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S.1 Sample Preparation
[bookmark: _Hlk533791925]A Mg single crystal with (0001) orientation (purity 99.999%) was purchased from Goodfellow (Coraopolis, PA, USA). The single crystal was first mechanically polished, with a final mechanical step of 50 nm SiO2 slurry in a diluted solution, then etched in order to remove the damage layer and reveal the presence of any twins. Compression perpendicular to the (0001) axis was used to introduce extension twins in the crystal. A slice of ~500 μm was sectioned from the single crystal using a wire saw with minimal speed and load. Multiple H-bar type foils (20 μm in length, 10 μm in width, 750 nm in thickness), as shown in Fig. S1a, were prepared from the slice by using focused ion beam (FIB) machining on a FEI Scios 3-D dual beam (SEM/FIB) system (Hillsboro, OR). Next, pillars with different geometries (Fig. S1) were prepared by the FIB micromachining. The pillars have a thickness of 750 nm and height of 1200 nm (Fig. S1d). The thick pillars are designed to avoid major crystal size effects. The details on the samples are listed in Table S1. 
Table S1 The parameters of rectangular or truncated wedge-shaped pillar (TWP) samples and experimental set-up 
	Pillar type
	Top width
	Bottom width
	Thickness
	Length
	Strain speed

	Rectangular
	750 nm
	750 nm
	750 nm 
	1200 nm
	0.5 nm/s

	TWP
	400 nm
	750 nm
	750 nm
	1200 nm
	0.5 nm/s

	TWP
	250 nm
	750 nm
	750 nm
	1200 nm
	0.5 nm/s

	TWP
	100 nm
	750 nm
	750 nm
	1200 nm
	0.1 nm/s



In this work, we used the following approach to minimize the presence of artifacts that may be introduced by the FIB. First, we fabricated samples using cross section cutting on the lateral surface. Second, a low-energy (2 keV) ion beam was used to clean the sample surface and minimize the thickness of the damage layer. TEM observation confirmed that the FIB affected layer was usually less than a few nanometers. This is negligible compared to the sample thickness of 750 nm. 
[image: ]
Figure S1. Manipulating twinning via design of pillar geometry: (a) SEM image showing H-Bar type foils with the pillars; (b) SEM image showing the pillars on the H-Bars with different geometries; (c) SEM image showing the in-situ compression set-up. The inset is a selected area diffraction pattern revealing the orientation of the pillar. (d) SEM image showing the three-dimensional features of the pillars with 750 nm thickness. 

S.2 Finite Element Analysis
       Using the Finite Element Method with an Abaqus/CAE solver, we modeled the stress fields generated in the pillar due to compressive loading applied to the upper surface of the pillar (Fig. S2). 
[image: ]
Figure S2. Simulated stress distributions inside the pillars with different tip sizes. Simulated normal stress on the basal plane (σb) inside the pillars with tip size of: (a) 750 nm, (b) 400 nm, (c) 250 nm, and (d) 100 nm. Simulated normal stress on basal plane (σp) inside the pillars with tip size of: (e) 750 nm, (f) 400 nm, (g) 250 nm, and (h) 100 nm. Simulated normal stress on the (102) twinning plane (τtw) inside the pillars with tip size of: (i) 750 nm, (j) 400 nm, (k) 250 nm, and (l) 100 nm. The compression on the prismatic plane is much higher than the resolved shear stress on the twin planes. Stress/strain concentrators are located at the corners of the pillars.

    One regular pillar and three TWPs were designed with a bottom width of 750 nm, length of 1200 nm and thickness of 200 nm. The top widths of three TWPs are 400 nm, 250 nm and 100 nm, respectively. The regular pillar model and three TWP models with top widths of 400 nm, 250 nm and 100 nm are meshed with hexahedron elements. Models are then assigned materials properties for Mg. For all models, x-axis is along  direction, y-axis is along  direction and z-axis is along  direction. A 5 nm displacement is applied to the top surfaces while the bottom surfaces are fixed. In post analysis, we show stresses, σb, σp, and τtw on the middle plane in the thickness direction. The normal stresses in the x-direction are denoted as  σb as shown in Fig. S2a-2d and in the y-direction as σp in Fig. S2e-2h. τtw (Fig. S2i-2l) is defined as the shear stress on the two 45 inclined planes (corresponding to two twin planes). 
S.3 In-situ TEM Compression Experiment
In-situ mechanical testing was conducted using a Hysitron PicoIndenter (PI95) inside a JEOL 3010FEG TEM (300 keV) and TEAM 1 TEM (a modified FEI Titan 80-300 TEM) equipped with double-aberration-corrector and high performance in-situ camera to capture twin nucleation. The in-situ compression test was conducted using the indenter to compress the pillars, as shown in Fig. S1c, with the indentation direction being parallel to the basal plane. The indentation speed was 0.5 nm/s for the pillars with the sub-micrometer tip (750 nm, 400 nm, 250 nm) and 0.1 nm/s for the TWPs with the nano-sized top (100 nm). All of the in-situ tests were carefully aligned using the electron beam to avoid any misalignment between the indenter and pillars. Details of the experimental conditions used in our study are listed in Table S1. 
The in-situ compression curves for the regular pillars and TWPs are shown in Fig. S3. The TEM snapshots in Fig. S3a-d indicate critical sizes of the twins at the twin nucleation points. The stress data were used to calculate the stress localization levels across the length of the pillars, as shown in Fig. 1i-f.  The stress localization levels were calculated by using the max. stress curves subtracting the min. stress curves, as shown in Fig. S3 i-l. The averaged stress on the cross section of the pillar top is much higher than the averaged stress on the cross section of the pillar bottom, due to the wedge shape of the pillars. At a given pillar bottom width, pillars with shorter top width have larger stress gaps between the top and bottom cross sections, indicating a higher level of stress localization. 
[image: ]
[bookmark: _Hlk58017911]Figure S3. TEM images and related in-situ compression curves for the single-crystal pillars with various geometries. The TEM snapshots correlate to the moment when the twin nucleated in: (a) a conventional pillar with 750 nm width, and a truncated wedge-shaped pillar with top width of: (b) 400 nm, (c) 250 nm, and (d) 100 nm. The related in-situ load/displacement curves of: (e) the conventional pillar, and the truncated wedge-shaped pillar with a top width of: (f) 400 nm, (g) 250 nm, and (h) 100 nm. The related in-situ stress curves of: (i) the conventional pillar and the wedge-shaped pillar with top width of: (j) 400 nm, (k) 250 nm, and (l) 100 nm. The max. stress curve was calculated as the ratio of compression loading relative to the cross section of the pillar top. The min. stress curve was calculated as the ratio of compression loading relative to the cross section of the pillar bottom. The arrows in the compression curves indicate strain burst events associated with twinning deformation. The star in the compression curves indicate the point where the twin nucleus can first be identified. 
S.4 Twinning in a Conventional Pillar (750 nm)
In conventional pillar samples, the stress field is uniform (Fig. S2 a,e,i). Once a twin nucleates, it propagates quickly through the samples. Therefore, it is hard to visualize the initial nucleus; instead one can only observe the “adult” twin and its movement. 
[image: ]
[bookmark: _Hlk58017600]Figure S4 The summary of sample-shape dependent twinning behavior in deformed Mg. (a) Schematic of twin nucleation and early-stage growth in conventional pillars. (b) Schematic of twin nucleation and early-stage growth in the truncated wedge-shaped pillars with 400 nm top. (c) Schematic of twin nucleation in the truncated wedge-shaped pillars with 250 nm and 100 nm top. The schematics were drawn based on the in-situ compression results.


[image: ]
[bookmark: _Hlk507538243]Figure S5. Dynamic twinning captured in a conventional Mg pillar. (a-e) TEM snapshots showing microstructure evolution, (f) the in-situ compression loading-displacement curve. The dashed lines indicate the twin boundaries. The twin propagates along the shear plane without apparent shear offset on the surface (b) and then thickens along the basal plane (c-e).  The point b in (f) correlates to the moment when the twin first nucleated. The remarkable strain burst (with a magnitude of approximately 5 nm) is due to twinning. (g-h) Post-mortem TEM images revealing the orientation relationship between matrix and twin. (h) HRTEM image of the red rectangle region in (g). The yellow dashed lines indicate basal/prismatic interfaces and red dashed lines indicate prismatic/basal interfaces.

[bookmark: _Hlk37347886]There are two proposed early-stage twin growth mechanisms in the conventional pillar: shearing along a twinning plane or prismatic-basal transformation, as schematically shown in Fig. S4a. First, a narrow {102} twin first initiates at one corner of the pillar and propagates its tip extremely fast across the width of the pillar (see Fig. S5b and Movie S1).  The movement of a primary twin boundary and tip indicate its growth mechanism. Since the twin boundary moves mostly along the (102) twinning plane, this step is likely accomplished by conventional shearing-shuffle associated with successive glide of twinning dislocations 1, 2. Once its twin tip reaches the other side of the pillars, it then mostly expands in thickness along the basal plane due to the geometric confinement (Fig. S5c-e).
There are two features worth noting in the conventional pillar. First, twin propagation in the conventional pillar leads to a large strain burst, as seen at point b in Fig. S5f. Second, and as evidenced by the TEM results (Fig. S5), the twin grows along the basal plane and ends up with prismatic parallel to basal interfaces (yellow dashed lines in Fig. S5h) and basal parallel to prismatic interfaces (red dashed lines in Fig. S5h). This indicates that, in the conventional pillars, twinning can accommodate a large amount of plastic strain via the PrismaticBasal transformation.

S.5 Twinning in Truncated Wedge-shaped Pillars
Using a novel pillar geometry, we introduced a gradient stress field inside a single-crystal pillar to slow down twin propagation. In the TWP with a top width of 400 nm, we observed  a two-step early-stage twin growth mechanism, as shown schematically in Fig.S4b. The first, two twin nuclei initiate from each corner, shear along the twinning plane to meet at the center of the pillar (Fig. S3b). This step occurs via the shear-shuffle associated with the gliding of twinning dislocations. Second, once they meet, they stop expanding along the direction of the pillar’s width, but mostly both expand along the direction of the pillar’s length into the pillar. This occurs via pure-shuffle associated with the basal-prismatic transformation. It is worth nothing that these two twins interacted with each other and thus impede them thickening laterally, which results in stress bursts in the compression curves, as indicated by upward arrows in Fig. S3j.  
[image: ]
Figure S6. Dynamic twinning captured in a wedge-shaped Mg pillar with the top width of 250 nm. (a-k) TEM snapshots showing microstructure evolution, and (l) the in-situ compression load-displacement curve. The dashed lines indicate the twin boundaries. The point b in (l) corresponds to twin nucleation. 

In the TWPs with a top width of 250 nm, twinning can be defined as two processes: nucleation and expansion (Figs. S4, S6 and Movie S2). A triangular twin can be clearly seen to nucleate from the top surface of the pillar tip (Fig. S6b). The twin is then found to grow along the direction of pillar’s width (Fig. S6c-f) and length (Fig. S6g-k). The twinning in this pillar accommodates a more continuous plasticity flow as evidenced by the strain curves (Fig. S3g,k), which only has a few minor strain bursts. Whereas, in the conventional pillar, the twin propagation results in a much larger strain burst, as shown in Fig. S3e,i. 
[image: ]

Figure S7. The microstructural of the captured twin formed by prismatic-basal transformation in the wedge-shaped pillar with a top width of 250 nm. (a-b) Dark-field TEM image to show the morphology of the twin nucleus, and (c) selected area diffraction pattern to show the orientation relationship between twin and matrix. HRTEM images to show basal/prismatic facets at (d-e) twin boundary or (f) twin tip. The yellow dashed lines indicate the basal-prismatic interfaces and the red lines indicate the prismatic-basal interfaces.

[bookmark: _Hlk65664363]Unlike the conventional pillar, the early-stage growth occurs via pure shuffle associated with basal-prismatic transformation, as schematically shown in Fig. S4. Once the twin nucleates, it mainly propagates its tip and boundary sideways along the prismatic plane and vertically along the basal plane (Fig. S6 and Movie S2). No obvious shearing along the twinning plane was detected. Also, the TEM characterization indicates that the final twin has a bullet-like shape (Fig. S9a-b). Selected area diffraction pattern (Fig. S7c) and HRTEM (Fig. S7d-f) characterization demonstrate the orientation between matrix and twin. The primary boundaries are basal-prismatic (BP) boundaries in the two sides of the twin (Fig. S7d). The inclined boundaries are mostly BP terraced interfaces (Fig. S7e), and the boundary of the twin tip is a prismatic-basal (PB) terraced interface (Fig. S7f). 
[bookmark: _Hlk65664436][bookmark: _Hlk57814724][bookmark: _Hlk57907462][bookmark: _Hlk57907452]       In the submicron TWP with the narrowest top width of 100 nm, a small twin nucleus (~20 nm) is revealed to initiate from the top surface (Fig. S8). The nucleus shows a triangular shape with its boundary and tip parallel to the basal plane, when it was first identified. Postmortem atomic TEM characterization (Fig. S8h-j) indicates the resulting twin nuclei are both composed of BP and PB terraced boundaries. Therefore, the combination of in-situ and postmortem observation provide evidence that the twin nucleates via the P→B and B→P transformation. In order to clearly identify the early-stage growth event of the twin nucleus, we characterized the twin boundary and tip movement using dark field TEM. As shown in Fig. S10, once the twin nucleates from the top surface, it moves its tip and boundary along the basal plane (compression direction) under further compression, and no lateral shearing along twin plane is detected. This suggests that crystal geometry confines the twin propagation along the twinning plane and enables the early-stage growth along basal plane via the P→B and B→P transformation.



[bookmark: _Hlk65663085][image: ]
Figure S8. Dynamic twinning captured in a wedge-shaped Mg pillar with the top width of 100 nm. (a) corresponding in-situ compression curves of the pillar. The max. stress curve was calculated by the ratios of compression loading to the cross section of the pillar top. The min. stress curve was calculated by the ratios of compression loading to the cross section of the pillar bottom. (b-f) Bright field TEM snap-shots show twin nucleation from the pillar top surface during the in-situ test. (h-i) Bright field TEM images show the morphology of the twin nucleus. The inset of (i) is a selected area diffraction pattern to demonstrate the orientation relationship between twin and matrix. (j) HRTEM images of twin boundaries showing basal/prismatic terraced boundary. The yellow dashed lines indicate the basal-prismatic interfaces, and the red lines indicate the prismatic-basal interfaces.

       In order to capture additional atomic-level details of defect activity before twin nucleation, we conducted in-situ tests on the TWPs with a thickness less than 100 nm (Fig. S9). However, there is a technical challenge on resolving dynamic details at the atomic resolution level during the in-situ compression test, due to un-avoidable damping issue of the indenter and bending contouring issue of the thin samples. We thus were able to only capture a few snapshots at the atomic resolution level. 
[image: ]
Figure S9. In-situ result on a truncated wedge-shaped Mg pillar with a thickness less than 100 nm to show stacking fault and dislocation activity: (a) a bright-field TEM image to show experimental set-up, and the inset is a diffraction pattern for the pillar; (b) atomic resolution TEM images (b) before, (c) during and (d) after the in-situ compression test.

[bookmark: _Hlk65676335]       In the snapshots (Fig. S9), we observe dislocation pile-up and stacking faults, which might provide the driving force for the nucleation of twins. However, we failed to produce twins in any pillars with a thickness less than 100 nm. This is possibly due to the “crystal size effect” of the samples 3. Atomic imaging typically requires a sample thickness no greater than 100 nm. At such a small scale, the stress states on the crystal samples, as well as deformation mechanisms, are different from those in bulk materials, and deformation twinning is generally replaced by ordinary dislocation plasticity and/or local crystal reorientation. Thus, we propose an alternative approach be used to provide support to the proposed “pure shuffle” mechanisms: to characterize twin boundaries and their migration in the thick pillars during the in-situ tests, and then conduct postmortem atomic-resolution TEM characterization on the twin nucleus after the in-situ tests and appropriate thinning of the sample to a thickness appropriate for atomic imaging. At the submicron scale, the stress required for deformation twinning increases with decreasing sample size. This does not change twinning mechanisms in the submicron samples, as twinning was observed to nucleate from pillar surfaces and prismatic/basal interfaces can be identified in all the submicron samples. During the in-situ tests, we identified the BP or PB transformation based on the morphology of the nucleated twins and also the migration direction of the twin boundary. On the one hand, immediately following twin nucleation, the morphology of the twin nucleus indicates how it nucleated. If the twin has a boundary not parallel to the shear direction, but parallel either to a basal or prismatic plane, this indicates that the twin formed from a prismatic/basal transformation. On the other hand, the migration direction of the twin boundary indicates how a twin propagates. If the twin propagates along either a basal or prismatic plane, instead of the (102) shearing direction, this suggests that the twin migrates by BP or PB transformation. 

[image: ]
Figure S10. In-situ results for a truncated wedge-shaped Mg pillar to show the propagation of a twin along the basal plane: (a-h) dark-field TEM snapshots from the in-situ compression experiment.

S.6 Molecular Dynamic Simulations of Twinning 
There are several empirical potentials for Mg, such as Liu’s EAM potential (1996) 4  and Sun’s potential (2015) 5. Recently, one of this paper’s authors compared these potentials and density functional theory (DFT) calculations 5 with respect to surface energy, interface energy, twin boundary energy, and formation and migration energies of adatoms, dimers, and trimers on different surfaces. The study shows that the Liu’s potential is much closer to the DFT calculations of surface energies and also recreates the dependence of surface energy on normalized atom density, while the Sun potential struggles to recreate the DFT values. Both potentials can reproduce formation energy values for twin boundary and PB interfaces. Thus, atomistic simulations were performed for Mg using empirical interatomic potential developed by Liu et al. 4 to explore the twin nucleation process.  A TWP is created so that the x-axis is along the  direction, the y-axis is along the  direction, and the z-axis is along the  direction. In Fig. 4 and Fig. S11, the relaxed TWP has a top width of 12 nm, a bottom width of 40 nm, and a height of 30 nm. Periodic boundary conditions were adopted in the z-direction, while a 1 nm thick region at the bottom of the model is fixed. The periodic depth in the z-direction is 3.0 nm. Due to the periodicity, the produced twin nucleus is eventually straight along the z-direction. An indentation compressive load is applied on the top surface of the model at a displacement rate of 10 m/s at a temperature of 300 K. 
Fig. S11a (0 ps) shows the relaxed wedge-shaped pillar and Fig. S11b-d (84-90ps) shows the nucleation of twin nuclei at the two corners of the wedge-shaped model due to the local stress concentrations. Fig. S11e-i (90-102 ps) shows the merger of two twin nuclei into a larger twin. The propagation and growth of the twin nucleus is shown in Fig. S11j-l (106-140 ps), which is accomplished by the migration of BP and PB interfaces. During this process, the twin nucleus is mainly surrounded by BP and PB interfaces. Moreover, one basal <a> dislocation is emitted from a PB interface. More details can be found in Movie S5.
       
[image: ]
Figure S11. Molecular Dynamics simulation of twin nucleation. (a) Initial relaxed single crystal. (b-e) Nucleation of two twin nuclei at the corners on top surface. (f-i) Merge of two twin nuclei into a larger twin nucleus. (j-l) Propagation and growth of twin nucleus via migration of basal-prismatic and prismatic-basal interfaces. The symbol “Τ” indicates a basal <a> dislocation that is emitted from the prismatic-basal boundary. Atoms are color coded according to their excess energy: the lowest in the blue and the highest in the red.

S.7 Experimental Evidence of Coherency Stress Relaxation 
      Due to the lattice mismatch, the twin grows via PrismaticBasal transformation mechanisms. The high coherency stress can be relaxed through emission of basal dislocations.  HRTEM images (Fig. S12) that were taken from the twin tip clearly show a high density of <a> dislocations in the front of twin tip.
[bookmark: _Hlk65663173][image: ]
Figure S12. Two beam condition TEM images to show dislocations around a twin tip. (a) Bright field TEM, and (b) dark field TEM at g=(01-11) condition; all dislocations are visible at this two beam TEM condition. (c) Bright field TEM, and (d) dark field TEM at g=(01-10) condition. Only <a> or <c+a> dislocations are visible at this two beam TEM condition. (e) Bright field TEM, and (f) dark field TEM at g=(0002) condition. Only <c> or <c+a> dislocations are visible at this two beam TEM condition. The dashed lines indicate locations of the <a> dislocations. Most of the dislocations are visible as straight lines at g=(01-10) and g=(01-11) conditions, but not at g=(0002), indicating they are <a> dislocations. 

S.8 Molecular Dynamic Simulations of Twin Growth in a Bulk Crystal
We performed MD simulation for initial growth of a twin nucleus that is surrounded by PB and BP boundaries (see Fig. S13a and Movie S6). In the MD simulations, the initial interfaces of a twin consist of (0001) || T and || (0001)T (referred to as B/P or P/B) when the nucleus is small. The initial nucleus is embedded in a matrix that is subjected to a strain of 0.065 along  and -0.065 along [0001]. MD simulations were carried out at 10 K. Atoms are color coded according to their excess energy: the lowest in the blue and the highest in the red. 
[image: Macintosh HD:Users:jwang:Desktop:Figure-S11.jpg]

[bookmark: _Hlk515713494]Figure S13. Molecular Dynamic simulations of twin growth in a bulk crystal: (a) A 4x4 nm2 twin nucleus surrounded by prismatic-basal (PB) and basal-prismatic (BP) boundaries is formed in a single crystal. (b-c) Under biaxial loading, tension along the y-direction and compression along the x-direction, the twin nucleus grows initially through the migration of coherent PB and BP boundaries. (d-e) With the growth of the twin, the coherency stress associated with coherent PB and BP interfaces is released in association with the formation of misfit dislocations that further pin the PB and BP interfaces. This leaves the coherent twin bounded by slower growing  twin planes. (f) The growing twin then forms the usual lenticular shape with twin boundary terraces. The details can be seen in the Movie S7.

When the twin is in a bulk sample that is subjected to effective tensile stress along the <c> axis, the resolved shear stress on the basal plane is equal to zero. The emission of <a> dislocations from PB and BP interfaces into the matrix is unfavorable, which precludes formation of long PB and BP interfaces. Analogous to the Frank analysis for crystal growth 1, the PB and BP facets grow faster (see Fig. S13b-c), implying easier nucleation/propagation of twinning dislocation pairs on PB or BP boundaries than on  CTB. With the growth of the twin nucleus, misfit dislocations are nucleated on PB and BP boundaries to release the coherency stress and further pin the PB and BP interfaces (see Fig. S13d-e). This leaves the coherent twin bounded by slower growing  twin planes. The growing twin then forms the usual lenticular shape, Fig. S13f, with CTB terraces.  The shape formed in this case is consistent with the twin morphology found in bulk samples 1.
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Movie Captions
Movie S1. In-situ video to show twinning behavior in the conventional pillar with width of 750 nm and thickness of 750 nm. The video was accelerated by 8 times.
Movie S2. In-situ video to show twinning behavior in the wedge-shaped pillar with top width of 250 nm and thickness of 750 nm. The video was accelerated by 8 times.
Movie S3. In-situ video to show twinning behavior in the wedge-shaped pillar with top width of 100 nm and thickness of 750 nm. The video was accelerated by 8 times. 
Movie S4. In-situ dark field TEM video of a truncated wedge-shaped Mg pillar to show the early-stage growth of a twin tip along the basal plane.
Movie S5. Molecular dynamic simulation video to show twin nucleation via prismatic-basal transformation from the top surface of the wedge-shaped pillar.
Movie S6. Molecular dynamic simulation of twin growth in a bulk single crystal.
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