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            Abstract
Nucleation plays a critical role in many physical and biological phenomena that range from crystallization, melting and evaporation to the formation of clouds and the initiation of neurodegenerative diseases1,2,3. However, nucleation is a challenging process to study experimentally, especially in its early stages, when several atoms or molecules start to form a new phase from a parent phase. A number of experimental and computational methods have been used to investigate nucleation processes4,5,6,7,8,9,10,11,12,13,14,15,16,17, but experimental determination of the three-dimensional atomic structure and the dynamics of early-stage nuclei has been unachievable. Here we use atomic electron tomography to study early-stage nucleation in four dimensions (that is, including time) at atomic resolution. Using FePt nanoparticles as a model system, we find that early-stage nuclei are irregularly shaped, each has a core of one to a few atoms with the maximum order parameter, and the order parameter gradient points from the core to the boundary of the nucleus. We capture the structure and dynamics of the same nuclei undergoing growth, fluctuation, dissolution, merging and/or division, which are regulated by the order parameter distribution and its gradient. These experimental observations are corroborated by molecular dynamics simulations of heterogeneous and homogeneous nucleation in liquidâ€“solid phase transitions of Pt. Our experimental and molecular dynamics results indicate that a theory beyond classical nucleation theory1,2,18 is needed to describe early-stage nucleation at the atomic scale. We anticipate that the reported approach will open the door to the study of many fundamental problems in materials science, nanoscience, condensed matter physics and chemistry, such as phase transition, atomic diffusion, grain boundary dynamics, interface motion, defect dynamics and surface reconstruction with four-dimensional atomic resolution.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Capturing 4D atomic motion with AET.[image: ]


Fig. 2: Revealing heterogeneous nucleation sites.[image: ]


Fig. 3: Experimental observation of the same nuclei undergoing growth, fluctuation, dissolution, merging and/or division at 4D atomic resolution.[image: ]


Fig. 4: The 3D distribution of the order parameter and its gradient inside a representative nucleus.[image: ]


Fig. 5: MD simulations of nucleation dynamics in liquidâ€“solid phase transitions of a Pt nanoparticle.[image: ]
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                Data availability

              
              All the raw and processed experimental data can be freely downloaded at www.physics.ucla.edu/research/imaging/nucleation. All the seven experimental atomic models with 3D coordinates of particles 1, 2 and 3 have been deposited in the Materials Data Bank (MDB, www.materialsdatabank.org) with their MDB IDs provided in Extended Data Table 1.

            

Code availability

              
              All the MATLAB source codes for image reconstruction and data analysis of this work are freely available at www.physics.ucla.edu/research/imaging/nucleation.
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Extended data figures and tables

Extended Data Fig. 1 Consistency check of the AET measurements.
a, b, 3D atomic models (Pt in blue and Fe in red) of particle 1, obtained from two independent experimental measurements. c, d, Pt-rich cores cropped from the atomic models shown in a and b, respectively. e, f, The same atomic layer of the nanoparticle along the [010] direction (Pt in blue and Fe in red), obtained from the two independent measurements. Scale bar, 1Â nm. g, Histogram of the deviation of the common atoms between the two independent measurements. By dividing the common atoms by the average number of atoms in the two measurements, we estimated that 95.4% of the atoms are consistent. The average deviation between the two independent measurements is 37Â pm. According to the statistical analysis of error propagation, the precision of the AET measurement is 37Â pmÂ /Â âˆš2Â =Â 26Â pm. (SeeÂ Methods for details.).


Extended Data Fig. 2 Distribution of Fe and Pt atomic nanoclusters between FePt nanoparticles.
a, ADF-STEM image of the FePt nanoparticles on a Si3N4 substrate. bâ€“d, Energy-dispersive X-ray spectroscopy images showing the distribution of Fe (b), Pt (c), and both Fe and Pt atomic nanoclusters (d) between FePt nanoparticles; bâ€“d were acquired simultaneously with the ADF-STEM image in a. e, Fitted spectrum of Fe (K edges) and Pt (L edges) from the region labelled with ellipses in bâ€“d; c.p.s., counts per second. Scale bar, 10Â nm.


Extended Data Fig. 3 4D AET of an FePt nanoparticle at two annealing times.
a, b, 3D atomic models (Pt in blue and Fe in red) of particle 3 with a total annealing time of 9Â min and 16 min, respectively, determined by AET. c, d, The Pt-rich core of the nanoparticle remained the same between the two annealing times. The light and dark grey projections show the whole nanoparticle and the core, respectively. e, f, The same atomic layer of the nanoparticle along the [010] direction at the two annealing times (Pt in and Fe in red), where a fraction of the surface and subsurface atoms were rearranged due to the annealing process, but the Pt-rich core of the nanoparticle did not change. Scale bar, 1Â nm.


Extended Data Fig. 4 Analysis of the sites, cores and 3D shapes of early-stage nuclei.
a, b, The distribution of the nucleation sites (dots) in particle 1 obtained from two independent measurements, where the lighter colour dots are closer to the front side and the darker dots are closer to the back side of the nanoparticle. The <100> and <111> facets are in green and magenta, respectively. c, Histogram of the nucleation site distribution in particle 1. Compared to particles 2 and 3, particle 1 has more nucleation sites at the subsurface, because many nuclei in particle 1 are relatively large and their cores are at a distance of more than one unit cell from the surface. d, e, The distribution of the nucleation sites (dots) in particle 3 with an annealing time of 9Â min and 16Â min, respectively. f, Histogram of the nucleation site distribution in particle 3. g, The order parameter of the nucleus core as a function of the effective number of atoms for particles 2 and 3. h, The sphericity of the nuclei as a function of the effective number of atoms for particles 2 and 3. i, j, The sphericity of the nuclei in the MD simulations of a Pt nanoparticle (i; heterogeneous nucleation) and a bulk Pt system (j; homogeneous nucleation) as a function of the effective number of atoms.


Extended Data Fig. 5 Experimental observation of growing nuclei at 4D atomic resolution.
aâ€“d, Four representative growing nuclei in particle 2 with a total annealing time of 9Â min, 16Â min and 26Â min, respectively. The atomic models show Fe (red) and Pt atoms (blue) with an order parameter â‰¥0.3, and the 3D contour maps show the distribution of an order parameter of 0.7 (red), 0.5 (purple) and 0.3 (light blue). Dividing and merging nuclei are observed in bâ€“d. eâ€“h, Another four representative growing nuclei in particle 2 with a total annealing time of 9Â min, 16Â min and 26Â min, where the 3D contour maps show the distribution of an order parameter of 0.7 (red), 0.5 (purple), 0.3 (light blue), 0.2 (green) and 0.1 (grey). No atomic model is displayed if a corresponding common nucleus was not identified at a specific annealing time. Another five growing nuclei in particle 3 similar to those in eâ€“h are not shown here.


Extended Data Fig. 6 Experimental observation of fluctuating nuclei at 4D atomic resolution.
aâ€“e, Five representative fluctuating nuclei in particle 2 with a total annealing time of 9Â min, 16Â min and 26Â min, respectively. The atomic models show Fe (red) and Pt atoms (blue) with an order parameter â‰¥0.3, and the 3D contour maps show the distribution of an order parameter of 0.7 (red), 0.5 (purple) and 0.3 (blue). Merging and dividing nuclei are observed in e. fâ€“k, Another six representative fluctuating nuclei in particle 2 with a total annealing time of 9Â min, 16Â min and 26Â min. The 3D contour maps show the distribution of an order parameter of 0.7 (red), 0.5 (purple), 0.3 (light blue), 0.2 (green) and 0.1 (grey). No atomic model is displayed if a corresponding common nucleus was not identified at a specific annealing time.


Extended Data Fig. 7 Experimental observation of dissolving nuclei and radial average order parameter distributions of nine representative nuclei.
aâ€“d, Four dissolving nuclei in particle 2 with a total annealing time of 9Â min, 16Â min and 26Â min. The 3D contour maps show the distribution of an order parameter of 0.7 (red), 0.5 (purple), 0.3 (light blue), 0.2 (green) and 0.1 (grey). No atomic model is displayed if a corresponding common nucleus was not identified at a specific annealing time. eâ€“m, The order parameter distributions for four growing nuclei (eâ€“h), four fluctuating nuclei (iâ€“l) and one dissolving nucleus (m) in particle 2. The dots represent the experimentally measured data and the curves are fits of equation (1).


Extended Data Fig. 8 Nucleation dynamics in the liquidâ€“solid transition of a Pt nanoparticle, obtained by MD simulations with the interface force field.
a, A representative growing nucleus, where the atomic models show the Pt atoms with an order parameter â‰¥0.3 and the 3D contour maps show the distribution of an order parameter of 0.7 (dark blue), 0.5 (light blue) and 0.3 (cyan). b, c, Two representative fluctuating nuclei, where merging and dividing nuclei are observed in c. d, A representative dissolving nucleus, which dissolved at 245Â ps. eâ€“h, Radial average order parameter distributions of the four nuclei shown in aâ€“d, respectively, where the dots were obtained by time-averaging ten consecutive MD snapshots with 1-ps time intervals and the curves are fits of equation (1) using a constant background.


Extended Data Fig. 9 Nucleation dynamics in the liquidâ€“solid transition of a bulk Pt system, obtained by MD simulations with the embedded-atom-method potential.
a, A representative growing nucleus, where the atomic models show the Pt atoms with an order parameter â‰¥0.3 and the 3D contour maps show the distribution of an order parameter of 0.7 (dark blue), 0.5 (light blue) and 0.3 (cyan). b, c, Two representative fluctuating nuclei, where merging and dividing nuclei are observed in c. d, A representative dissolving nucleus, which dissolved at 140Â ps. eâ€“h, Radial average order parameter distributions of the four nuclei shown in aâ€“d, respectively, where the dots were obtained by time-averaging ten consecutive MD snapshots with 1-ps time intervals and the curves are fits of equation (1) using a constant background.


Extended Data Table 1 AET data and analysisFull size table





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Zhou, J., Yang, Y., Yang, Y. et al. Observing crystal nucleation in four dimensions using atomic electron tomography.
                    Nature 570, 500â€“503 (2019). https://doi.org/10.1038/s41586-019-1317-x
Download citation
	Received: 26 July 2018

	Accepted: 10 May 2019

	Published: 26 June 2019

	Issue Date: 27 June 2019

	DOI: https://doi.org/10.1038/s41586-019-1317-x


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        The study of copper oxide nanoparticles based on the pH varying during propolis-mediated synthesis: structure, optical properties, UV-block ability, and malachite green photodegradation
                                    
                                

                            
                                
                                    	Mohammad N. Murshed
	Mansour S. Abdul Galil
	Ebkar Abdo Ahmed Saif


                                
                                Applied Nanoscience (2024)

                            
	
                            
                                
                                    
                                        Atomic-scale probing of short-range order and its impact on electrochemical properties in cation-disordered oxide cathodes
                                    
                                

                            
                                
                                    	Linze Li
	Bin Ouyang
	Chongmin Wang


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Three-dimensional atomic structure and local chemical order of medium- and high-entropy nanoalloys
                                    
                                

                            
                                
                                    	Saman Moniri
	Yao Yang
	Jianwei Miao


                                
                                Nature (2023)

                            
	
                            
                                
                                    
                                        Probing the atomically diffuse interfaces in Pd@Pt core-shell nanoparticles in three dimensions
                                    
                                

                            
                                
                                    	Zezhou Li
	Zhiheng Xie
	Jihan Zhou


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Accurate real space iterative reconstruction (RESIRE) algorithm for tomography
                                    
                                

                            
                                
                                    	Minh Pham
	Yakun Yuan
	Jianwei Miao


                                
                                Scientific Reports (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Crystallization tracked atom by atom
                

                
	Peter G. Vekilov



                
    
        
            Nature
        
        News & Views
        
        
            26 Jun 2019
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
