
Lawrence Berkeley National Laboratory
Recent Work

Title
Reversible disorder-order transitions in atomic crystal nucleation.

Permalink
https://escholarship.org/uc/item/9sn619tz

Journal
Science (New York, N.Y.), 371(6528)

ISSN
0036-8075

Authors
Jeon, Sungho
Heo, Taeyeong
Hwang, Sang-Yeon
et al.

Publication Date
2021

DOI
10.1126/science.aaz7555

Copyright Information
This work is made available under the terms of a Creative Commons Attribution-
NonCommercial-NoDerivatives License, availalbe at 
https://creativecommons.org/licenses/by-nc-nd/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9sn619tz
https://escholarship.org/uc/item/9sn619tz#author
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://escholarship.org
http://www.cdlib.org/


 

1 
 

Reversible Disorder-Order Transitions in Atomic Crystal Nucleation 

 

Sungho Jeon1†, Taeyeong Heo1†, Sang-Yeon Hwang2†‡, Jim Ciston3, Karen C. Bustillo3, Bryan 
W. Reed4, Jimin Ham1, Sungsu Kang5,6, Sungin Kim5,6, Joowon Lim1, Kitaek Lim1, Ji Soo 

Kim5,6, Min-Ho Kang5,6, Ruth S. Bloom4, Sukjoon Hong1, Kwanpyo Kim7,8, Alex Zettl9,10,11, 5 
Woo Youn Kim2, Peter Ercius3*, Jungwon Park5,6*, Won Chul Lee1* 

Affiliations: 

1Department of Mechanical Engineering, BK21 FOUR ERICA-ACE Center, Hanyang 
University, Ansan, Gyeonggi 15588, Republic of Korea. 
2Department of Chemistry, Korea Advanced Institute of Science and Technology (KAIST), 10 
Daejeon 34141, Republic of Korea. 
3National Center for Electron Microscopy, Molecular Foundry, Lawrence Berkeley National 
Laboratory (LBNL), Berkeley, California 94720, United States. 
4Integrated Dynamic Electron Solutions, Inc., Pleasanton, California 94588, United States. 
5School of Chemical and Biological Engineering, Seoul National University, Seoul 08826, 15 
Republic of Korea. 
6Center for Nanoparticle Research, Institute for Basic Science (IBS), Seoul 08826, Republic of 
Korea. 
7Department of Physics, Yonsei University, Seoul 03722, Republic of Korea. 
8Center for Nanomedicine, IBS, Seoul 03722, Republic of Korea. 20 

9Department of Physics, University of California, Berkeley, California 94720, United States. 
10Materials Sciences Division, LBNL, Berkeley, California 94720, United States. 
11Kavli Energy NanoSciences Institute, Berkeley, California 94720, United States. 

 

* Correspondence to: wonchullee@hanyang.ac.kr (W.C.L.), jungwonpark@snu.ac.kr (J.P.), or 25 
percius@lbl.gov (P.E.). 

† Equally contributed authors. 

‡ Present address: Samsung Advanced Institute of Technology (SAIT), Samsung Electronics, 
Suwon 16678, Republic of Korea. 

 30 

One Sentence Summary:  

In-situ electron microscopy reveals that gold atoms crystallize through dynamic and reversible 
processes in the early stage. (124 characters) 
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Abstract (123 words):  

Nucleation in atomic crystallization remains poorly understood despite advances in 
classical nucleation theory. The nucleation process has been described to involve a non-classical 
mechanism including a spontaneous transition from disordered to crystalline states, but a detailed 
understanding of dynamics requires further investigation. In-situ electron microscopy of 5 
heterogenous 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 that structural fluctuations originate 
from size-dependent thermodynamic stability of the two states in atomic clusters. These findings, 10 
based on dynamics in a real atomic system, reshape and improve our understanding of nucleation 
mechanisms in atomic crystallization. 

 

 

Main Text (2,528 words):  15 

Nucleation 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 occurs by density fluctuations over the surface and volume free-energy 
barrier. More interestingly, the nucleation process in diverse systems of colloidal particles (6, 7), 
proteins (8, 9), and small molecules (10) has shown to incorporate non-classical processes (1) 20 
such as a two-step nucleation mechanism (2, 3). In those systems, metastable intermediate 
clusters form and then transform to stable crystals, circumventing the high energy barrier of 
direct crystallization.  

 

Atomic crystallization is affected by diverse metastable states, which inherently appear in 25 
small atomic clusters (~1 nm) with sizes equivalent to the nucleation stage (11). A few 
experimental 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). Due 
to multiple local minima with similar energy levels originating from diverse metastable states (1, 

11), we hypothesize that the contribution of metastable states provides a dynamic nature to the 30 
early stage of crystallization. In addition, surfaces of small clusters fluctuate due to recurrent 
collisions of incoming atoms and desorption of surface atoms, and thus the free-energy barrier 
defining nuclei can be perturbed dynamically. These energetic interactions suggest that the early 
stage of atomic crystallization may exhibit non-classical processes governed by atomistic 
dynamics. Here, we investigated the heterogeneous nucleation process of gold nanocrystals on a 35 
graphene surface with atomic spatial resolution and millisecond temporal resolution.  

 

We used three aberration-corrected TEMs (transmission electron microscope): 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 40 
with a low-noise scintillator-coupled camera for low-dose imaging (Supplementary section 1 and 
fig. S1). For in-situ imaging of crystal nucleation, we prepared single-layered graphene support 
films on which gold(I) cyanide (AuCN) nanoribbons were synthesized (fig. S2) (19, 20). The 
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electron beam acted as an imaging source as well as a reducing agent to decompose AuCN 
nanoribbons (about 2 – 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 nanocrystals (fig. S1A). This process occurred on the 2D (2-dimensional) 
surface of free-standing graphene in vacuum, minimizing electron scattering from the substrate. 5 
To investigate the process from the beginning, recording a high-speed TEM movie was 
synchronized with illumination of the high-intensity electron beam on a pristine sample area (fig. 
S1D). The advanced imaging detectors and sample geometry enabled us to achieve millisecond 
temporal resolution (1.6 ms and 10 ms) with atomic-scale observations.  

 10 

Movie S1, with snapshots in Fig. 1A, presents a typical high-speed TEM movie (temporal 
resolution: 10 ms; accelerating voltage: 300 kV; current density: 7.0 × 106 A/m2, equivalent to 
electron dose-rate of 4.4 × 105 e-/Å2-s) of the crystal nucleation and growth processes, whose 
overall characteristics are presented in the Supplementary section 2 and fig. S3. Time-resolved 
investigation of each nucleation path (movie S2) elucidates that the crystal nucleation proceeds 15 
through a mechanism in which an atomic cluster transforms reversibly between disordered and 
crystalline states many times. As shown in the first notable events of movie S2 (Fig. 1B; 7 
successive frames from 140 ms 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 ms and 230 ms (fig. S4 and Supplementary 20 
section 3.2). From 230 ms to 1,190 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 s to ~4 s (fig. S5). Short-
lived lattice fringes appear and disappear repeatedly while no lattice fringe is observed in most of 
the frames. This phenomenon is also confirmed with multiple small peaks observed by tracking 25 
maximum intensities in 2D FFTs (fast Fourier transforms) 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 orientations occur only when lattice fringes disappear 30 
and re-appear (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 images indicate crystalline Au nanoparticles (fig. 
S11). The 2D projected areas covered by lattice fringes mostly have non-circular and irregular 35 
shapes (Fig. 1B), implying that the early-stage crystalline nuclei have non-equilibrium 
geometries (16). The frequent disappearances of existing lattice fringes, a distinguishing 
observation in this study, can be interpreted as a transformation of crystalline atomic structures 
to a disordered state. This analysis is derived from previous works which identified fluctuating 
disordered (22, 23) or quasi-melting (24) states of nanoclusters. TEM frames without a lattice 40 
fringe instead show continuous fluctuations of granular features whose sizes are commensurate 
with that of Au atoms (Fig. 1D, fig. S10, and movie S2, 0.23 s to 1.19 s), and similar series of 
TEM frames were presented as evidence of previous identifications of disordered states (22-24). 
Previous XRD (x-ray diffraction) analyses confirmed disordered atomic structures of small Au 
nanoparticles (< ~2 nm) (25). The presence of disordered atomic clusters in our case is also 45 
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supported by Fig. 1, E and F, which show that lattice orientations abruptly changed only after 
they disappear and re-emerge. We can rule out other explanations for the lattice disappearance 
(Supplementary section 3.1), such as tilting of nanocrystals away from low-index zone axes or 
fast rotation of nanocrystals within our exposure time (~10 ms). Small nanocrystals (< ~2 nm) 
always present lattice fringes in high-resolution TEM images regardless of viewing orientations 5 
(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).  

 10 

Based on the above analysis, the process shown in Fig. 1 can be described as a trajectory 
of recurrent structural transformations between disordered (labeled D) and crystalline (labeled C) 
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 appear 
with a relatively short lifetime. Repeated transformations between the two states are observed for 15 
an extended period, and ultimately a stable crystalline particle is formed. Slowing down the 
effective frame rate of movie S1 with frame-averaging to the previously achievable 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 the process follows a sequence 
of irreversible steps: A blurry or granular spot forms at the nucleation site (0.5 – 1.0 s), then the 20 
spot transforms into a lattice fringe (4.5 – 5.0 s), and the lattice fringe gradually grows. However, 
our high-speed in-situ observations reveal that the process includes dynamic and reversible 
transformations between the two states.  

 

The characteristics discovered in Fig. 1 are consistently observed in all nucleation paths 25 
investigated in this study (figs. S15 to S29 and movie 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 determined 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 densities (fig. S30 and Supplementary section 4.2). We performed 30 
in-situ imaging under seven different conditions (fig. S15) with accelerating voltages of either 80 
kV, 200 kV, or 300 kV and current densities ranging from 6.6 × 102 A/m2 (41 e-/Å2-s) to 6.1 × 
107 A/m2 (3.8 × 106 e-/Å2-s). The best temporal resolution achieved was 1.6 ms (at 200 kV and 
6.1 × 107 A/m2) using a subframing system (figs. S1C and S25). Thus, we investigated 
nucleation paths in a wide range of the averaged growth rate of Au nanoclusters from ~0.5 35 
atoms/sec (at 200 kV and 6.6 × 102 A/m2) to ~50 atoms/sec (at 80 kV and 5.9 × 105 A/m2; at 200 
kV and 6.1 × 107 A/m2). Regardless of the different conditions, the existence 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. In addition, 
structural fluctuations of neighboring nanoclusters occur asynchronously in each of the in-situ 40 
movies, and these phenomena are consistently observed under significantly different conditions 
(Fig. 2, D and E). It further supports that stochastic structural fluctuations are universal in the 
observed nucleation process (Supplementary section 4.4). 
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Using the multiple nucleation paths presented in Fig. 2, A to C, we performed a statistical 
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 nucleation paths in 
Fig. 2A and fig. S22, we calculated 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 5 
cases (Fig. 2, B and C) whose current density is 10-3 times that of the first case were also 
analyzed with the identical method (orange triangles and green squares in Fig. 3A). The results 
from different 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 
probability of retaining the disordered state (top part in Fig. 3B). Then, the relative population of 10 
the crystalline state increases while the nanocluster grows from ~1.0 nm2 to ~3.0 nm2 (middle 
part in Fig. 3B; equivalent circular diameters: ~1.1 nm – ~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 whose relative stability is size-dependent. Figure 3A also 15 
indicates that the observed structural fluctuations are mainly directed by formation and 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 this was not the case in our study, sub-2 nm Au nanoclusters were prepared by a typical 20 
colloidal synthesis and observed under the same imaging condition for a prolonged time 
(Supplementary section 4.1). Small-sized pre-synthesized clusters occasionally show disordered 
structures (fig. S32), consistent with previous studies (22-28). However, Fig. 3A indicates that 
the pre-synthesized clusters (gray circles) were mostly in the crystalline state throughout imaging 
for cluster sizes > ~1 nm, clearly different from the other cases (solid symbols) observed during 25 
the nucleation process. Additional extensive discussion regarding electron beam effects is in 
Supplementary section 4 (figs. S15, S16, S25 to S34).  

 

The free-energy change for the transition from disordered to crystalline states is usually 
negative and high enough to make the transition spontaneous. However, statistical observations 30 
of the reversible and dynamic transformations in Fig. 3, A and B, imply that the energy 
difference and the barrier between the two states is 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 present the crystalline state more frequently. From a 
certain nanocluster size (~2.0 nm in our study), nanoclusters are trapped in the crystalline state 35 
due to the increased energy difference (bottom part in Fig. 3B). Many theoretical and 
experimental studies (22-28) have reported that small (< ~2 nm) nanoparticles can have 
disordered atomic structures even in ambient conditions. Melting point depression (29-31) also 
means that crystalline-to-disordered transitions require significantly reduced energy in small 
nanoparticles compared to bulk materials. These previous results consistently support the low 40 
energy 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 
nucleation theory. Although this concept is not excluded in the framework of non-classical 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 as well as verify that 45 
reversible and dynamic transformations can occur in non-classical nucleation pathways. 
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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 relatively 
large amount of energy to nascent nanoclusters as thermal fluctuations and the electron beam. 
We performed first-principles calculations of the energy released from binding reactions between 5 
an Au atom and hemispheroidal Au nanocrystals (Fig. 3C, figs. S36 and S37, tables S1 to S3, 
and Supplementary section 5), and evaluated whether the calculated energies are comparable to 
collapsing crystalline structures by using thermal energies required to increase temperatures 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 (nanocrystal area: ~1.4 nm2) in 10 
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 
noticeable structural transformations to the disordered state. Just after the atomic-cluster binding, 15 
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 and movie S7). Therefore, reversible 
transformations commonly occur throughout various stages in our model system. Obviously, our 
system does not universally reproduce the entire scope of crystal nucleation starting from 20 
scattered monomers. However, our study reveals near-atomic scale dynamics from concentrated 
adatoms to the formation of a stable crystal, thus addressing a critical step that determines the 
nucleation pathway in many different types of crystallization processes (Supplementary section 6 
and fig. S44). 

 25 

In this study, we found that crystal nucleation of gold clusters on graphene progresses 
through reversible structural fluctuations between disordered and crystalline states. High-speed 
in-situ observations of a real atomic system confirm non-classical and dynamic natures of the 
nucleation process during atomic crystallization. Our findings clarify fundamental mechanisms 
underlying the nucleation stage of material growth including thin-film deposition, interface-30 
induced precipitation, and nanoparticle formation.   
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Figure captions: 

Fig. 1. Direct observation of 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 
(yellow box in (A), temporal resolution: 10 ms). Lower left: atomic model of the nanocrystal. 5 
Red dashed lines indicate nanocrystal <111> directions. Lower right: FFT (Fast Fourier 
Transform) image. Scale bar: 1 nm. The areas of Au lattices and AuCN nanowires are pseudo-
colored in red and light-green, respectively. Blue circles indicate nanoclusters in the disordered 
state, and purple circles indicate the undefinable state (the crystalline/disordered classification is 
unclear). (C) Maximum intensity of the FFT image as a function of time. The signals from a 10 
graphene area represent ground noise levels (negative control) of this analysis. (D) A color map 
obtained from standard deviations of intensities from 230 ms to 1,190 ms for each pixel. Scale 
bar: 1 nm. (E) Nanocrystal area from 4.00 s to 5.50 s. (F) Direction of <111> lattices from 4.00 s 
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.  15 

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 nucleation path #1 in (A) is the data set in Fig. 1. (D and E) 20 
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 4 orders of magnitude difference in current 
density. Scale bars: 1nm.  

Fig. 3. Experimental and theoretical investigations of the crystalline-to-disordered 25 
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 pre-synthesized 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 30 
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 – 1.0 nm2, 1.0 – 
3.0 nm2, and 3.0 – 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 to energy required to reach the melting point of 35 
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 re-crystallization (right). (F) Maximum intensities of the FFT images. Vertical 
dotted lines and axes in (F) correspond to the time-labeled images in (D), respectively. Scale 40 
bars: 1 nm. 
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