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Abstract:  

Stacking engineering of van der Waals materials is an important strategy to control the materials’ 

properties, such as electronic correlations, ferroelectricity and layer-dependent two-dimensional 

magnetism. A timely testbed for the study of the latter is atomically thin chromium trihalides (CrX3, 
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X= Cl, Br, I). Notably, by understanding the sliding mechanism between different stacking 

sequences, control of the stacking arrangement and thus magnetic properties in CrX3 can be 

achieved. Such insight, however, is currently lacking. Here, advanced electron microscopy 

methods are used to identify multiple stacking sequences corresponding to different bulk phases 

in atomically thin CrX3 (X= Cl and Br) down to bilayer thickness and with lateral domain sizes as 

small as tens of nanometers. Indications of nanometer scale transitions and interactions at the 

stacking boundaries are found, including a universally preferred sliding direction that is consistent 

with density functional theory calculations and the strain fields at lateral heterostructure 

boundaries. This study demonstrates the necessity to consider local stacking structures when 

interpreting averaged magnetic properties measured with macroscale probes. Additionally, the 

preferred sliding direction insight from this study provides a strategy to control stacking sequence 

in atomically thin CrX3 samples during the exfoliation and sample fabrication process.  

 

Keywords: two-dimensional magnetism; magnetic properties; four-dimensional scanning 

transmission electron microscopy; stacking engineering; DFT calculations. 

 

Stacking control in van der Waals materials has fundamental importance as the stacking 

sequence is known to dictate the materials’ properties such as strongly correlated physics in 

rhombohedral stacked multilayer graphene1,2 and magic-angle twisted van der Waals 

heterostructures.3–7 To realize stacking control, it is essential to understand the sliding behavior in 

van der Waals materials. Stacking boundaries are the key structural elements that significantly 

impact this sliding behavior. For example, the stacking boundaries between AB and BA stacked 

domains in bilayer graphene are strain solitons and have a cross-boundary sliding direction along 
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the armchair edge of the honeycomb lattice of carbon.8 In addition, in-situ experimental studies 

show that room-temperature mechanical stimulation is sufficient to cause the migration of these 

stacking boundaries.9–11 The preferred sliding direction combined with the effectiveness of 

mechanical stimulation to manipulate the stacking sequence leads to a more accessible strategy to 

maximize the domain size with rhombohedral stacking in multilayer graphene.12 This strategy aims 

to align the shear force during the stack assembly with the zig-zag direction of the honeycomb 

lattice to avoid undesired interlayer sliding. Similar strategies can potentially be applied to other 

van der Waals materials to realize manipulation of their stacking sequence.13 

Another important example of stacking-dependent properties occurs in two-dimensional 

(2D) magnets14–17 such as chromium trihalides (CrX3, X=Cl, Br, and I), where tunable18–22 and 

layer-dependent magnetism can be realized via stacking engineering.17,23–27 2D magnets hold 

promises for spintronic applications, potentially leading to next-generation low-power electronics 

and quantum computing.28–30 2D magnets also provide opportunities for the development of highly 

integrated, flexible, and biocompatible devices and sensors based on magnetic effects.31,32 To 

achieve control over magnetic properties in CrX3, manipulation of the stacking sequence becomes 

essential, and a first step towards this goal is to understand the interlayer sliding behavior between 

different stacking sequences in these materials. 

Previous studies have shown that the exfoliation process- a typical method to prepare 

atomically thin van der Waals materials can significantly impact the stacking structure of CrX3. 

More specifically, the exfoliation process freezes the stacking sequence corresponding to the stable 

phase of bulk CrX3 at room temperature, at which the exfoliation takes place.33 Furthermore, unlike 

bulk CrX3, which undergoes phase transition from high-temperature monoclinic phase to low-

temperature rhombohedral phase,34,35 the exfoliated thin CrX3 does not undergo any phase 
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transition at low temperatures.24,25,34,36–38 The lack of phase transition in thin CrX3 is manifested 

as an unchanged stacking sequence below the phase transition temperature, and consequently leads 

to magnetic properties different from its bulk counterpart.24,25,33,34,36–38  

Although the above studies reveal a dominant stacking sequence, it is not clear whether 

complicated domain structures exist in exfoliated thin CrX3 at the sub-micron or even nanometer 

scale. Macroscale magnetic property and structural characterization show the existence of mixed 

phases in bulk and exfoliated CrX3.26,27,39  However, these characterization techniques such as 

SQUID (superconducting quantum interference device) magnetometry combined with X-ray 

diffraction,39 tunneling magnetoresistance measurements,26,27 second-harmonic generation33 and 

Raman spectroscopy24 have limited spatial resolutions at around or greater than 1 micrometer. A 

higher resolution characterization tool is needed to study the detailed domain and boundary 

structures to reveal the sliding behavior in exfoliated few-layer CrX3.  

Here, we use four-dimensional scanning transmission electron microscopy (4D-STEM) in 

the plane-view sample geometry to study the stacking structure at the nanometer scale in exfoliated 

atomically thin CrX3 (X= Br and Cl) encapsulated between two sheets of few-layer graphene (Fig. 

S1). Because CrX3 is extremely sensitive to air and moisture,24,37,40 both the exfoliation and 

encapsulation processes are performed in an inert environment (a glovebox filled with argon or 

nitrogen gas). Although our samples have few-layer graphene capping layers, which usually 

obscure contrast under imaging modes, the spatially resolved diffraction patterns acquired in 4D-

STEM can easily separate the reflections from the capping layers and those from the CrX3, thus 

providing unambiguous structural information of the target material. We also find that 4D-STEM, 

equipped with highly efficient direct electron detectors and optimized acquisition parameters, 

often enables characterization at a dose that helps minimize beam damage to the atomically thin 
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CrX3 samples. We choose CrBr3 and CrCl3 as the representative cases (with the focus on CrCl3) 

because they possess different stacking sequences at room temperature when being exfoliated.  

Our study reveals that monoclinic and rhombohedral stacking sequences can co-exist in 

exfoliated bi- and tri-layer CrCl3 and trilayer CrBr3, and the stacking boundaries usually connect 

domains with a dominant stacking sequence and a minor stacking sequence. We identify that these 

stacking boundaries are strain boundaries and have rich strain structures via 4D-STEM 

characterization. A recent pioneering cross-sectional TEM study reveals twisted monoclinic 

domain structures in exfoliated and non-exfoliated bulk CrI3, and that the exfoliation process 

reduces the single-domain thickness by an order compared to non-exfoliated bulk counterpart.41 

However, the in-plane domain structure was inaccessible in a cross-sectional characterization, not 

to mention the detailed stacking boundary structure that is key to understanding the sliding 

behavior. In our 4D-STEM in-plane approach, we identify the preferred sliding direction at the 

stacking boundaries to be along the zig-zag direction of the Cr lattice. This experimental 

observation is consistent with density functional theory (DFT) calculations and provides insight 

into a potential strategy to realize stacking control in exfoliated thin CrX3.  

Results and Discussion 

Identification of monoclinic stacking (M stacking) and rhombohedral stacking (R stacking) 

in bilayer CrCl3  

As shown in Figure 1a, single-layer CrX3 has a primitive structure of hexagonal lattice with D3d 

point group symmetry and P-31m space group symmetry.15,42 Each layer of CrX3 is composed of 

three layers of atoms, with one layer of Cr atoms sandwiched between two layers of halogen atoms 

(X). We use hexagons to outline the Cr atoms, solid triangles to distinguish the top X atoms, and 

dashed triangles to distinguish the bottom X atoms. In the rest of the paper, we simply use 
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hexagons with or without triangles to represent bi- and tri-layer CrX3 with different stacking 

sequences. Bilayer CrX3 with the stacking sequence corresponding to the monoclinic phase (or M 

stacking) and the rhombohedral phase (or R stacking) of bulk CrX3 are shown in Figure 1b (with 

additional schematics for the bulk CrX3 structure in both phases in Fig. S3). The stacking sequence 

in bilayer CrX3 is determined by the in-plane displacement vector 𝒖 between the two layers, and 

these two layers have the same orientation (or chirality15) for exfoliated CrX3 samples. The in-

plane displacement for M-stacked bilayer CrX3–𝒖𝒎 is along the zig-zag direction of the Cr lattice 

and |𝒖𝒎| =
"
#
𝑎$ 	(𝑎$	is the lattice constant for single-layer CrX3). To satisfy the close-packing 

condition,15 only three equivalent displacement vectors (arrows in Figure 1b) that are 120	° rotated 

from each other are allowed for M stacking. For R-stacked bilayer CrX3, the in-plane displacement 

vector 𝒖𝒓	 is along the armchair direction of the Cr lattice and |𝒖𝒓| =
√#
#
𝑎$ . Six equivalent 

displacement vectors that are rotated by 60	° between the neighboring two vectors are allowed for 

R stacking as shown in Figure 1b.  

Here we focus on bilayer and trilayer CrX3 samples to unambiguously reveal the details of 

the stacking structures especially at the boundaries. To determine the thickness and thus the 

number of layers of exfoliated CrX3 samples, we use an atomic force microscope located in the 

glovebox to measure the thickness after exfoliation and before encapsulation of CrX3. An example 

of exfoliated bilayer CrCl3 is shown in Figure 1c, with a measured thickness of ~1.2 nm, consistent 

with other work.24,43 It is well known that like other 2D materials the thickness of thin CrX3 with 

a certain layer number measured by atomic force microscopy can fluctuate17,24,43,44 due to the 

surface roughness of the SiO2/Si substrate45 and the experimental conditions of the atomic force 

microscope.46 We consider the possible variation of layer number estimated from the initial atomic 

force microscopy measurement and further determine the exact layer number during the TEM 
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study detailed below. To improve the accuracy of layer number estimation, we statistically 

investigate the average thickness of thin CrX3 of a certain layer number that has been confirmed 

by TEM. An example of such investigation to obtain the average thickness for bilayer CrCl3 

samples (1.194 ± 0.035𝑛𝑚) is shown in Figure S4. 

Bilayer CrX3 with the M stacking and R stacking have different crystal symmetry that can 

be detected via electron diffraction. As shown in Figure 1d, 4D-STEM uses a nanometer-sized (or 

even sub-nm-sized) electron beam to scan across a large sample area (ranging from hundreds of 

nanometers to micrometers), and at each scan point a convergent beam electron diffraction (CBED) 

pattern is collected and provides structural information at that point.47 This is different from other 

scanning electron diffraction techniques such as low energy electron diffraction (LEED). LEED 

uses a low energy (typically 20-200 eV), large (~ 0.5-1 mm) nearly parallel electron beam to scan 

the surface of a material and collects backscattered electrons that characterize the crystal structure 

of the first few atomic layers of the material.48 The surface sensitivity of LEED makes it unsuitable 

for studying air-sensitive samples that need capping layers like those in our work. In addition, 

because of the large beam size used in LEED, it cannot provide nanoscale structural information 

of a material. By using 4D-STEM, we can identify different stacking sequences from local 

positions and obtain detailed structural information from the stacking boundaries.  

In Figure 1d, two representative experimental CBED patterns from the regions of M-

stacked (left) and R-stacked (right) bilayer CrCl3 show two families of prominent diffraction spots: 

diffraction peaks 𝑑 (highlighted with blue circles), and diffraction peaks 𝑑′ (highlighted with blue 

squares). Diffraction peaks 𝑑 correspond to a lattice line periodicity of 𝑎 = 𝑎$ while diffraction 

peaks 𝑑′ correspond to a shorter lattice line periodicity of 𝑎′ = "
#
𝑎$. All 𝑑 and 𝑑′ peaks correspond 

to lattice lines along the zig-zag directions of the Cr lattice. By comparing the symmetry in the 
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experimental CBED patterns with that in the simulated diffraction patterns based on multi-slice 

method (Figures S5 and S6), we can determine the stacking sequence observed in our experiments.  

It is worth noting that single-layer CrCl3 possesses six-fold symmetry originated from its 

hexagonal lattice structure. This six-fold symmetry is maintained in R-stacked bilayer CrCl3 due 

to the intrinsic six-fold symmetry of the equivalent in-plane displacement vectors as shown in 

Figure 1b. In contrast, such a six-fold symmetry is broken in M-stacked bilayer CrCl3 because the 

three equivalent in-plane displacement vectors for M-stacking possess three-fold instead of six-

fold symmetry. Therefore, the diffraction pattern from R-stacked bilayer CrCl3 has six-fold 

symmetry while the diffraction pattern from M-stacked bilayer CrCl3 has two-fold symmetry. In 

the experimental CBED pattern corresponding to the M-stacked bilayer CrCl3 in Figure 1d, four 

of the 𝑑 peaks have similar intensities and are weaker than the other two 𝑑 peaks (one of which is 

blocked by the beam stop). All five 𝑑′ peaks have similar intensities (the sixth 𝑑' peak is blocked 

by the beam stop). In the experimental CBED pattern corresponding to the R-stacked bilayer CrCl3, 

all five 𝑑  peaks have similar intensities and all five 𝑑′  peaks have similar intensities. These 

observations are consistent with the simulated electron diffraction pattern from M-stacked bilayer 

CrCl3 and R-stacked bilayer CrCl3, respectively (Figures S5 and S6). The no-marker version of 

CBED patterns in Figure 1d is provided in Figure S2 for better visual comparison.  

The quantitative comparison of the relative intensity of the diffraction peaks can be 

understood by considering the relative phase shift (θ) between the two layers, which is the 

foundation of the interference theory. Other factors such as sample tilt also need to be considered 

for more accurate quantitative comparison (see Section 2.2 in the Supporting Information). Initial 

characterization via electron diffraction confirms that the dominant stacking sequence in exfoliated 
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bilayer and trilayer CrCl3 at room temperature is the M stacking, corresponding to the monoclinic 

phase (Section 1 in the Supporting Information). 

 

Figure 1: Characterization of atomically thin CrX3 using 4D-STEM. (a) Schematics of the top 

view and side view of single-layer CrX3 (X=Cl and Br). Green hexagons outline the Cr lattice. 

Green solid triangles outline the X lattice in the top layer of single-layer CrX3, while the dashed 

triangles outline the X lattice in the bottom layer. A unit cell is indicated in black solid lines with 

a lattice constant 𝑎$ .(b) Schematics for the top view of bilayer CrX3 with M stacking and R 

stacking. The interlayer displacement vectors for variant M stackings and R stackings are 

indicated below the atomic structures. (c) Atomic force microscopy height image of bilayer CrCl3 

flake exfoliated onto a SiO2/Si substrate. A height profile of the CrCl3 flakes along the green line 

is shown on the right. Scale bar is 1𝜇𝑚. (d) Schematic of 4D-STEM to study domains with different 

stacking sequences and the stacking boundaries in bilayer and trilayer CrX3 encapsulated in two 
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sheets of few-layer graphene. The representative experimental CBED patterns correspond to the 

M stacking and R stacking of bilayer CrCl3. Diffraction peaks belonging to 𝑑 and 𝑑′ families for 

bilayer CrCl3 are highlighted in blue circles and squares respectively, while the diffraction peaks 

for the two few-layer graphene sheets in white triangles.  

Preferred sliding direction at the stacking boundaries between a dominant M-stacked 

domain and a minor R-stacked domain in bilayer CrCl3 

In addition, our 4D-STEM studies reveal that variant M-stacking sequences exist in exfoliated 

bilayer CrCl3 and these domains with the dominant stacking sequence are connected by domains 

with the minor stacking sequence- R stacking. Figure 2 shows a typical bilayer CrCl3 sample that 

has such complicated domain structures. We use Mn (n=1, 2, and 3) to represent the three variant 

M stackings with the interlayer displacement vector 𝒖𝒎 that is 120° rotated from each other, and 

Rn (n=1-6) to present the six variant R stackings with 𝒖𝒓 that is 60° rotated from each other. By 

analyzing 4D-STEM data, especially virtual dark-field images of these bilayer CrCl3 samples, we 

can obtain structural information from a given domain. Figure 2a shows a typical CBED pattern 

from one scan spot with M stacking (randomly assigned as M1), which has one strong 𝑑 peak (𝑑# 

in Figure 2a, the other symmetric peak is blocked by the beam stop) and four weak 𝑑	peaks. The 

strong 𝑑#	peak corresponds to the lattice line direction along the in-plane displacement vector for 

M1 stacking 𝒖𝒎𝟏. A comparison in intensity of the five 𝑑 peaks is shown in Figure S7, which is 

consistent with the simulated diffraction pattern of bilayer CrCl3 with M stacking (Section 2 in the 

Supporting Information). The virtual dark-field image from the 	𝑑# peak highlights the domain 

with M1 stacking (Figure 2b), while the virtual dark-field image from	𝑑" peak shows the domain 

with M2 stacking in brighter contrast (Figure 2c). Based on the relative intensities of 𝑑 peaks 
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(Figure S7 and Section 2 in the Supporting Information), we can also identify the domains with R 

stackings assigned as R1 and R2, indicated in Figure 2c.  

 

Figure 2: Domains with the dominant M-stacking and the minor R-stacking in bilayer CrCl3. 

(a) A typical CBED pattern from the 4D-STEM data collected from the area assigned as M1 
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stacking in b. The two d peaks are circled in magenta and orange respectively, while the three 𝑑′ 

peaks are boxed and color-coded according to the main reciprocal directions. (b) Virtual dark-

field image from d3 peak, showing the 𝑀" stacked region in brighter contrast compared to the rest 

of the area. (c) Virtual dark-field image from d1 peak, showing the 𝑀( stacked region in brighter 

contrast compared to the rest of the area. (d)-(f), Virtual dark-field images from three 𝑑′ peaks, 

showing the three stacking boundaries B1, B2 and B3. The edge of the hole in the carbon film on 

the TEM grid is indicated. Scale bars in (b)-(f) are the same. Virtual dark-field images formed 

from 𝑑 peaks are plotted under the same color scale while virtual dark-field images formed from 

𝑑′ peaks are plotted under the same color scale. This applies for all virtual dark-field images 

shown in the rest of the paper. The direction of the translation vector at each boundary is indicated 

by a red arrow. (g) Schematics of two variant stacking structures corresponding to each of the two 

phases existing in the sample. The color of each layer is indicated. (h) DFT CI-NEB calculations 

to identify the MEP for the transition between two variant M-stackings of bilayer CrCl3.  

Virtual dark-field images from 𝑑′ peaks provide additional structural information on the 

stacking boundaries based on the interference theory (Section 2 in the Supporting Information). 

We note that certain stacking boundaries appear in the virtual dark-field images from two sets of 

the 𝑑′ peaks but disappear in that from the third set as shown in Figure 2d-f. For example, the 

stacking boundary between M1 and R1 (denoted as B1) appears in the virtual dark-field images from 

𝑑#′ and 𝑑"′ peaks but disappears in the virtual dark-field image from 𝑑(′ peak. This indicates that 

at this stacking boundary the translation vector ∆𝒖𝟏(= 𝒖𝒓𝟏 − 𝒖𝒎𝟏) is exactly along the direction 

corresponding to 𝑑(′ peak (also indicated by the green arrow in Figure 2b) and satisfies the fully 

constructive interference condition.  



 13 

By using the same method, we can determine the direction for ∆𝒖𝒏	at all three stacking 

boundaries indicated by a red arrow in Figure 2d-f, respectively. The direction of the translation 

vector ∆𝒖𝒏 is also the sliding direction from one stacking sequence to the other one across the 

stacking boundary. We find that the sliding direction at each boundary is 60° rotated from that at 

the neighboring boundary. We then determine 𝒖𝒎𝟏 for the M1 stacking, which is perpendicular to 

the reciprocal direction of the strong peak 𝑑# and indicated by the orange arrow in Figure 2b. 

Based on 𝒖𝒎𝟏 and the direction of ∆𝒖𝟏 we can determine 𝒖𝒓𝟏 	for R1 stacking assuming the first 

layer is continuous across the boundary. Applying the same method, we can determine 𝒖𝒎𝟐 for M2 

stacking and 𝒖𝒓𝟐 for R2 stacking (Figure 2g). We find that all three stacking boundaries observed 

here have a preferred sliding direction (the direction of the translation vector ∆𝒖𝒏) along one of 

the zig-zag directions of the honeycomb lattice of Cr, and the magnitude of the sliding path at all 

three boundaries is "
#
𝑎$. Although the translation vector can potentially adopt different magnitude 

(Figure S8), we assume the shorter the translation across the boundary the more energetically 

favorable. This is further confirmed via DFT calculations. 

Since our experimental observation involves two variant M-stacking sequences in bilayer 

CrCl3, we perform first-principles climbing image nudged elastic band (CI-NEB) calculations49 to 

determine the minimum energy pathway (MEP) for the CrCl3 flake to slip between the two variant 

M-stacking configurations. As shown in Figure 2h, these two configurations denoted as M1 and 

M2 serve as the initial and final states. Owing to typical DFT-level uncertainties, there is a minor 

energy difference of 1.1 × 10+,	𝑒𝑉/atom between them. Geometrically, the M1 stacking can turn 

into the M2 stacking by laterally shifting the top layer by √#
#
𝑎$ along one of the armchair directions 

of the Cr lattice, and this direct, linear slip would seem like the simplest path. However, 
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interestingly, the MEP involves an intermediate R-stacking configuration, which is a global 

minimum in the energy landscape as shown in Figure 2h. The energy barrier for this transition 

from M1 to R stacking is approximately 0.102 eV per CrCl3 flake (or about 0.013 eV per CrCl3 

unit) and the saddle point SP1 occupies the highest energy point along the transition pathway. The 

sliding direction during this transition is along one of the zig-zag edges of the Cr lattice and has 

magnitude of |∆𝒖𝟏| =
"
#
𝑎$, which is consistent with our experimental observations. The transition 

from the R stacking to M2 stacking involves a similar energy barrier with a sliding direction also 

along one of the zig-zag edges of the Cr lattice that is rotated by 60° relative to the translation 

vector for the M1 to R transition. The translation vector ∆𝒖𝟐 has magnitude of "
#
𝑎$, the same as 

that for M1 to R transition.  

All the above results from DFT calculations (Section 7 in the Supporting Information) are 

consistent with our experimental observations. The relatively low barrier suggests that the 

monoclinic-to-rhombohedral transition can be facilitated by thermal fluctuations or mechanical 

stimuli, such as shear force during exfoliation and stack assembly processes. These findings 

indicate that transitions between monoclinic and rhombohedral stackings are significantly more 

accessible than transitions within purely monoclinic or rhombohedral configurations, and this may 

explain why we only observe stacking boundaries between M stacking and R stacking (or another 

minor stacking sequence as discussed below) in few-layer CrCl3.  

Stacking boundaries between an M-stacked domain and an R-stacked domain with similar 

sizes 

Besides the case shown in Figure 2 where nanometer-sized regions with the minor R stacking are 

embedded in the dominant M-stacked regions, we also observe the coexistence of R-stacked and 

M-stacked regions with similar sizes (as shown in Figure 3). In the bilayer CrCl3 case (Figure 3a-
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d), from the symmetry of the diffraction pattern in Figure 3a, we confirm that part of the sample 

is an M-stacked region, which has a bright contrast in the virtual dark-field image from diffraction 

peak 𝑑"	(Figure 3b). The stacking boundary appears in the virtual dark-field images from 𝑑"′ and 

𝑑#′ peaks and is invisible in the virtual dark-field image from 𝑑(′ peak (Figure 3c and d). Using 

the same method discussed above, we can determine the in-plane displacement for both R- and M-

stackings and the translation vector ∆𝒖 across the boundary. We find that the translation vector 

has the direction along one of the zig-zag directions of the Cr lattice and magnitude of "
#
𝑎$ , 

consistent with the bilayer case in Figure 2. Blue arrows in Figure 3c and d point to defects most 

likely due to partial degradation. The defect clusters at the end of the stacking boundary are 

speculated to be the pinning points for this boundary and to stabilize the R-stacked region, which 

is less stable than an M-stacked region at room temperature for CrCl3.15  

Stacking boundaries between an R-stacked region and an M-stacked region with similar 

sizes can also occur in trilayer CrCl3. One example of trilayer CrCl3 with such a stacking boundary 

is presented in Figure 3e-j. Figure 3e shows a typical CBED pattern from the region with a stacking 

sequence that is different from a pure M-stacking or a pure R-stacking, where “pure” means the 

two 𝒖 vectors between adjacent layers are the same. This diffraction pattern has four	𝑑 peaks with 

equal intensities and the other two are absent. This unique symmetry indicates this area is neither 

pure M-stacking nor pure R-stacking (see simulated diffraction patterns in Figures S5 and S6), 

Besides pure M-stacking and pure R-stacking, there are three other possible stacking sequences 

that are energetically favorable for a trilayer CrCl3 speculated based on DFT calculations:18 1) a 

mixture of variant M-stackings; 2) a mixture of variant R-stackings; 3) a mixture of M-stacking 

and R-stacking. Based on the interference theory and simulated diffraction patterns of the above 

possible stacking sequences (Figures S5, S6 and S9), the only plausible stacking sequence that can 
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lead to the symmetry shown in this diffraction pattern is the third scenario– a mixture of M-

stacking and R-stacking. We use M+R to represent this mixed stacking (see a detailed discussion 

in Section 3 in the Supporting Information). The rest of the area shows diffraction patterns with 

symmetry the same as Figure 3f, where two strong 𝑑 peaks occur and the other four 𝑑 peaks are 

absent. By comparing the experimental pattern to the simulated diffraction patterns for trilayer 

CrCl3 with different stacking sequences (Figures S5, S6 and S9), we conclude that this diffraction 

pattern corresponds to pure M stacking.  

To obtain more structural information at the stacking boundaries, we investigate virtual 

dark-field images. A virtual dark-field image from the 𝑑( peak (in Figure 3e or f) shows the M-

stacked region in brighter contrast (Figure 3g), and the region with a mixed stacking sequence of 

M- and R-stacking in darker contrast (see Section 3 in the Supporting Information). By 

investigating virtual dark-field images from the 𝑑′ peaks, we obtain additional information about 

the stacking boundary in this trilayer sample. The stacking boundary appears in virtual dark-field 

images from 𝑑(′  and 𝑑#′  (Figure 3h) and disappears in the virtual dark-field image from 𝑑"′ 

(Figure 3i). This indicates that the translation vector ∆𝒖 across the boundary is exactly along the 

lattice line direction corresponding to the reciprocal direction of 𝑑"′, which is along the zigzag 

direction of the Cr lattice as indicated by the magenta arrow in Figure 3g.  The magnitude of ∆𝒖 

is determined as "
#
𝑎$, consistent with all the other stacking boundaries observed so far. Based on 

the above information, we can determine the atomic structure of the mixed M+R stacking and pure 

M-stacking as shown in Figure 3j. It is worth noting that a possible observation of a mixture of M- 

and R-stacking has been reported in trilayer CrCl3 by using Raman spectroscopy at low 

temperatures.24 Notably, unlike Raman spectroscopy, which has limited spatial resolution, our 
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study uses 4D-STEM to shed light into the nanoscale structural information at the stacking 

boundaries involving such mixed stacking sequences. 

 

 

Figure 3: Stacking boundaries between an R-stacked region and an M-stacked region with 

similar sizes in bilayer and trilayer CrCl3. (a)-(e): Stacking boundary between an R-stacked 

region and an M-stacked region with similar sizes in bilayer CrCl3. (a) A typical CBED pattern 

from the M-stacked region indicated in (b). (b) Virtual dark-field image from 𝑑" peak. (c) Virtual 

dark-field image from 𝑑#′ peak, showing the stacking boundary. The direction for the translation 

vector across the boundary is indicated by a red arrow. (d) Virtual dark-field image from 𝑑(′ peak, 

where the stacking boundary is invisible. Blue arrows in (c) and (d) point to the defect clusters. 
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Scale bars in (b)-(d) are the same. (e)-(j), Stacking boundary between an R-stacked region and an 

M-stacked region with similar sizes in trilayer CrCl3. (e) and (f), Typical CBED patterns from the 

area with the M+R stacking, and the area with the M-stacking in trilayer CrCl3, respectively. (g) 

Virtual dark-field image from 𝑑( peak in (e) or (f). Real space directions corresponding to the 

main diffraction peaks are shown in color-coded arrows. (h) and (i), Virtual dark-field images 

from one of the 𝑑′ peaks (𝑑#′ and 𝑑"′, respectively). The red arrow in (h) indicates the direction 

of the translation vector (∆𝒖)  across the boundary. Scale bars for (g)-(i) are the same. (j) 

Schematics of the mixed stacking sequence of M+R stacking on the left and the pure M-stacking 

of trilayer CrCl3 on the right. 

Similar boundary structure in atomically thin CrBr3 

Such stacking boundaries between M- and R-stacked regions not only exist in exfoliated 

atomically thin CrCl3 but also in exfoliated atomically thin CrBr3. However, unlike CrCl3, bulk 

CrBr3 has a phase transition temperature above room temperature and possesses the rhombohedral 

phase at room temperature.34,50 This means thin CrBr3 exfoliated at room temperature adopts the 

dominant R-stacking. In our 4D-STEM studies on exfoliated trilayer CrBr3, we identify stacking 

boundaries that connect M-stacked and R-stacked domains (where the R-stacked domains are 

dominant as shown in Fig. S13), and the stacking boundaries also have a preferred sliding direction 

along the zigzag direction of the Cr lattice (see Section 4 in the Supporting Information). Notably, 

this preferred sliding direction at the stacking boundaries in CrBr3 is the same as that observed in 

CrCl3. The potential universality of this phenomenon in CrI3 requires future systematic studies as 

presented in this work. 

Strain fields at a stacking boundary in trilayer CrCl3 
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Besides the above observed various stacking sequences based on the two most stable stacking 

sequences– R-stacking and M-stacking, we also observe a rare stacking sequence called A-

stacking that occupies another local minimum in the energy landscape.15 This A-stacking sequence 

has a slightly higher energy than the M-stacking and occurs in one of our trilayer CrCl3 samples. 

The schematic of trilayer CrCl3 with an AA-stacking sequence is shown on the left of Figure 4a, 

where all three layers are overlapped with each other. A typical CBED diffraction pattern from the 

AA-stacked region has six strong 𝑑 peaks due to the perfect constructive interference among the 

three layers (Figure S14a). These strong peaks have a similar intensity as that of the two strong 𝑑 

peaks in the region on the opposite side of the stacking boundary in this tri-layer CrCl3 sample 

(Figure S14b). Based on the symmetry of the diffraction patterns from this region and the 

interference theory, we deduce the stacking order in this area is a mixture of A- and M-stacking 

(or A+M stacking as shown in Figure 4a on the right and see Section 6.1 in the Supporting 

Information for more details). We assume that the stacking boundary exists between two adjacent 

layers of the trilayer sample where the A-stacked region and M-stacked region meet, while the 

third layer is continuous. The stacking boundary between the AA stacking and the A+M stacking 

appears in the virtual dark-field images from two of the 𝑑′ peaks and disappears in the virtual dark-

field image from the third 𝑑′ peak (Figure S14c-e). This indicates that the translation vector ∆𝒖 

across the boundary is again along a zigzag direction of the Cr lattice with magnitude |∆𝒖| = "
#
𝑎$, 

like all the other stacking boundaries observed in this study.  

We then map the strain field at this stacking boundary between AA and A+M stackings. 

We choose to map the strain field specifically for this case, not only because this boundary is 

representative of a strain boundary in bi- and tri-layer CrX3 in terms of the sliding direction and 

magnitude, but also because the strong presence of six 𝑑  peaks in the diffraction pattern 
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corresponding to AA stacking further enhances the signal-to-noise ratio during data analysis using 

the “Whole Pattern Fitting” (WPF) method (see Experimental Section and Section 6.2 in the 

Supporting Information).  

With one of the primary axes along the direction of the in-plane displacement vector 𝒖 

(which is also the interlayer translation vector	∆𝒖), we observe both tensile and shear strain and a 

rotation of lattices at the boundary between the two domains with the AA stacking and the A+M 

stacking, while within the domains with the two stacking sequences there is no considerable strain 

and rotation. In the strain maps in Figure 4b and c, εxx represents the tensile or compressive 

(positive or negative) strain along the x-axis, and εyy represents the tensile or compressive (positive 

or negative) strain along the y-axis. The pure shear strain and rotation of lattices are represented 

by εxy and θ (Figure 4d and e), respectively. Here, positive (negative) shear strain corresponds to 

a more obtuse (acute) angle between two deformed lattice vectors, while positive (negative) θ 

corresponds to a counterclockwise (clockwise) rotation in a right-handed coordinate system. In 

Figure 4b and c, the εxx map shows almost no tensile strain, except for a small patch at the bottom 

of the boundary with maximum magnitude of  ~0.30%, while the εyy map shows uniform tensile 

strain with typical magnitude ~0.40%	distributed over the entire boundary except for the bottom 

of the boundary. Furthermore, we observe a uniform distribution of tensorial shear strain (εxy) with 

typical magnitude of ~ −0.40% and lattice rotation (θ) of ~ −0.23° at the boundary (Figure 4d 

and e). We also plot the strain map for the two sheets of capping few-layer graphene as shown in 

Figure S19. Despite some stray strain at a few spots in both few-layer graphene sheets, there is no 

apparent strain field associated with the CrCl3 boundary. This indicates that the strain we observe 

at the boundary in the CrCl3 layers is not from the capping few-layer graphene.  
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With the above strain field analysis, we can obtain a simpler picture of the strain 

distribution at the boundary by mapping the direction and magnitude of the maximum shear strain 

𝛾	(Figure 4f, also see Section 6.2 in the Supporting Information). We find that the direction of the 

maximum shear strain is mainly along the in-plane displacement vector (also the sliding direction 

between the two stacking sequences) and has magnitude of 0.85 ± 0.25% with the highest values 

concentrated at the boundary. This indicates that this boundary is mostly a shear boundary with a 

small rotation angle reconstruction.51 We note that the strain field mapping at a stacking boundary 

between a M-stacking and a M+R stacking in trilayer CrCl3 has also been performed as shown in 

Figure S20 in supporting information Section 6.3, where challenges of strain analysis at such 

boundaries are detailed. Future studies are needed to statistically determine which type of strain 

boundaries (tensile or shear) are more prominent in bilayer and trilayer CrX3 with different 

stacking sequences. 
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Figure 4: Strain maps at the stacking boundary between a rare AA stacking and a mixture of A 

and M stacking in a trilayer CrCl3 sample. (a) Schematics of the two stacking sequences that 

occur at the two sides of the boundary: A+M stacking and AA stacking. In AA-stacked trilayer 

CrCl3, all three layers are overlapped with each other. (b-e) Strain maps based on two-

dimensional infinitesimal strain tensor components, showing the normal strain along the x-

direction–εxx, the normal strain along the y-direction–εyy, the tensorial shear strain–εxy, and lattice 

rotation θ, respectively. (b)-(e) have the same scale bar. (f) Map of maximum shear strain 𝛾 

distributed at the boundary and in the two domains with the AA stacking and A+M stacking. The 

direction of the arrows indicates the direction of the maximum shear strain while the color 

indicates the magnitude of the strain based on the color scale.  

Conclusion 

We use 4D-STEM to study stacking configurations in exfoliated bilayer and tri-layer CrX3 

(X=Cl and Br) and observe coexistence of various stacking sequences that correspond to different 

bulk phases of the CrX3. We find that stacking boundaries usually occur between two domains 

with a dominant stacking sequence and a minor stacking sequence, respectively. The dominant 

stacking sequence in exfoliated bi- and tri-layer CrCl3 is M-stacking (corresponding to the 

monoclinic phase), but regions usually around tens or hundreds of nm in size with the minor R-

stacking (corresponding to the rhombohedral phase) can also occur. DFT calculations confirm that 

the transition between a dominant stacking sequence and a minor stacking sequence is a preferred 

slipping path compared to the transition between two variant dominant stacking sequences (e.g. 

variant M-stackings in CrCl3). Similarly, both dominant R-stacking and minor M-stacking can 

coexist in exfoliated tri-layer CrBr3 and stacking boundaries are found between these two stacking 
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sequences. In a rare case, a third stacking sequence–AA stacking, which corresponds to a local 

minimum in energy is observed in trilayer CrCl3.  

We also find the stacking boundaries between two different stacking sequences in bi- and 

tri-layer CrX3 (X=Cl and Br) are strain boundaries and prefer to slide along the zigzag directions 

of the Cr lattice across the boundary. This experimental finding is consistent with DFT calculations. 

Identifying the preferred direction of the cross-boundary sliding can be leveraged to control the 

stacking sequence in few-layer CrX3 during the exfoliation and encapsulation process like the 

stacking control in few-layer graphene.12 More specifically, one can align the shear force with the 

armchair direction of the Cr lattice to avoid undesired sliding of the layers to maximize the area 

with the dominant stacking sequence at room temperature during the stack assembly process. In 

our study, rich structural variation especially details of the stacking boundaries between different 

stacking sequences in exfoliated few-layer CrX3 is characterized with nanometer resolution. Since 

magnetic properties of thin CrX3 depend on stacking orders, our observation sheds light into 

previous studies that reported sample-to-sample variation in magnetic properties of few-layer CrX3 

probed via macroscale transport or optical methods. 

Experimental Section  

TEM Sample preparation: 

CrX3 (X=Cl, Br) flakes are exfoliated onto a single crystalline Si (100) wafer with an oxidized 

layer of 90 nm via scotch tape method from parent single crystals. Graphene sheets are exfoliated 

in an ambient environment while CrX3 flakes are exfoliated and stored in a glovebox with a dry, 

inert gas environment (N2 99.999%, H2O < 0.1 ppm, O2 < 0.1 ppm) to avoid degradation. The 

thickness of CrX3 flakes is measured using atomic force microscopy located in the same glovebox, 

which prevents the sample from any exposure to air or moisture. Top few-layer graphene, a CrX3 
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flake, and then bottom few-layer graphene are sequentially picked up from SiO2/Si substrates onto 

polyethylene terephthalate (PET) at 63-67°𝐶. The whole stack is then gently stamped down to a 

TEM grid with holey carbon film (658-300-AU, Ted Pella Inc.), which is then placed in 

dichloromethane (DCM) for 72-96 hours to dissolve the PET and then rinsed with isopropyl 

alcohol (IPA) for 3 minutes.  

4D-STEM measurements: 

4D-STEM is used to characterize few-layer graphene encapsulated CrX3 and is performed on FEI 

(now Thermo Fisher Scientific Inc.) TitanX and TEAM I (aberration-corrected Thermo Fisher 

Scientific Titan 80–300) microscopes operated at 80 keV. Under the TitanX microscope, 4D-

STEM datasets are acquired using a Gatan Orius 830 camera. The microscope is configured with 

the following parameters for data acquisition: an indicated convergence semi-angle of 0.3 mrad, 

spot size 5, a C2 aperture size of 20 µm, and a STEM camera length of 245 mm. These settings 

yielded an effective probe size of 4.3 nm (full width at half maximum). Diffraction patterns are 

recorded over a grid of 60 × 60 beam positions, with a step size of 9.84 nm, covering a total area 

of 600 nm × 600 nm. Each diffraction pattern is captured using 4 × 4 pixel binning, with an 

exposure time of 100 ms per pattern. These microscopic conditions yield a total electron dose of 

~4 × 10# e+ Å(.⁄  Under the TEAM I microscope, 4D-STEM datasets are acquired using a Gatan 

K3 direct detection camera. The microscope operated in energy-filtered mode at 80 keV, utilizing 

a 10-eV slit centered on the zero-loss peak to minimize background signal from inelastic scattering. 

An indicated convergence semi-angle of 1.7 mrad and a beam current of 68 pA are employed, 

resulting in an effective probe size of 1.2 nm (full width at half maximum). Diffraction patterns 

are collected over a 100 × 100 beam position grid with a step size of 0.5 nm, covering a 50 nm × 

50 nm area. The K3 camera is operated in full-frame electron-counting mode, with 4×4 pixel 
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binning applied to each diffraction pattern. Data acquisition is performed at an energy-filtered 

STEM camera length of 1.3 m, with an exposure time of 13 ms per pattern. These microscopic 

conditions yield a total electron dose of ~2 × 10. e+ Å(.⁄ 	Virtual dark-field images can be formed 

by using a virtual aperture to select a diffracted beam (such as one of the	𝑑 or 𝑑′ peaks in the CBED 

patterns) in py4DSTEM. We improve the analysis of 4D-STEM data by using a so-called “Whole 

Pattern Fitting” (WPF) method implemented in py4DSTEM, a Python based software for 4D-

STEM data analysis.52,53 The advantage of using WPF to analyze 4D-STEM data is that we can 

extract detailed lattice information (notably lattice spacing for strain mapping) with high precision, 

even from a 2D material sandwiched between two capping layers.51,52,54 

DFT calculations: 

First-principles DFT calculations were performed using the projector augmented-wave (PAW) 

approach55 as implemented in the Vienna ab initio simulation package (VASP). The exchange-

correlation energy was approximated with the Perdew–Burke–Ernzerhof (PBE) generalized-

gradient approximation (GGA).56  The plane wave cutoff energy was 520 eV and a Gamma only 

k-point mesh was used. van der Waals interactions were included via the pairwise D3 dispersion 

correction with Becke–Johnson damping.57 To model the stacking of CrCl3, we constructed a 168-

atom slab model of a 2×2 Cr3Cl6 flake on top of a 4×4 Cr3Cl6 substrate with a 15 Å vacuum layer. 

The lateral dimensions of the slab were fixed at the DFT optimized bulk lattice parameters. All 

structures were optimized until the energy was converged within 10+, eV per supercell and the 

forces on each atom were less than 0.01 eV/Å. Spin-polarization was considered in all calculations 

with high-spin initialization. The slip barriers of the CrCl3 flake between different stacking 

configurations were calculated using the climbing image nudged elastic band (CI-NEB) method 

with PBE and vdW corrections. A force convergence criterion of 0.02 eV/Å was used in CI-NEB 
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calculations. The initial migration path was constructed with 5 linearly interpolated images with 

the starting and end configurations being the monoclinic or rhombohedral stacking. Structural 

relaxations were performed for the initial and final states. The diffusion barrier was calculated as 

ΔE = Emax – Einitial, where Emax is the highest energy along the minimum energy pathway and Einitial 

is the energy at the initial state. The choice of flake glide, rather than periodic sliding, was 

necessitated by limitations of the NEB method, which restricts spring-connected images from 

crossing periodic boundaries. Simulations using fully periodic CrCl3 layers led to unphysical bond 

breaking and unrealistically high energy barriers. To assess edge effects, we also tested a larger 

supercell with reduced accuracy settings, which yielded quantitatively similar results. 
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