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ABSTRACT: Surface-induced crystallization of an isotropic Bi nano-
droplet in three distinct steps was recorded at atomic resolution by in situ
high resolution transmission electron microscopy. First, formation of a
crystalline nucleus at the edge of the nanodroplet is induced by the liquid-
state surface faceting, which initiates the formation of a prefreezing state
with a distorted structure. Then, a periodic line pattern of the atomic
columns with a periodicity of 0.49 nm that is relative to the interlayer
spacing of the Bi crystal along the ⟨112⟩* direction (one-dimensional
ordered structure) was formed by structure relaxation of the prefreezing
nanoparticle, followed by a concerted growth and ordering process. Finally,
the crystallization from the periodic structure was carried out by atom/
atom interactions within and between the atomic layers to form the
covalent Bi−Bi bonds that have the same arrangement as in the Bi crystal
(crystallization along the ⟨11̅0⟩ direction). Motivated by the experimental observations, a stepwise ordering mechanism on the
crystallization of a nanodroplet is revealed, which would provide new insight into the dynamics of phase transitions, crystal
growth, and three-dimensional crystallization of supercrystals.

■ INTRODUCTION

Transformation of liquid into a solid crystal is a crucial issue in
chemistry, and solid state physics, but also important for
achieving fundamental understanding of the elusive mechanism
of gelled states that are commonly observed in colloidal
synthesis, and protein crystallization.1−4 Classical nucleation
theory (CNT) is widely adopted to describe the nucleation
process of crystallization.5 According to the CNT, the
nucleation of a new phase depends on the competition between
free energy gained from the phase transformation and the work
needed for the formation of a surface.5,6 As a result, the
nucleation occurs only when the nucleus reaches a critical size, at
which point the free energy is at a maximum. The crystallization
process then proceeds through subsequent growth of critical
nuclei throughout the liquid phase. Therefore, both nucleation
and growth processes are crucial in driving the liquid
transforming to the final solid phase.
In the nucleation processes of phase transitions, identifying

the nucleation sites (within a particle or from the surface) is
critical to studying the nucleation dynamics in the transitions.7

Within the framework of CNT, the crystallization of a liquid
should start at the center of the liquid, while melting for a single
crystal should occur at the surface region.8 The opposite effect of
surface crystallization, i.e., a crystalline surface layers coexisting

with its molten bulk, is rarely observed in experiments and
simulations.8−13 In colloidal systems and liquid crystals, surface-
induced crystallization was induced because of the existence of
anisotropic interactions between molecular chains.13,14 In liquid
metal and alloys, surface-induced crystallization has also been
observed, including Hg, Ga, Sn, Bi−Sn, and Ga−In.15−19
Recently, surface ordering was observed on metal−semi-
conductor alloys of Au82Si18 by X-ray study, which is related
to the covalently bonded structure due to the segregation of Si
atoms at the surface.12 TEM observation has shown surface
faceting of supercooled Au72Ge28 droplets, which provides an
experimental evidence for surface-induced crystallization.10 The
occurrence of the surface-induced crystallization is mainly
attributed to surface layering effects,13 which are caused by a
density oscillation near the surface. Although surface-induced
nucleation has previously been evidenced by TEM imaging and
X-ray study,10,12 the microscopic dynamic and physical
processes in the surface-induced crystallization remain poorly
understood because no direct atomic-level observations on
nucleation and the subsequent growth dynamics have been
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performed to explore how their structure evolves therein.
Therefore, atomic scale observation on the crystallization
dynamics from the earliest nucleation stage is needed for
developing models for liquid−solid phase transitions that
deviate from classical theory. However, the atomic scale
observation remains a significant technical challenge at present
because of the small size of nuclei and the fleeting and rare
characteristics of the nucleation event.
Recently, the development of in situ transmission electron

microscopy (TEM) has shown the potential to overcome this
limitation with real-time, atomic scale visualization of electro-
chemical reactions,20,21 nanoparticle growth,22−25 biomaterials
imaging,26,27 phase transition,28 nanocrystal etching,29 etc. In
our previous work,30,31 the growth of Bi nanoparticles on a
SrBi2Ta2O9 platelet was induced by the electron-beam
irradiation in a high resolution TEM (HRTEM). Simulta-
neously, the unique growth and phase transitions (mediated by
prefreezing/premelting states) of Bi nanoparticles from the
initial stages of nucleation have been studied by the HRTEM,
which shows a potential to study the atomic mechanism in
nanoparticle growth and phase transitions. Furthermore, lattice
and coalescence induced nucleation and growth were also
observed in the Bi-based systems by using aberration corrected
TEM.32−35 In this work, the nucleation and growth of Bi
nanoparticles on a SrBi2Ta2O9 platelet was quantitatively
analyzed through in situ HRTEM to reveal a surface-induced
crystallization pathway through a stepwise ordering mechanism.
For the first time, it provides a valuable platform for in situ
studying the initial nucleation and growth dynamics of the
surface-induced crystallization mechanism of the nanodroplets
in atomic scale.

■ EXPERIMENTAL SECTION
Sample Preparation. SrBi2Ta2O9 was synthesized by a molten salt,

in which the mixture of NaCl and KCl (1:1 molar ratio) was used as
molten salt.30,31,36 The starting materials (Sr(NO3)2, Bi2O3, and
Ta2O5) were weighed according to the composition of SrBi2Ta2O9 and
then mixed with the molten salts (in weight ratio 1:1) by grinding in an
agate mortar. After 0.5 h grinding, the mixture was transferred into an
alumina crucible and heated at 850 °C for 3 h. The obtained product
was washed with deionized water to remove the chlorides and finally
dried at 50 °C for 3 h.
HRTEM Observation. The formation and phase transition of Bi

nanoparticles were achieved by electron-beam irradiation on a
SrBi2Ta2O9 platelet in the TEM (JEOL model JEM-2100), which
was operated at an accelerating voltage of 200 keV. Simultaneously, the
phase transition trajectory was recorded as a video in atomic scale using
a CCD camera (Gatan 832). Energy-dispersive X-ray spectroscopy was
recorded on the FEI Tecnai F30 electron microscope after the
SrBi2Ta2O9 sample was irradiated by an electron beam for 20 min, at
which Bi nanoparticles have been formed.

■ RESULTS

Formation of Crystalline Surface in the Nanodroplet.
The formation of pure metallic Bi (nanodroplets or nanocryst-
als) on the SrBi2Ta2O9 by electron-beam irradiation was
confirmed by energy dispersive spectroscopy analysis (EDS).
As shown in Figure 1, the EDS result clearly reveals that the
nanoparticle is composed of elemental Bi, which is consistent
with the previous report.30−33 The signals of carbon and copper
in Figure 1 are derived from the carbon-coated copper grid.
Here, electron-beam irradiation was used to form Bi

nanodroplets on the surface of a SrBi2Ta2O9 solid. When the
size of the nanodroplet reached to a critical size, continued

irradiation caused crystallization of the Bi nanodroplets. The
crystallization process was recorded as a real-time video as
shown in Video S1, which was recorded between 1056 and 1092
s after TEMbeam irradiation. The nanoparticle we studied is the
one marked in the rectangle in Video S1. Before crystallization,
frequent surface oscillations of the nanoparticle are clearly
shown in Video S1, which indicates the liquid nature of the
nanoparticle.31 TEM snapshots of the nucleation process are
shown in Figure 2. The initial state of the nanoparticle is liquid as

confirmed by the fast Fourier transform (FFT) pattern in Figure
2a.31 At 1074.7 s, this liquid droplet was converted from a
rounded surface to the one with multiple planar facets as
highlighted by the yellow lines in Figure 2b. Following this shape
change, the nanodroplet entered a state where rapid formation
and dissolution of small crystallized clusters occurred along the
outer surface of the droplet Figure 2c−f. This observation
resembles the classical nucleation model, where crystalline
embryos fluctuate their sizes before reaching a critical nucleus
size. The lattice spacing of the ordered phase in the surface
region is about 0.40 nm (Figure 2e), which corresponds to the d-
spacing of the (003) lattice of a Bi crystal. After the induction
period, the final crystalline nucleus was formed at 1085.6 s as
outlined by the yellow dotted line in Figure 2g. After nucleation,
the growth of the critical nucleus by monomer attachment is
observed in Video S1 and Figure 2h, indicating that the classical

Figure 1. EDS spectrum of the single Bi nanoparticle anchored to the
edge of a SrBi2Ta2O9 platelet, as marked by the red circled region in the
high-angle annular dark-field scanning transmission electron micros-
copy (HAADF-STEM) image (the inset).

Figure 2. (a−h) Sequential snapshots of HRTEM images showing
surface nucleation dynamics in the crystallization of a Bi nanodroplet.
The inset of (a) shows the corresponding FFT pattern of the region as
marked by the square. The solid yellow lines in (b) mark extended
planar surface facets. The yellow arrows in (c) and (e) indicate the small
nucleation before the critical size, which keeps dynamic transformation
between liquid and solid phase. The boundaries between liquid and
solid aremarked by the dashed yellow lines. The scale bar is 5 nm, which
applies to all the HRTEM images.
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growth model plays a role in the growth process. Formation of a
planar surface on a droplet (Figure 2b) is not a common
phenomenon as it requires an anisotropic distribution of surface
free energy, which does not exist in pure liquid phase. This
suggests that the observed liquid−solid phase transition in the
present work is primarily based on a surface-induced nucleation
mechanism.10 Although surface-induced nucleation has pre-
viously been evidenced by TEM imaging,10 this is the first
atomic-level imaging on this process from the earliest stage of
nucleation.
Formation of Periodic Structure in One Direction in

the Nanoparticle. As shown in Figure 3a, an ordered piece of

the crystallized phase along the outer surface of the nanodroplet
is formed by the surface nucleation and growth. The phase
boundary between liquid and solid phases can be clearly
observed in Figure 3a (highlighted by the yellow line). As shown
in Figure 3a, the depth of the crystallized layer reaches ∼2 nm
(8−9 well-defined atomic layers), which is comparable with the
AuSi alloy.12 As shown in Figure 3b−d, the crystalline surface
layer does not grow toward the interior; instead, the phase
boundary serves as an effective substrate to stimulate
heterogeneous nucleation and formation of a solid-like phase
with a distorted structure (Figure 3d). The observed disordered
structure can be regarded as prefreezing of the nanodroplet
similar to our previous observation.31 The FFT pattern in Figure
3d shows that the disordered structure shares the same crystal
direction with the crystallized surface, implying that the

formation of the prefreezing state inside the drop may originate
from the surface. However, as shown in the following, the real
crystallization trajectory after the formation of the prefreezing
state is far beyond the simplified one-step process as observed in
our previous report.31

A significant change occurred at 1089.6 s (Figure 3e), at which
the nanoparticle abruptly relaxed to an intermediate state with
the intergrowth of solid-like layers and liquid-like layers.
Carefully analyzing the fast Fourier transformation (FFT)
pattern in Figure 3e, it is noted that, other than the spots
corresponding to the crystal nucleus lattice shown in Figure 3a,
an additional weak spot (arrowed) corresponding to the d-
spacing of 0.49 nm appears, which should originate from the
newly formed solid-like phase after sudden transformation. As
shown in Figure 3e, the two different lattices are aligned with a
small-angle (about 16°) mismatch. The fast relaxation of the
nanoparticle in Figure 3d,e implies that this transformation is
different from the traditional nucleation and growth process, but
decomposes throughout the entire system, indicating that this
process might proceed via a massive transformation mecha-
nism.37 In the massive mechanism, a phase transformation is
taking place by diffusional nucleation and growth.38 Following
this mechanism, the disordered state in Figure 3d is rearranged
into another metastable state (Figure 3e) by the fast atomic
displacement at an angstrom scale.
As shown in Figure 3e−h, further growth of the ordered

structure occurs by consuming the isolated liquid-like layers.
Simultaneously, the planes with 0.40 nm d-spacing are gradually
transformed and fuse with the planes with 0.49 nm d-spacing via
a continuous rotation and reconstruction process as confirmed
by the HRTEM images and FFT patterns in Figure 3e−h. The
reconstructed lattice image from the outlined area in Figure 3f
clearly shows the existence of partial dislocation in the interface
of the two adjacent regions, indicating that the fusion process of
the crystallized clusters follows the oriented attachment
mechanism.39 Some other dislocations can also be found
along the directions indicated by the yellow arrows in Figure 3f.
The continued flattening of the protruded dislocations is
observed in Figure 3f−h. To clarify the restructuring of the
nanoparticle and flattening of the partial dislocation during this
process, the regions marked by the rectangles in panels (f) and
(g) in Figure 3 are enlarged at the lower right of each image. The
appearance of diffraction spots in the FFT patterns and the
clearer development of the lattice fringe in Figure 3e−h suggest
the improvement in the ordering of the nanoparticle. As a result,
the nanoparticle composed of a periodic line pattern of the
atomic columns with a periodicity of 0.49 nm was formed at
1089.9 s (Figure 3h), which is assigned to the interlayer spacing
of the Bi crystal along the ⟨112⟩* direction (0.475 nm).40On the
basis of the in situ observation, it can be concluded that the
periodic structure is formed by a concerted growth and ordering
process, which has never been directly observed previously in
atomic scale. In the ordering process, the initial curved edge
morphology of the nanoparticle in Figure 3a gradually
transforms to a faceted configuration that is atomically sharp
(Figure 3h). The overall change in the shape can be attributed to
the motion of interior atoms along a transition path.41 However,
from the HRTEM image and the corresponding FFT pattern in
Figure 3h, we can find that the atoms in the same planes with
0.49 nm d-spacing are randomly oriented. This observation
indicates that the nanoparticle shown in Figure 3h is a periodic
structure in one direction that is constituted by organized two-
dimensional (2D) atomic layers, implying that further ordering

Figure 3. (a−h) Sequential snapshots of HRTEM images showing
formation trajectory of the periodic structure in one direction after the
first surface-induced nucleation. The boundary between liquid and
solid in (a) is marked by the dashed yellow line. The corresponding
FFT patterns of the nanoparticles are shown below the HRTEM
images. The spots marked by the green and yellow circles correspond to
the lattice with d-spacing of 0.40 and 0.49 nm, respectively. For clarity,
the enlarged images of the regions as marked by the green and yellow
squares in (d), (f), and (g) are displayed, and some lattice fringes and
atoms in (f) and (g) are highlighted. The yellow arrows in (f) indicate
the directions in which the dislocations are observed clearly. The scale
bar in (a) is 5 nm, which applies to all the HRTEM images. The scale
bars in the insets of (d) and (f) are 1 nm. The scale bar in the inset of (f)
can also apply to the inset image of (g).
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of the atoms is needed for the complete crystallization of the
nanoparticle.
In order to study the ordering process in Figure 3

quantitatively, the FFT spots (corresponding to the atomic
layers with 0.49 nm d-spacing) were integrated into 1D data
(Fourier spectra) according to our previous reports using the
Fit2D program (Figure 4a).31,42 As shown in Figure 4b, the
intensity (I) of the Fourier spectra increases linearly with time
right after the initial ordering, which implies that the ordering
process is continuous.
Crystallization of the Nanoparticle from the Periodic

Structure. The continued crystallization process occurs
through the atomic arrangement within the atomic planes that
constitute the 3D nanostructure. The nanoparticle in Figure 5a

is identical to that in Figure 3h. As shown in Figure 5, the atom/
atom interactions in the nanoparticle lead to the further ordering
of atomic lattices along the orthogonal direction of ⟨11̅0⟩ to
form a higher-order structure. As a result, a new set of diffraction
spots corresponding to the lattice space of 0.45 nm clearly
appears in the FFT pattern in Figure 5d (indicated by the yellow
arrows). In this reorganization process, the d-spacing of 0.49 nm
along the ⟨112⟩* direction is maintained throughout as
indicated in the yellow circles in the FFT patterns. As shown
by the HRTEM image in Figure 5d, the final phase has a

crystallographic structure that is the same as the regular
arrangement of atoms in the Bi crystal orientated with the
(110) facet. As shown in Figure 5b and Video S1, the ordering
process along the ⟨11̅0⟩ direction also proceeds from the surface
toward the core region of the nanoparticle (more details of
dynamic change shown in Video S1), finally leading to a
crystalline structure of Bi (Figure 4d).
The atomic structure of the bulk Bi(110) surface is shown in

Figure 5e, which is characterized by a unit cell of 0.454 nm ×
0.475 nm containing two Bi atoms.43 In Figure 5d, a
representative unit cell is highlight by yellow lines. The
dimensions of the surface unit cell were estimated to be 0.45
nm × 0.49 nm by the FFT analysis of the image (inset of Figure
5d). The first number (0.45 nm) is consistent with the bulk
interatomic separation (0.454 nm) along the ⟨11̅0⟩ direction of
a rhombohedral Bi structure, while the other one is larger than
that in the bulk (0.475 nm) along the ⟨112⟩* direction.43 The
expansion of the Bi(110) surface unit cell along the ⟨112⟩*
direction has also been reported previously, which is related to
the layered feature of a Bi crystal along this direction.44 As shown
in Figure 5e, the atoms of the Bi crystal are arranged in bilayers,
which could also be viewed as a single puckered layer. This
crystal orientation is characterized by long zigzag chains of
covalent bonds in the ⟨11̅0⟩ direction (solid lines), separated by
the van der Waals (vdW)-type interlayer bonds in the
orthogonal direction ⟨112⟩* (dashed lines), which is similar
to the ordinary layered crystals, such as graphite. The expansion
of the unit cell in the ⟨112⟩* direction is due to stretching of
weak vdWbonds.44 However, it is muchmore difficult to expand
the lattice in the ⟨11̅0⟩ direction than in the ⟨112⟩* direction
because of the existence of the stronger covalent bonds.44

Therefore, the interatomic separation along the ⟨11̅0⟩ direction
agrees with that in the bulk (0.454 nm).
The final ordering process in crystallization of the nano-

particle can be quantified by calculating the crystalline order of
the entire nanoparticle along the ⟨11̅0⟩ direction that is reflected
by the intensity of the integrated profile of the FFT spot. The
intensity profiles (corresponding to the FFT spot of 0.45 nm d-
spacing) and the evolution of the peak intensity with time in the
ordering process are shown in Figure 6a,b, respectively. As
shown in Figure 6b, there is no obvious change in the crystalline
order between 1089.9 and 1090.5 s. However, an abrupt increase
in the peak intensity is observed after nucleation (at 1090.7 s),
indicating that the structural change occurs discontinuously in
the crystallization process as shown in Figure 5a−d.

Figure 4. (a) The integrated profiles taken from the 2D FFT images in Figure 2d−h. The peaks correspond to the diffraction spots indicated by the
yellow circles. (b) The peak intensity corresponding to the different timing shown in (a).

Figure 5. (a−d) Sequential snapshots of HRTEM images showing the
crystallization process of the periodic structure formed after the first
nucleation and growth process. The corresponding FFT patterns of the
nanoparticle are shown in the insets of the HRTEM images. In the FFT
image, the spots marked by the yellow circles correspond to the lattice
with d-spacing of 0.49 nm, while the spots indicated by yellow arrows
correspond to the lattice with d-spacing of 0.45 nm. The green arrows in
(b) indicate the crystalline nuclei along the outer surface of the
nanoparticle. The scale bar is 5 nm, which applies to all the HRTEM
images. (e) Schematic showing top view of the Bi(110) surface with the
two atom unit cell shaded. Atoms in purple and orange represent the 1st
and 2nd layer, respectively. Solid lines indicate the strong covalent
bonds, and dashed lines represent the weaker interlayer bonds.
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■ DISCUSSION

Theoretically, the crystallization of a liquid can proceed by either
volume or surface nucleation model.9 Recently, on the basis of
the experimental results, Tabazadeh and co-authors predict that
micrometer water droplets can homogeneously crystallize into
ice by a surface-induced nucleation mechanism.9 On the basis of
themodel proposed by Tabazadeh et al., the total nucleation rate
(J) per unit time and unit volume is determined by volume (JV)-
and surface (JS)-dominated nucleation rates

J J V J SV T S T= + (1)

where VT and ST are the total volume and surface area of the
droplet, respectively. The classical volume-based nucleation can
be used only when JVVT ≫ JSST. For the nanodroplet with large
surface-to-volume ratios, the second term in eq 1 may play a
more prominent role in nucleation; thus a surface-dominated
crystallization might be observed in the nanodroplet.
In addition to the size effect, the high surfacemobility of the Bi

nanodroplet observed in Video S1 might be the other factor
inducing the surface-dominated crystallization, which has been
found as a dominant factor for the surface-induced crystal-
lization of metallic glass.45 The surface crystallization process

can create an interface between the crystal-like and the liquid-
like structures, which in turn accelerates the following
transformation. Therefore, in the heterogeneous system, the
high dynamic mobility in the Bi nanodroplet might be the other
reason for the surface crystallization as in the case of the present
experiments, rather than the interfacial crystallization. As
reported previously, the phase transitions in the Bi nanoparticle
are nonlocal behaviors.31,34 Therefore, the local surface
crystallization behavior and the cooperative multiscale inter-
action in the Bi nanoparticle might contribute to the
crystallization pathway observed in the present experiments
that is similar to the homogeneous system.
Our in situ HRTEM observations suggest a possible pathway

for the crystallization of liquid, and the main processes of the
surface-induced crystallization are schematically illustrated in
Figure 7. As shown in Figure 7, formation of a crystalline nucleus
at the edge of the nanodroplet is induced by the liquid-state
surface faceting (Step 1). Nucleus growth takes place along the
outer surface of the droplet, leading to the formation of a “crystal
cap” on the nanoparticle (Step 2). Compared with the crystal
nucleation in the core region of the droplet, forming a faceted
liquid surface would reduce the free energy barrier for nucleation
as discussed in the following. The role of a faceted liquid surface

Figure 6. (a) The integrated profiles taken from the 2D FFT images in Figure 4a−d. The peaks correspond to the diffraction spots indicated by the
yellow arrows. (b) The peak intensity corresponding to the different timing shown in (a).

Figure 7. Schematic illustration of crystallization pathways initiated from surface faceting. The spheres represent the atoms in the nanoparticle. The
colors represent different states. Orange, purple, magenta, and green represent liquid state, crystalline phase, distorted structure, and 1D ordered
structure, respectively. The crystalline surface is outlined by the dashed blue lines.
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(Figure 2b) in the surface-induced crystallization of a liquid can
be described by a previously reported model.13 Starting from
CNT, the nucleation rate is given by

R A G k Texp( / )crit B= −Δ (2)

where kB is the Boltzmann’s constant, A is the pre-exponential
factor dependent on diffusion, and ΔGcrit is the nucleation free
energy barrier of the critical nucleus. The probability for the
formation of a critical nucleus depends on A and ΔGcrit. The
free-energy change in the nucleation process,ΔG, is determined
by both the solid−liquid interface energy ΔGi and volume free
energy change ΔGv

G G G1 i vΔ = Δ + Δ (3)

As shown in Figure 2, the planar facets observed on the liquid
droplet would produce a small lateral pressure in the facet (p < 0,
parallel to the surface). Thus, a pressure-dependent term,
δGv(p), must be added to ΔGv

13

G p
p

( )
( )

v
L S

L S

δ
λ ρ ρ

ρ ρ
=

−

(4)

where λ is the number of atoms in the nucleation cluster, ρL and
ρS are the mass densities of the liquid and solid state,
respectively. Solid Bi has a lower density of 9.649 g/cm3 at the
melting temperature compared to that of liquid Bi (10.050 g/
cm3),46 which results in a negative value of δGv(p) according to
eq 4, thus lowering the value of ΔGv compared with bulk
nucleation. The value of ΔGi in surface nucleation is similar to
that in bulk nucleation.13 As a result, the nucleation barrier
(ΔGcrit) near the liquid facet in Figure 2 is decreased compared
with that in the bulk. Therefore, the nucleation of the crystal
preferentially occurred in the surface region as observed in
Figure 2. Subsequently, the arrangement of lattice planes along
the ⟨112⟩* direction of the Bi crystal is achieved gradually by
continuous rotation and interaction of the ordered lattices (Step
4).
The final ordering also occurs from the surface region of the

periodic structure through a building up of atoms according to
the symmetry of the Bi crystal (Step 5), which is followed by the
fast ordering of the atoms along the ⟨11̅0⟩ direction (Step 6). In
Steps 5 and 6, vdW force between the atomic layers is important
in maintaining the periodicity of the lattice planes along the
⟨112⟩* direction. In this process, atom/atom interactions within
the individual layers and between the adjacent layers lead to the
formation of the Bi−Bi bonds (covalent bonds) and the
modifications of the atoms at angstrom scale over the whole
nanoparticle, which allows the atoms to self-order to 3D regular
arrangement of Bi with (110)-orientation (shaded with gray
color in Figure 8a) to complete the crystallization of the
nanodroplet. The atom moving from one position to an

equivalent adjacent position relative to the Bi lattice geometry is
caused by a very delicate balance between in-plane and
interplane forces. In the crystallization trajectory, each step of
the transition follows a group-subgroup relation based on
symmetry, and the intermediate states bridge the parent and the
product phases. In comparison with the previous multistep
crystallization,47,48 the experimental observations in the present
work are remarkable because the Bi crystal has angstrom-scale
lattice parameters and the similar dynamic pathways of the
crystallization processes have never been directly observed
previously. However, in order to quantitatively understand the
multistep nucleation in crystallization, computer simulations are
suggested to calculate the quantitative energy variations in the
formation of each intermediate phase.
As shown in the atomic models viewed from the ⟨112⟩*

direction (Figure 8b) and ⟨11̅0⟩ direction (Figure 8c), the
interatomic distance along the perpendicular direction of the
HRTEM image is determined by the Bi−Bi covalent bonds. As
shown in Figure 5b−d, the formation of the Bi−Bi covalent
bonds occurs between 1090.2 and 1090.7 s, indicating that the
ordering of atoms along the perpendicular direction of the
HRTEM image may occur at this stage. The precise
determination of the three-dimensional atomic structure of the
nanoparticle from a single HRTEM image remains challenging
because of the lacking of the out-of-plane resolution. Therefore,
a description of the structure along the perpendicular direction
of the HRTEM image cannot proceed. However, this
uncertainty does not prohibit us to come to the conclusion on
the multistep nucleation mechanism in crystallization of a liquid.
From a statistical standpoint, not all of the nanoparticles

activated by electron-beam irradiation in HRTEM are predicted
to show identical trajectories and transition rates because of the
effects by the instrument and the size of the sample.37 In a
previous report, we have found that the crystalline nucleus in the
crystallization of the nanodroplet is directly formed from liquid
phase.31 However, the present crystallization pathway of the Bi
nanodroplet is significantly different to our previous finding. It
should be indicated that the two crystallization processes were
acquired under the same conditions. Therefore, the different
crystallization pathways do not result from the effect of the
experimental conditions. It is speculated that the two different
transition mechanisms observed are determined by the crystal
habit of the solid phase considering that the final nanocrystal in
the present work is (110)-orientated, while it is (111)-orientated
in our previous report. As shown in Figure 8a, a (111) plane and
a (110) plane are shaded in blue and gray colors, respectively.
This structure dependent crystallization provides a platform for
isolating and measuring new metastable phases in liquid−solid
phase transitions. Our results also indicate that the liquid−solid
phase transitions are not always carried out along the same fixed
pathway, even under the same experimental conditions. This

Figure 8. (a) A schematic of the bulk Bi crystal structure. The Bi(111) plane is shaded with blue color. The Bi(110) plane is shaded with gray color. (b
and c) Models for surface planes of ideal Bi crystal viewed in the ⟨112⟩* direction and ⟨11̅0⟩ direction, respectively. Atoms in different layers are
indicated using different colors: purple, orange, magenta, and green for 1st, 2nd, 3rd, and 4th layer, respectively.
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highlights the extreme dependence of the state of the system on
the crystallization process and why various freezing processes
can be observed in nature. Statistical investigations accompanied
by quantitative simulations should be considered in the future
studies to further understand the surface-induced crystallization
by a stepwise ordering mechanism.

■ CONCLUSION
The in situHRTEM observations conclusively demonstrate that
the crystallization of the nanodroplet is completed by a stepwise
ordering mechanism through stepwise arrangement of the
atomic lattices throughout the entire nanoparticle according to
the layered structure of the final Bi nanocrystal. In contrast to the
conventional understanding that the crystallization of a liquid
should start at the center of the liquid, we observed that the
crystallization was initiated by a precursor of liquid-state surface
faceting, followed by a surface-induced crystallization. Our
observation also reveals a precursor (a periodic line pattern of
the atomic columns) of crystalline nuclei in crystallization of the
nanodroplet that was not previously observed. The unusual
crystallization process is helpful in refining the theories for
nucleation, growth, and transformation behaviors in liquid−
solid phase transitions. Furthermore, the recognition of
intermediate states before the nucleation by our atomic scale
imaging will provide new insight into understanding trans-
formation dynamics from prenucleation stages, which is the first
crucial step for controlling phase transition behaviors.
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