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Introduction
Over the last decade, transmission electron microscopy 

(TEM) has advanced remarkably. With the development of 
aberration-corrected optics, improved recording systems, 
high brightness guns, and so on, imaging with single-atom 
sensitivity across the periodic table has become a reality. 
Atomic resolution imaging with rapid acquisition and with 
greater signal collection efficiency opens many opportunities 
in the study of dynamic processes of materials.

Recently, using one of the world’s most powerful 
aberration-corrected TEMs (TEAM0.5, see Figure 1), the 
transient structural transformation dynamics of a single 
nanocrystal has been imaged in situ with atomic resolution 
[1]. That work revealed an unprecedented level of detail on the 
fluctuation dynamics during phase transition, including phase 
nucleation, phase propagation, pinning of structural domains 
by defects, and so on. These observations provide critical 
insights into the atomic pathway of phase transitions, which can 
aid in the design of materials with improved properties. This 
article reviews the main findings from the work on the phase 
transition of a single Cu2S nanorod and provides a perspective 
on future real-time imaging of materials transformations 
using a TEM.
First-Order Phase Transitions in Small Systems 

First-order phase transitions in solids play an important 
role in a variety of processes. First-order phase transitions 
are characterized by discontinuities in the first derivatives 
of the free energy. Many structural transformations in solids 
fall into this category, where the system absorbs or releases a 
fixed amount of energy (latent heat or specific heat) without 
changing temperature at the transition. For example, bulk 
copper sulfide crystal (Cu2S) transforms from the monoclinic 
low-chalcocite phase to the hexagonal high-chalcocite phase at 
376 K with a specific heat of ∆e = 3849 J/mole. 

In nanoscale systems, characteristics of phase transitions 
can be distinctly different from the bulk [2, 3]. The temperature 
at which the phase transition occurs broadens in small systems 
in contrast to the sharp transition point of bulk materials. The 
distinctive feature of the first-order phase transition is phase 
coexistence at the transition. According to the phase transition 
theory, the energetic barrier to a structural transformation 
scales with crystal size. When the size of a nanocrystal is in 
a regime where thermal energy is comparable to the energy 
barrier for the phase transformation, fluctuations between 
two the stable structures occur at the transition. Therefore, 
the specific heat is no longer a fixed value (the configuration is 
dependent on the crystal size). In addition, the discontinuities 
at a first-order transition are smeared out, and there is no 
unambiguous way by which one can detect the order. 

There has been significant interest in understanding 
first-order phase transitions in small systems, especially 
the fluctuation characteristics of structural transformations 
in nanocrystals. Also, there have been numerous previous 
studies on phase transitions in nanocrystals [4, 5]. 
However, in most ensemble experiments, only the average 
characteristics of the fluctuations can be observed, and many 
important features may be completely obscured by parallel, 
unsynchronized transition processes. Direct imaging 
of the dynamic structural transformations in a single 
nanocrystal provides the opportunity to reveal the nature of 
the first-order phase transition. Structural transformations 
between low- and high-chalcocite phases in a single Cu2S 

Figure 1: The aberration-corrected microscope (TEAM0.5) was used for this 
work.
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constant focus (with the above optimum imaging conditions) 
was used for the study of Cu2S phase transition. 

An image-processing technique was developed to visualize 
the structural changes of a Cu2S nanorod. As shown in Fig- 
ure 3, digital masks that are characteristic of the two phases 
were applied in Fourier space. The corresponding filtered 
real-space images allow identification of the low-chalcocite 
or high-chalcocite domains in a single nanocrystal. For noise 
reduction, our mask design captures only Fourier components 
above a given threshold (for example, signal/noise > 10). As a 
consequence, some information is lost during image process. 
Therefore, the filtered images do not represent the measured 
copper distribution in the two phases but, rather, reflect the 
size and shape of the structural domains. The MacTempas 
image simulation program was used for image processing, 
and Adobe Photoshop software was used for false coloring 
of the images. By applying the image process to the time 
series of high-resolution TEM images, dynamic structural 
transformations within a single Cu2S nanorod can be tracked 
in time.
Fluctuations and Transient Structures 

Trajectories of the structural transformation in a single-
crystal Cu2S nanorod show that Cu2S transformed from an 
initial low-chalcocite structure to a transition state where 
either the complete Cu2S nanorod or a portion of it temporarily 
transformed into high-chalcocite, and the two structures 
were fluctuating back and forth, eventually forming a stable 
high-chalcocite. The duration during which fluctuations 
were observed in a nanorod increased (or decreased) with the 
decrease (or increase) of the electron current density. Under the 
above imaging conditions, the average duration of fluctuations 
was a few seconds for single-crystal Cu2S nanorods. 

The structural transformation dynamics of Cu2S nanorods 
was strongly affected by the presence of defects. For example, 
a stacking fault across a Cu2S nanorod separated the nanorod 
into different structural domains (Figure 4). Trajectories of 
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nanocrystal have been studied in situ using the state-of-art 
TEAM0.5 microscope. 
Materials and Methods

Samples for TEM investigation were prepared by drop- 
casting a dilute solution of Cu2S nanorods on a conductive 
carbon grid (purchased from Ted Pella, Inc.). The Cu2S 
nanorods were synthesized through a colloidal solution 
process and have diameters of 5 nm and lengths of 20–40 nm. 
The Cu2S nanorods exhibit the low-chalcocite phase at room 
temperature. At 337 ± 4 K, Cu2S nanorods transform to the 
high-chalcocite structure, during which the hexagonal sulfur 
sublattice remains rigid but copper atoms occupy different 
lattice sites. The measured transition temperature of Cu2S 
nanorods (5 nm in diameter) is lower than that of the bulk 
crystal determined by variable-temperature X-ray diffraction 
studies. 

While imaging in the TEM, part of the energy dissipated 
from the interaction between the nanocrystal and the 
electron-beam (for example, inelastic scattering of the incident 
electrons) was converted into heat. Because the phase transition 
temperature of the Cu2S nanorods is relatively low (337 ± 4 K),  
heating from the electron beam can be used to induce 
structural transformations. A series of high-resolution TEM 
images of a Cu2S nanorod were recorded continuously at a rate 
of 0.5 s per frame using the TEAM0.5 microscope operated at 
80 kV. During recording, a current density of ~5000 e·Å−2·s−1 

was maintained. The microscope was tuned to a condition such 
that the atomic structures of the two phases could be resolved 
in a single image. For example, a spherical aberration (Cs) 
value of −0.015 mm was used and the defocus was set to around  
8 nm. Under these conditions, atomic columns appear bright, 
and the intensities reflect different atoms within a crystal 
lattice as long as the surface roughness of the sample does not 
significantly exceed the focal spread in the beam direction  
(~1 nm) [6]. 
Results

Figures 2A I and 2B I are TEM images of a Cu2S nanorod 
recorded with the above conditions. They are the enlarged 
sections from a single nanorod showing both high- and 
low-chalcocite phases. The nanorod was at an intermediate 
transition state with a low-chalcocite core forming inside the 
high-chalcocite shell. Figure 2A I–IV show that the atomic 
structure of high-chalcocite phase from the experiment 
matches well with the simulated phase image and the structural 
model. Because of the core-shell geometry, the projection of 
the overlapping low- and high-chalcocite phases is observed in 
Figure 2B I. However, a well-defined low-chalcocite structure 
can still be identified. 

For comparison, several through focus image series 
were recorded for exit wave reconstruction [7], and these 
led to atomic phase images of a Cu2S nanorod before and 
after the phase transition. The MacTempas image simulation 
program (http://www.totalresolution.com) was used for image 
simulation. Phase images after exit wave reconstruction 
(Figure 2 II) show sharper contrast compared with the single 
images (Figure 2 I). However, because the atomic structural 
information is well retained in the single image and the phase 
transition is dynamic in nature, the image series collected at 

Figure 2: Single high-resolution TEM images of low- and high-chalcocite 
structures (I) and phase images by exit wave reconstruction of through-focus 
image series (II). (A) High-chalcocite phase. (B) Low-chalcocite phase. In both 
(A) and (B), (I) is the experimental image, (II) is the phase image by exit wave 
reconstruction, (III) is the simulated phase image, (IV) is the structural model. 
(C) Atomic profiles corresponding to the vertical red and blue lines in (A).
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and the related extra Ewald 
energy at the interface. The 
interfacial energy between 
low- and high-chalcocite is 
approximately the same as 
the internal energy difference 
between these two phases [8],  
(e1 − e2) = 40 meV per unit  
cell [9]. Assuming the low- 
chalcocite Cu2S of N formulae 
units form a spherical core 
within a large reservoir of 
high-chalcocite, we have:  
Es = (36π)1/3 N2/3 (e1 − e2). Note  
that C = CunitN, and Cunit = 
52 J/mole·K [9]. Thus, from  
Eq. (1), we get t ~ 2 seconds 
when N = 1000 (2–4 nm 
domain size) and t0 = 1 ps [10]. 
This fluctuation time is of the 
same order as our observed 
experimental value. 
Discussion

It is expected that the 
features from this observation 
will be of interest to the 
community that attempts to  
simulate structural transfor- 
mations in solids, because 
details of the fluctuations 

between two phases have never before been available. This 
also implies that strategies such as blocking or creating free 
surfaces in the nanomaterials may be considered as a means 
of suppressing or assisting the phase transformation. In 
addition, because Cu2S phase transition is associated with 
the transport of copper ions within a sulfur crystal lattice 
frame, our observation is highly relevant to questions on how 
ion transport occurs within electrodes during charge and 
discharge of batteries. 

In situ TEM studies of materials transformations play 
an increasingly important role in basic sciences and energy 
research frontiers. Despite the significant advances in TEM 
resolution, real-time imaging of structural dynamics opens 
new chapters for technical development. For example, because 
many materials reactions are in a liquid or gas environment or 
under electric biasing, sample stability, sensitivity regarding 
signal-to-noise ratio, and the repeatability of the observations 
are topics for future development. In addition, although the 
electron beam is essential for TEM imaging, its perturbation 
to materials processes resulting from the energy deposition 
is an important issue. Low-dose imaging techniques (such 
as those for imaging biological samples) or imaging with low 
voltages (to minimize the knock on damage) may eliminate or 
control the electron beam effects. There is no doubt TEM will 
remain a powerful tool and continue to advance for years to 
come.
Conclusions 

In summary, dynamic structural transformations of a 
single Cu2S nanorod from a low-chalcocite to a high-chalcocite 
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structural fluctuations are different in adjacent domains. A 
higher fluctuation frequency was observed in the smaller 
domain (Zone II) in Figure 4B. It is likely that there were rapid 
structural fluctuations of even smaller domains during the 
nucleation process. 

Characteristics of phase nucleation and phase propagation 
were different for the forward and reverse transformations. 
At the onset of the transition from low-chalcocite to 
high-chalcocite, the high-chalcocite structure was at the 
outer surface of the low-chalcocite nanorod (Figure 4A). 
The high-chalcocite propagated inward until the whole 
nanorod was transformed into pure high-chalcocite. When 
the low-chalcocite phase reappeared (nucleated), it was 
located at the core of the high-chalcocite Cu2S nanorod. The 
low-chalcocite domain propagated along the long-axis of 
the nanorod or grew into a larger domain, which suggests 
the transition from high-chalcocite to low-chalcocite is a 
nucleation and growth process. 

The fluctuation kinetics has been estimated using a 
thermodynamic fluctuation model. The duration of the 
fluctuations t can be expressed as:

 t = t0eE2
S/2kBT 2C (1)

where t0 is an attempt time for the atoms to execute the 
transition, which is usually taken as a vibrational period and 
is on the order of picoseconds. Es is the interfacial energy 
between high- and low-chalcocite phases, which results 
from the different Cu arrangements in these two phases 

Figure 3: Images and image processing to visualize the low- and high-chalcocite structures in a Cu2S nanorod.  
(A) High-resolution TEM image of the Cu2S nanorod (II) and the corresponding FFT pattern (I). (B) Diffraction patterns 
of low-chalcocite along the [010] zone axis (L) and of high-chalcocite along the [110] zone axis (H). (C) Mask placed in 
the FFT pattern of (A) allowing the diffraction spots from the hexagonal lattice to pass (I). The corresponding filtered 
image shows the high-chalcocite domain or the hexagonal lattice frame of low-chalcocite (II). False color image (III) 
corresponding to (II). (D) Mask placed in the FFT pattern of (A) allowing the low-chalcocite diffraction spots to pass (I). 
The corresponding filtered image (II) shows the low-chalcocite domain. False color image (III) corresponding to (II). (E) (I) 
The overlapping of the two masks in (C) and (D). (II) The overlapping of the color image of (III) and the original image in 
(A). (III) The two structures in the nanorod highlighted by overlapping the two color images in (C) and (D).
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transition. Because complex phase transition kinetics occurs in 
bulk materials or nanocrystal ensembles because of the parallel 
phase transition processes in different parts of the sample, the 
single nanorod study presents an ideal case where fluctuations 
in one or only a few domains along the length of the nanorod 
can be monitored. 
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structure have been observed in situ by TEM: (a) the 
high-chalcocite phase initiates on the outer surface of a Cu2S 
nanorod while low-chalcocite nucleates within the core during 
the transition, (b) the propagation of phases results from 
copper ions moving within a sulfur sublattice, and (c) defects 
have strong effects on the transition. This work provides 
critical insights into the microscopic pathways of the phase 

Figure 4: Trajectories of structural transformation in a Cu2S nanorod and the 
effect of defects. (A) Sequential images showing the low-chalcocite structure 
(green; L), mixed structure (mixed green and red domains; L), and the pure 
high-chalcocite structure (red; H). (B) Filtered image showing (1̄10) planes, where 
the regions marked with dashed lines highlight a stacking fault. (C) Trajectories 
of structural fluctuations in Zone I and Zone II during the transition period.
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