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Abstract 

The operating conditions of functional materials usually involve varying stress fields resulting 

in either intentional or undesirable structural changes. Complex multiscale microstructures, 

including defects, domains and new phases in functional materials can be induced in situ by 

mechanical loading, providing fundamental insight into their deformation process. The 

resulting microstructure, if induced in a controllable fashion, can be used to tune the 

functional properties or to enhance their performance. In-situ nanomechanical testing 

conducted in (Scanning) Transmission Electron Microscopes (STEM/TEM) provides a 
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critical tool for understanding the microstructural evolution in functional materials. In this 

report, select results from a variety of functional materials systems will be presented in the 

context of newly developed multi-modal experimental capabilities to demonstrate the impact 

of these techniques.  

 

1. Introduction 

The properties of functional materials are strongly determined by the underlying 

microstructure, which is usually sensitive to the operating conditions during specific 

applications. Observing and characterizing the dynamic process of the microstructural 

evolution is therefore critical for the understanding of their structure-property relationship[1–8]. 

It is also possible to tune the performance of materials via microstructural engineering by 

applying external electrical, magnetic or thermal fields and mechanical loading[9–18]. Thanks to 

the development of in-situ (S)TEM testing, new capabilities for conducting nano-scale in-situ 

observation of materials’ microstructure evolution have become increasingly available[8,19,20]. 

Among these external stimuli, nanomechanical deformation features high stress levels that 

cannot be easily achieved in macroscopic testing. High stresses result in complex 

microstructures [21–26] that span multiple length scales[9,21,24,27–33]. Understanding these stress-

induced phenomena can provide valuable insight into the performance of the materials and 

illuminate the potential for novel functional micro/nano-device applications.  

Quantitative application and measurement of stresses and strains during in-situ TEM 

nanomechanical testing is now routine [34–39]. Coupled with the on-going adoption of aberration-

corrected (S)TEM instruments, it is possible to achieve atomic resolution during in-situ 

experiments[1,4,19,20]. Therefore, atomic-scale features and defects can be directly observed 

during in-situ STEM experiments[40,41]. As an emerging data-intensive STEM technique, nano-
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beam electron diffraction (NBED, also called 4D-STEM) combines the benefits of a finely-

focused electron probe and the information-rich diffraction patterns[42–45]. Direct electron 

detector (DED) cameras can operate at thousands of  frames per second, enabling time-resolved 

in-situ 4D-STEM experiments[46–51], from which multi-modal characterization can be extracted 

from a single experimental dataset. Examples include orientation mapping[44,45], strain 

evolution[52,53], and local structural ordering[50]. As in-situ nanomechanical testing is usually 

conducted irreversibly, the multi-channel nature of 4D-STEM is essential to capture more of 

the information during dynamic processes. Aside from the advances of TEM instruments and 

analytical methods, more sophisticated micro-electro-mechanical devices (MEMS) have been 

incorporated into in-situ nano mechanical testing[54–59], some of which have capabilities for 

applying and measuring fields along with mechanical load.  

In this report, we showcase some recent progress of in-situ (S)TEM nanomechanical 

testing with emphasis on functional materials.  

2. In-situ functionality measurement during mechanical loading 

Ferroics are a widely used class of functional materials, demonstrating both ferroelectric 

and ferroelastic properties. Stress-induced domain evolution or phase transformations provide 

an effective way to alter the electrical properties of a ferroic. As shown in Figure 1, a stress-

induced insulating-to-conductive domain structure evolution in an individual BaTiO3 nanopillar 

has been revealed via in-situ TEM observation. The pillar originally displayed a herringbone 

domain structure, which transformed into a common (head-to-tail) 180-degree domain structure 

under axial tension or a head-to-head charged 180-degree domain structure under axial 

compression[60]. The strongly charged head-to-head 180-degree domain wall is in fact a free-

electron gas structure, exhibiting metallic-type conductivity that is 109 times higher than the 

parent BaTiO3 crystal[61,62]. However, the 2-dimensional domain wall structure is inherently 
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unstable at equilibrium owing to its higher energy[61]. Here the structure is not formed until the 

compression load reaches 280 MPa (Figure 1(a)). A steady conductivity between the pillar 

substrate and the boron-doped conductive nanoindentation tip was achieved with the applied 

mechanical stress (Figure 1(b)). Notably, the stress-induced charged head-to-head domain wall 

(i.e. the free-electron gas structure) was not present in the entire nanopillar at first yet showing 

a "deflecting growth" which avoided approaching the top electrode of the pillar, until a 4V 

voltage was applied (Figure 1(c)). Such behavior is theoretically predicted (an energy barrier 

must be overcome before the head-to-head domain wall connecting the electrodes subsequently 

enables current)[61], but rarely reported via direct experimental observation. It is worth 

mentioning that unlike heterogeneous interfaces, domain walls in ferroelectrics can be created, 

displaced, annihilated and recreated via reversible mechanical loading.  

An ongoing pursuit of in-situ nanomechanical TEM experimental systems is the 

integration of multi-modal measurements during the loading process. Examples include the 

measurements of electrical[63,64] and/or thermal[56] properties while applying a mechanical load 

to the sample. Zhang et al. observed a large electric field-induced strain in BiFeO3 using a 

commercially available MEMS-based system and demonstrated the potential of the material in 

piezoelectric applications[63]. Gao et al. revealed a ferroelastic domain-wall-mediated 

ferroelectric switching in Pb(Zr0.2Ti0.8)O3 thin films using a customized systems[64]. 

Controllable thermal fields can be applied using a resistive heater, by Joule heating of the 

material, or by electron-beam heating[56].  

3. Application of 4D-STEM during in-situ nanomechanical testing 

 4D-STEM is a diffraction based technique that has the potential to combine high spatial 

resolution (∼1nm) with a large field of view (∼1µm)[42,43,45]. To acquire a 4D-STEM dataset, 

one needs to work in the STEM mode, where the electron probe scans through the area of 
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interest and the diffraction pattern is recorded at each scanning position. The 4D-STEM dataset 

contains a 2D array of spatial positions, each containing a full 2D reciprocal-space diffraction 

pattern, resulting in a 4D dataset[45]. Therefore, one 4D-STEM acquisition could be used for 

virtual-aperture diffraction contrast bright-field/dark-field (BF/DF) imaging[42], orientation 

mapping[44,65], large-field-of-view strain mapping[43] and even local chemical ordering 

mapping[50,66]. The operating principle of 4D-STEM is demonstrated in Figure 2(a) along with 

an experimental example of a SrTiO3/PbTiO3 multilayer heterojunction by a multiple-channel 

acquisition on composition, strain and polarization mapping[67]. The application of 4D-STEM 

during in-situ experiments has been significantly expanded recently thanks to the deployment 

of fast DED camera with frame rates up to ∼thousands of frames per second level[46,47,51,68]. The 

fast readout speed is important, not just for increased scan speed, but also for the opportunity 

to probe dynamic events during in-situ STEM/TEM studies[48–50,69]. Figure 2(b) further 

demonstrates the advantages of NBED in in-situ experiments[70], where multi-modal contrast 

can be achieved with a single dataset, simplifying the experimental workflow of in-situ 

nanomechanical testing and enabling more dynamic correlation analysis.  

Considering the information-rich characteristic of the 4D-STEM, it is likely that the 

technique will be increasing utilized to characterize functional materials, especially for in-situ 

dynamic observations.  

4. Atomic-resolution imaging during in-situ nanomechanical testing 

One recent trend of in-situ (S)TEM nanomechanical testing is to approach the atomistic 

mechanism of microstructural evolution[71–74], in which the in-situ mechanical tests are 

conducted via atomic-resolution (S)TEM imaging. At the atomic level, the dynamic 

microstructural evolution becomes evident at the level of individual defects or features on the 

order of a single-unit-cell size, revealing atomistic insight on the materials’ properties.  
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Figure 3 shows an in-situ atomic resolution observation of a crystalline BaTiO3 nanopillar 

under a shear load. We found that defects nucleated in the BaTiO3 nanopillar at a 90-degree 

domain wall, as the local shearing stress goes up to ~2GPa. The deformation mechanism of the 

BaTiO3 pillar was observed as follows[75]: (1) For stress release, the 90-degree domain wall was 

easily induced in BaTiO3 (as the stress approached 10 MPa); (2) Mobile point defects (mainly 

oxygen vacancies in BaTiO3
[15]) then accumulated at the domain walls, providing sites for 

dislocation nucleation[31,32]; (3) As the stress further increased to ~2 GPa, more dislocations 

nucleated at the 90-degree domain wall, subsequently triggering the cracking along the domain 

wall[60].  

5. MEMS-based in-situ (S)TEM nanomechanical testing 

The design of in-situ (S)TEM mechanical tests are often constrained by the limited space 

in a TEM column (the vertical gap between objective pole pieces in which the sample sits in a 

TEM is typically no more than 5 - 10 millimeters high). MEMS-based sample stages or single 

use devices have been widely integrated into in-situ TEM tests due to their small size and design 

flexibility[19,20,76–80]. For example, Figure 4(a) shows a simple passive push-to-pull (PtP) device, 

with a  Si frame designed to turn compression of the device into tension at the sample[56,81]. The 

local phase transition of a VO2 nanowire under heating has been probed by electron diffraction 

and dark-field imaging (Figure 4(b)). Owing to the volume change caused by the phase 

transition, there are corresponding strains and stresses generated inside the sample. By using 

the PtP device, the respond speed and the stress output have been measured in-situ (Figure 4(c)), 

revealing the potential of nanowires as actuators.  

For in-situ testing of functional materials, maturity of MEMS fabrication would enable 

more sophisticated multi-channel chip designs (also known as “lab on a chip”)[1,20]. Examples 

include the commercially-available e-PtP devices (simultaneous application of electrical and 
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mechanical fields)[20,78,79], and the in-situ TEM tensile device based on thermally actuated 

bimetallic strips[34]. In the future, highly integrated chip devices will be a solution for the next-

generation mechanical in-situ TEM/STEM techniques, which results in more functionalities, 

lower experimental cost and easier experimental control[57].  

6. In-operando functional device testing   

Integrated devices enable the miniaturization of  functional material devices[82,83]. Testing 

the performance or observing the failure mechanism of such ultra-small devices in operando 

has proven to be challenging as conventional characterization fails to provide a sufficient spatial 

resolution. Thus, in-situ TEM testing is an optimal way to assist in the development phase of  

ultra-small devices[20,81,82].  

Figure 5(a) shows the cycling test of a VO2 nanowire-based thermometer, which was used 

to monitor the heating effect of the electron beam[81] . Guo et al. utilized the metal-insulator 

transition (MIT) temperature of vanadium dioxide at 68 °C to construct a nanowire-based 

thermometer, which could be used as a thermal flow meter. 100 heating/cooling cycles (by 

blanking/unblanking the electron beam) were conducted to test the reliability of the device with 

respect to the residual strain output after the cycling.  

As another example of a miniature device, Figure 5(b) shows a multiple-domain-structured 

BaTiO3 nanopillar, which can function as a piezoelectric actuator. Interestingly, it shows an 

enhanced strain output after mechanical aging. Here, many nanodomains have been introduced 

into the nanopillar via compression and then stabilized by a time-dependent point defect pinning 

effect[11,33,75]. This is a ‘domain engineering' effect[13,14] used to improve the piezoelectric 

response.  
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With the recent development of environmental in-situ TEM techniques, more in operando 

conditions can be applied (e.g. temperature, gases or radiation) simultaneously with external 

mechanical loading[20,84].  

7. Summary and Prospects 

We have highlighted a selection of recent advances in the field of in-situ (S)TEM 

nanomechanical testing for functional materials. Any functional material that involves 

mechanical properties in their potential service could benefit from in-situ (S)TEM 

nanomechanical testing-based observation. With the help of atomistic simulations[85,86], in-situ 

(S)TEM nanomechanical testing has the potential to accelerate the research and development 

of functional materials and functional materials-based applications.  

Despite the significant progress, many opportunities remain unexplored in terms of 

instrument development, experimental techniques and analytical methods. In the near future, 

we believe that in-situ (S)TEM nanomechanical testing methods will continue to further evolve 

in the following aspects: (1) Incorporation with more in-situ capabilities such as magnetic field 

control and measurement, laser pump-probe, and environmental atmosphere. (2) Improved 

temporal resolution with the development of faster electron detectors and novel dynamic TEM 

techniques. (3) Fast and powerful data analysis tools for working with the high-bandwidth raw 

data associated with high spatial/temporal resolution or information-rich experimental methods 

such as 4D-STEM.  
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Figure 1. (a) The domain evolutions in a single-crystal BaTiO3 nanopillar under quantitative 

compression loading: from a herringbone domain structure to a charged head-to-head 180-degree 

domain structure. (b) The dramatically enhanced conductivity related to the domain structure 

changing, i.e. the conductivity induced by a free-electron gas structure. (c) The head-to-head 

180-degree domain wall does not reach the pillar-top electrodes until a 4V electric field between 

the top and bottom electrodes has been applied. The scale bar in (a) is 100nm. 
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Figure 2. In-situ observation by 4D-STEM. (a) The principle of the high-throughput multi-

channel 4D-STEM mapping, with a case of a SrTiO3/PbTiO3 multilayer heterojunction 

structure. Figures are reproduced with permission[67]. (b) A schematic demonstrating the 

difference of TEM in-situ nanomechanical testing conducted in conventional TEM mode and 

in dynamic 4D-STEM mode, emphasizing the multi-contrast capability of 4D-STEM. Figures 

are reproduced with permission[70]. 
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Figure 3. Defect nucleation at a 90-degree domain wall in single-crystal BaTiO3 nanopillar 

under heavy shear (~2GPa) which leads to cracking. Here, we highlight the sharp 90-degree 

domain wall with a single white dashed line, and the broadened domain wall under heavy shear 

with two white dashed lines, respectively. 
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Figure 4. The strain and force output of a VO2 nanowire under electron beam heating, being 

measured in-situ by a MEMS PtP chip. (a) The PtP device and the VO2 nanowire on it. The 

local phase transformation under heating causes a strain and force output, which can be well 

detected by the in-situ mechanical TEM system with the PtP device. (b) The in-situ dark-field 

observations of the nanowire, displaying local phase transition during a heating-and-cooling 

process. (c) The force output depending on the local phase transformation. Figures are 

reproduced with permission[56].  
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Figure 5. (a) A VO2 nanowire-based nano-thermometer which can quantitatively evaluate the 

temperature increase caused by electron beam heating. Its setup (SEM image, see upper inset), 

working principle (see middle three insets), and in-situ TEM observation of the strain outputs 

under electron beam heating/cooling cycling (before and after MIT for the first cycle, and after 

MIT for the 100th cycle. See three lower insets) are shown in the insets. Figures are reproduced 

with permission[81]. (b) The in-situ observation of a BaTiO3 nanopillar under a mechanical aging 

(i.e. under a compression for a 100mins. See upper inset) and the piezoelectric performance of 

the BaTiO3 pillar (the electric field is applied between the diamond tip and bottom electrode. 

See three lower insets) after the aging. The scale bar is 100 nm. 




