732 (2018).

[42] D. Quigley, J. Chem. Phys. 141, 121101 (2014).
[43] M. B. Davies, M. Fitzner, and A. Michaelides, Proc. Natl.

Acad. Sci. U.S.A. 118, e2025245118 (2021).
[44] F. Leoni and J. Russo, Phys. Rev. X 11, 031006 (2021).
[45] B. J. Murray and A. K. Bertram, Phys. Chem. Chem. Phys.

8, 186 (2006).
[46] X. Huang et al., Source dataset for Kinetics of stacking

order evolution during heterogeneous ice formation, Zen-
odo, v1, 2025, 10.5281/zenodo.17454201.

PHYSICAL REVIEW LETTERS 136, 088001 (2026)

088001-6

https://doi.org/10.1016/0022-0248(76)90182-2
https://doi.org/10.1021/acsnano.4c07226
https://doi.org/10.1039/C4CP02893G
https://doi.org/10.1039/C4CP02893G
https://doi.org/10.1038/nature24279
https://doi.org/10.1038/nature24279
https://doi.org/10.1039/C6CP00915H
https://doi.org/10.1039/C6CP00915H
https://doi.org/10.1103/PhysRevLett.106.206101
https://doi.org/10.1103/PhysRevLett.106.206101
http://link.aps.org/supplemental/10.1103/gns5-686v
http://link.aps.org/supplemental/10.1103/gns5-686v
http://link.aps.org/supplemental/10.1103/gns5-686v
http://link.aps.org/supplemental/10.1103/gns5-686v
http://link.aps.org/supplemental/10.1103/gns5-686v
https://doi.org/10.1016/j.cpc.2021.108171
https://doi.org/10.1016/j.cpc.2021.108171
https://doi.org/10.1021/jp805227c
https://doi.org/10.1021/jp805227c
https://doi.org/10.1063/1.4895543
https://doi.org/10.1063/1.4895543
https://doi.org/10.1002/jcc.25077
https://doi.org/10.1002/jcc.25077
https://doi.org/10.1016/j.commatsci.2019.01.045
https://doi.org/10.1016/j.commatsci.2019.01.045
https://doi.org/10.1016/j.commatsci.2015.10.050
https://doi.org/10.1016/j.commatsci.2015.10.050
https://doi.org/10.1063/1.448024
https://doi.org/10.1063/1.448024
https://doi.org/10.1021/acs.jctc.1c00041
https://doi.org/10.1515/zpch-1897-2233
https://doi.org/10.1038/nature10586
https://doi.org/10.1038/nature10586
https://doi.org/10.1063/1.4931987
https://doi.org/10.1063/1.4931987
https://doi.org/10.1039/C8CP04561E
https://doi.org/10.1039/C8CP04561E
https://doi.org/10.1063/1.4896376
https://doi.org/10.1073/pnas.2025245118
https://doi.org/10.1073/pnas.2025245118
https://doi.org/10.1103/PhysRevX.11.031006
https://doi.org/10.1039/B513480C
https://doi.org/10.1039/B513480C
https://doi.org/10.5281/zenodo.17454201

	Kinetics of Stacking-Order Evolution during Heterogeneous Ice Formation
	Acknowledgments
	Data availability
	References


