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Nucleation in atomic crystallization remains poorly understood, despite advances in classical nucleation
theory. The nucleation process has been described to involve a nonclassical mechanism that includes
a spontaneous transition from disordered to crystalline states, but a detailed understanding of dynamics
requires further investigation. In situ electron microscopy of heterogeneous nucleation of individual gold
nanocrystals with millisecond temporal resolution shows that the early stage of atomic crystallization
proceeds through dynamic structural fluctuations between disordered and crystalline states, rather than
through a single irreversible transition. Our experimental and theoretical analyses support the idea that
structural fluctuations originate from size-dependent thermodynamic stability of the two states in atomic
clusters. These findings, based on dynamics in a real atomic system, reshape and improve our understanding
of nucleation mechanisms in atomic crystallization.

N
ucleation is a critical phenomenon in the
formation of many solid materials (1–3).
Classical nucleation theory describes a
pathway to crystal formation (4, 5) in
which direct assembly of monomers oc-

curs by density fluctuations over the surface
and volume free-energy barrier. Notably, the
nucleation process in diverse systems of col-
loidal particles (6, 7), proteins (8, 9), and small
molecules (10) has been shown to incorporate
nonclassical processes (1) such as a two-step
nucleationmechanism (2, 3). In those systems,
metastable intermediate clusters form and
then transform to stable crystals, thereby cir-
cumventing the high energy barrier of direct
crystallization.
Atomic crystallization is affected by diverse

metastable states, which inherently appear in
small atomic clusters (~1 nm), with sizes equiv-
alent to the nucleation stage (11). A few exper-
imental studies have identified fully or partially
disordered states in the early stage of atomic

crystallization in solution (12, 13), on surfaces
(14, 15), or in nanomaterials (16, 17). Because
of multiple local minima with similar energy
levels originating fromdiversemetastable states
(1, 11), we hypothesize that the contribution of
metastable states provides a dynamic nature
to the early stage of crystallization. Addition-
ally, surfaces of small clusters fluctuate be-
cause of recurrent collisions of incoming atoms
and desorption of surface atoms, and thus, the
free-energy barrier defining nuclei can be per-
turbed dynamically. These energetic interac-
tions suggest that the early stage of atomic
crystallization may exhibit nonclassical pro-
cesses governed by atomistic dynamics. In this
work, we investigated the heterogeneous nu-
cleation process of gold nanocrystals on a
graphene surface with atomic spatial resolu-
tion and millisecond temporal resolution.
We used three aberration-corrected trans-

mission electron microscopes (TEMs)—one
with a direct electron detector, the second
with a scintillator-coupled camera combined
with an electrostatic subframing system that
further improved temporal resolution (18), and
the third with a low-noise, scintillator-coupled
camera for low-dose imaging (supplementary
materials section 1 and fig. S1). For in situ im-
aging of crystal nucleation, we prepared single-
layered graphene support films onwhich gold(I)
cyanide (AuCN) nanoribbons were synthe-
sized (fig. S2) (19, 20). The electron beam acted
as an imaging source as well as a reducing
agent to decompose AuCN nanoribbons (~2- to
5-nm thick) to zerovalent Au atoms and (CN)2
gas (19, 21). The concentration of Au adatoms
increased locally near the imaged nanoribbon,
and the atoms aggregated to form Au nano-
crystals (fig. S1A). This process occurred on the
two-dimensional (2D) surface of free-standing
graphene in vacuum, which minimized elec-

tron scattering from the substrate. To inves-
tigate the process from the beginning, the
recording of a high-speed TEM movie was
synchronized with the illumination of the
high-intensity electron beam on a pristine
sample area (fig. S1D). The advanced imag-
ing detectors and sample geometry enabled
us to achieve millisecond temporal reso-
lution (1.6 and 10 ms) with atomic-scale
observations.
Movie S1, with snapshots included in Fig. 1A,

presents a typical high-speed TEMmovie (tem-
poral resolution: 10 ms; accelerating voltage:
300 kV; current density: 7.0 × 106 A/m2, equiv-
alent to an electron dose-rate of 4.4 × 105 e–/Å2s)
of the crystal nucleation and growth processes—
the overall characteristics of which are pre-
sented in the supplementarymaterials section 2
and fig. S3. Time-resolved investigation of each
nucleation path (movie S2) elucidates that the
crystal nucleation proceeds through a mecha-
nism in which an atomic cluster transforms
reversibly between disordered and crystal-
line states many times. As shown in the first
notable events of movie S2 (Fig. 1B; seven
successive frames from 140 to 200 ms), the
first lattice fringe abruptly appears at 150 ms
and disappears at 170 ms. Then, the second
lattice fringe appears (190 ms) with a different
lattice orientation and disappears at some
point between 200 and 230 ms (fig. S4 and
supplementary materials section 3.2). From
230 to 1190 ms, no lattice fringe is observed
while strong fluctuations of pixel intensities in
the center indicate the presence of an atomic
cluster (Fig. 1D). Similar processes are repeated
during the early stage of crystallization from
0 to ~4 s (fig. S5). Short-lived lattice fringes
appear and disappear repeatedly, whereas no
lattice fringe is observed inmost of the frames.
This phenomenon is also confirmed withmul-
tiple small peaks observed by tracking maxi-
mum intensities in 2D fast Fourier transforms
(FFTs) of TEM frames over time (Fig. 1C). After
~4 s, the lattice fringe starts to grow laterally
and becomes stable in the next stage of the
nucleation process. Notably, this growth is not
gradual, but many transitions between images
that show lattice and no lattice are observed
multiple times (Fig. 1, B and E). During these
transitions, abrupt changes of the lattice
orientation occur only when lattice fringes
disappear and reappear (Fig. 1, E and F). In
the final stage (after ~5 s), a stable lattice fringe
gradually grows without any further abrupt
changes.
The observed lattice fringes in the TEM im-

ages indicate crystalline Au nanoparticles (fig.
S11). The 2D projected areas covered by lattice
fringes mostly have noncircular and irregular
shapes (Fig. 1B), which implies that the early-
stage crystalline nuclei have nonequilibrium
geometries (16). The frequent disappearances
of existing lattice fringes, a distinguishing
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Fig. 1. Direct observation of the formation of an Au nanocrystal. (A) TEM image
frames from the high-speed in situ movie (movie S1). Scale bar, 5 nm. Au nanocrystals
in the final image are marked with red circles. (B) Individual frames from movie S2
showing a nucleation process [from the yellow box in (A); temporal resolution, 10 ms].
Beneath each frame on the left side, an atomic model of the nanocrystal is shown. Red
dashed lines indicate nanocrystal <111> directions. Beneath each frame on the right,
an FFT image is shown. Scale bar, 1 nm. The areas of Au lattices and AuCN nanowires in
the frames are pseudocolored in red and light-green, respectively. Blue circles indicate

nanoclusters in the disordered state, and purple circles indicate the undefinable state
(where the crystalline versus disordered classification is unclear). (C) Maximum intensity
of the FFT image as a function of time. The signals from a graphene area represent
ground noise levels (negative control) of this analysis. a.u., arbitrary units. (D) A color
map obtained from standard deviations of intensities from 230 to 1190ms for each pixel.
Scale bar, 1 nm. (E) Nanocrystal area from 4.00 to 5.50 s. (F) Direction of <111> lattices
from 4.00 to 5.50 s. Vertical dotted lines in (E) and (F) correspond to the time-labeled
images in (B). Related images and detailed methods are presented in figs. S3 to S10.
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observation in this study, can be interpreted as
a transformation of crystalline atomic struc-
tures to a disordered state. This analysis is
derived from previous works which have iden-
tified fluctuating disordered (22, 23) or quasi-

melting (24) states of nanoclusters. TEM frames
without a lattice fringe instead show continu-
ous fluctuations of granular features with sizes
commensurate with those of Au atoms (Fig.
1D, fig. S10, and movie S2, 0.23 to 1.19 s), and

similar series of TEM frames were presented
as evidence of previous identifications of dis-
ordered states (22–24). Previous x-ray diffrac-
tion (XRD) analyses confirmed disordered
atomic structures of small Au nanoparticles
(less than ~2 nm) (25). The presence of dis-
ordered atomic clusters in our case is also
supported by Fig. 1, E and F, which shows that
lattice orientations abruptly changed only after
they disappeared and reemerged.We can rule
out other explanations for the lattice disappear-
ance (supplementary materials section 3.1),
such as the tilting of nanocrystals away from
low-index zone axes or the fast rotation of
nanocrystals within our exposure time (~10ms).
Small nanocrystals (less than ~2 nm) always
present lattice fringes in high-resolution TEM
images regardless of viewing orientations
(22, 26), confirmed by TEM image simulations
(fig. S12). The fast rotation of a nanocrystal
inherently changes lattice orientations (fig.
S13), but our TEM movies show that lattice
orientations are fixed in successive frames
during which crystalline domains decrease in
size and then disappear (fig. S14).
On the basis of the above analysis, the pro-

cess shown in Fig. 1 can be described as a tra-
jectory of recurrent structural transformations
between disordered and crystalline states,
which is nucleation path 1 in Fig. 2A. In the
early stage, a gold nanocluster is mostly in the
disordered state and fluctuates continuously,
while a few short-lived crystalline states ap-
pear with a relatively short lifetime. Repeated
transformations between the two states are
observed for an extended period, and ultimate-
ly a stable crystalline particle is formed. Slow-
ing down the effective frame rate of movie S1
with frame-averaging to the previously achie-
vable level of conventional TEM (fig. S3; 0.5 s
per frame) greatly improves the signal-to-noise
ratio of each TEM image, but the frame-
averaged movie incorrectly suggests that the
process follows a sequence of irreversible steps:
A blurry or granular spot forms at the nuclea-
tion site (0.5 to 1.0 s), then the spot transforms
into a lattice fringe (4.5 to 5.0 s), and the lattice
fringe gradually grows. However, our high-
speed in situ observations reveal that the
process includes dynamic and reversible trans-
formations between the two states.
The characteristics discovered in Fig. 1 are

consistently observed in all nucleation paths
investigated in this study (figs. S15 to S29 and
movies S3 to S5). We modified the electron
beam conditions (fig. S15) to control kinetic
factors and affect the nucleation process. For
example, the rate of Au adatom supply de-
termined by radiolysis of AuCN was found to
be sensitive to accelerating voltage and current
density. Radiolysis of AuCN was highest at
80 kV and decreased with lower current den-
sities (fig. S30 and supplementary materials
section 4.2). We performed in situ imaging
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Fig. 2. Multiple nucleation paths of Au nanocrystals. (A to C) Trajectories of structural transitions
between disordered and crystalline states in multiple nucleation paths observed at 300 kV and 7.0 × 106 A/m2

(A), at 200 kV and 5.6 × 103 A/m2 (B), and at 80 kV and 5.6 × 103 A/m2 (C). Red and blue shadings are visual
guides for indicating crystalline (labeled C) and disordered (labeled D) states, respectively. The first nucleation
path (#1) in (A) is the dataset in Fig. 1. (D and E) TEM images and trajectories of structural transitions showing
asynchronized structural fluctuations of two neighboring nanoclusters observed at 300 kV and 7.0 × 106 A/m2

(D) and at 200 kV and 6.6 × 102 A/m2 (E). The two cases have four orders of magnitude difference in current
density. Scale bars, 1 nm. NP, nanoparticle.
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under seven different conditions (fig. S15) with
accelerating voltages of either 80, 200, or
300 kV and current densities ranging from
6.6 × 102 A/m2 (41 e–/Å2s) to 6.1 × 107 A/m2

(3.8 × 106 e–/Å2s). The best temporal resolu-
tion achieved was 1.6 ms (at 200 kV and 6.1 ×
107 A/m2) using a subframing system (fig. S1C
and fig. S25). Thus, we investigated nucleation
paths in a wide range of the averaged growth
rate of Au nanoclusters, from ~0.5 atoms per
second (at 200 kV and 6.6 × 102 A/m2) to
~50 atoms per second (at 80 kV and 5.9 ×
105 A/m2; at 200 kV and 6.1 × 107 A/m2). Re-
gardless of the different conditions, the ex-
istence of dynamic structural fluctuations
during the nucleation process is confirmed
in all 68 nucleation paths, as shown in the
nucleation paths under three representative
conditions in Fig. 2, A to C. Additionally, struc-
tural fluctuations of neighboring nanoclusters

occur asynchronously in each of the in situ
movies, and these phenomena are consistently
observed under substantially different condi-
tions (Fig. 2, D and E). It further supports
that stochastic structural fluctuations are uni-
versal in the observed nucleation process (sup-
plementary materials section 4.4).
Using the multiple nucleation paths pre-

sented in Fig. 2, A to C, we performed a sta-
tistical analysis for the relative population
between the disordered and crystalline states,
which is indicative of the relative stability of
the two states. For example, from the 20 nu-
cleation paths in Fig. 2A and fig. S22, we cal-
culated temporal fractions of the crystalline
state (fig. S31) and investigated their relation
to the sizes of nanocrystals (magenta dots in
Fig. 3A). The other two cases (Fig. 2, B and C),
which had current densities 10−3 times that of
the first case, were also analyzed with the id-

entical method (orange triangles and green
squares in Fig. 3A). The results from differ-
ent conditions follow a similar trend, and the
difference is relatively small, as seen in the
scattering of the data points. In all three cases,
a nascent small nanocluster has a high prob-
ability of retaining the disordered state (top
part in Fig. 3B). Then, the relative population
of the crystalline state increases while the nano-
cluster grows from ~1.0 to ~3.0 nm2 (middle
part in Fig. 3B; equivalent circular diame-
ters: ~1.1 to ~2.0 nm). Eventually, the enlarged
nanocluster maintains the crystalline state
(bottom part in Fig. 3B). This implies that the
observed process is an evolution of atomic
structures through stochastic and dynamic
fluctuations between two states with size-
dependent relative stability. Figure 3A also
indicates that the observed structural fluctua-
tions aremainly directed by the formation and
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Fig. 3. Experimental and theoretical investigations of the crystalline-to-
disordered transformations during the nucleation process. (A) Temporal
fraction of crystalline states versus 2D projected area of Au nanocrystals
observed during the nucleation processes (solid symbols) and observed using
presynthesized Au nanoclusters (gray circles). The dashed curves represent
fitting lines to the data with sigmoid (logistic) functions. (B) Size-dependent
characteristics of nanoclusters during the nucleation process. (Left) Schematic
energy diagrams showing the nucleation mechanisms of nanocrystals from small
(i) to large (iii) sizes. (Right) Histograms of the temporal fractions of crystalline
states for three size ranges (0 to 1.0 nm2, 1.0 to 3.0 nm2, and 3.0 to 6.0 nm2)

and three different imaging conditions indicated in (A). (C) First-principles
calculations of the binding energy between an Au atom and hemispheroidal Aun
nanocrystals. The binding energy is compared with the energy required to reach
the melting point of Aun + 1 nanocrystals. (Inset) Binding model at n = 37.
(D) Sequential TEM images showing the binding of a small nanocluster (colored
in blue) to a large nanocrystal (colored in red). (Insets) FFT images of the
nanocrystal. (E) Time-labeled contour plots of crystalline areas during partial
collapse (left) and recrystallization (right). (F) Maximum intensities of the FFT
images. Vertical dotted lines and axis in (F) correspond to the time-labeled
images in (D), respectively. Scale bars, 1 nm.
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early-stage growth of nanoclusters and are not
an artifact induced by the electron beam. The
electron beam can transfer a certain amount
of energy to Au atoms and clusters elastically
and/or inelastically, which may generate the
crystalline-to-disordered transformations of
clusters. To confirm that this was not the case
in our study, Au nanoclusters smaller than
2 nm were prepared by a typical colloidal syn-
thesis and observed under the same imaging
condition for a prolonged time (supplemen-
tary materials section 4.1). Small-sized presyn-
thesized clusters occasionally show disordered
structures (fig. S32), consistent with previous
studies (22–28). However, Fig. 3A indicates
that the presynthesized clusters (gray circles)
weremostly in the crystalline state throughout
imaging for cluster sizes larger than ~1 nm,
which is clearly different from the other cases
(solid symbols) observed during the nuclea-
tion process. Additionally, extensive discussion
regarding the electron beam effects is provided
in the supplementary materials section 4 (figs.
S15, S16, and S25 to S34).
The free-energy change for the transition

from disordered to crystalline states is usually
negative and large enough tomake the transition
spontaneous. However, statistical observations
of the reversible and dynamic transformations
in Fig. 3, A and B, imply that the energy dif-
ference and the barrier between the two states
are small when the cluster size is small in the
early stage of nucleation (top part in Fig. 3B).
As nanoclusters grow, the energy difference
gradually increases, and the nanoclusters pres-
ent the crystalline statemore frequently. From
a certain nanocluster size (~2.0 nm in our
study), nanoclusters are trapped in the crys-
talline state because of the increased energy
difference (bottompart in Fig. 3B).Many theo-
retical and experimental studies (22–28) have
reported that small (less than ~2 nm) nano-
particles can have disordered atomic struc-
tures even in ambient conditions.Melting-point
depression (29–31) also means that crystalline-
to-disordered transitions require substantially
reduced energy in small nanoparticles com-
pared with bulk materials. These previous re-
sults consistently support the lowenergy barrier
of the crystalline-to-disordered transformation
of small nanoclusters. Fluctuations between
two states over a free-energy barrier are a
key thermodynamic concept of classical nucle-
ation theory. Although this concept is not
excluded in the framework of nonclassical
two-step nucleation (fig. S35) (2), only a few
studies (7, 17, 32) have investigated it. The
above thermodynamic description and our
high-speed observations reintroduce and verify
the idea that reversible and dynamic trans-
formations can occur in nonclassical nuclea-
tion pathways.
The low energy barrier of the crystalline-to-

disordered transformation can be overcome

by various sources. Monomer attachment is
an exergonic reaction and can deposit a rela-
tively large amount of energy to nascent
nanoclusters as thermal fluctuations and the
electronbeamcan.Weperformed first-principles
calculations of the energy released frombind-
ing reactions between an Au atom and hemi-
spheroidal Au nanocrystals (Fig. 3C, figs. S36
and S37, tables S1 to S3, and supplementary
materials section 5), and we evaluated whether
the calculated energies are comparable to col-
lapsing crystalline structures by using the
thermal energies required to increase the tem-
peratures of the nanocrystals to the depressed
melting points (29–31). The crossover of the
two energies occurs at the nanocrystal size
containing 49 constituent atoms (nanocrys-
tal area: ~1.4 nm2) in Fig. 3C. This implies that
recurrent binding of Au atoms can provide
sufficient energy to small clusters to drive
toward the disordered state. Experimental
results that partly support this hypothesis
are presented in Fig. 3, D to F; fig. S38; and
movie S6, which show that the binding of a
small atomic cluster (composed of ~10 atoms,
~0.7 nm2) to a large nanocrystal induces no-
ticeable structural transformations to the dis-
ordered state. Just after the atomic-cluster
binding, the crystalline area is gradually reduced
and then recovered (~9.0 nm2 → ~3.0 nm2 →
~10.0 nm2). We also found that coalescence of
small nanocrystals drives either or both of the
nanocrystals to visit the disordered state (figs.
S39 to S43 andmovie S7). Therefore, reversible
transformations commonly occur throughout
various stages in our model system. Our sys-
tem does not universally reproduce the entire
scope of crystal nucleation starting from scat-
tered monomers. However, our work reveals
near-atomic scale dynamics from concentrated
adatoms to the formation of a stable crystal,
thereby addressing a critical step that deter-
mines the nucleation pathway inmany different
types of crystallization processes (supplemen-
tary materials section 6 and fig. S44).
In this study, we found that crystal nuclea-

tion of gold clusters on graphene progresses
through reversible structural fluctuations be-
tween disordered and crystalline states. High-
speed in situ observations of a real atomic
system confirm nonclassical and dynamic na-
tures of the nucleation process during atomic
crystallization. Our findings clarify fundamen-
talmechanisms underlying the nucleation stage
of material growth, including thin-film deposi-
tion, interface-induced precipitation, and nano-
particle formation.
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the heat imparted upon binding is enough to drive partial collapse of an ordered cluster into the disordered state.
sufficiently small sizes, the binding energy per atom is large enough relative to the energy required to induce melting that
disordered and crystalline states. The lifetime in the disordered state decreases with increasing cluster size, and at 
observed a nucleation pathway that involves dynamic and reversible fluctuations of developing nuclei between
substrate through the reduction of a precursor using an electron beam. Rather than the classic view, they instead 

 observed the formation of gold crystals on a grapheneet al.irreversibly transforms into a crystalline nucleus. Jeon 
In classic nucleation theory, a metastable disordered dense liquid or amorphous solid cluster spontaneously and
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