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The emerging field of twistronics, which harnesses the twist angle between layers of two-dimensional 

materials, has revolutionized quantum materials research1,2. The twist between the layers creates a 

moiré superlattice, a large-scale periodic modulation, with dramatic impact on properties of two-

dimensional systems. This approach offers the novel means to control topology and strong correlations 

– topics of great interest in contemporary quantum physics1–33. At the small twist limit, and particularly 

under strain, as atomic relaxation becomes prevalent the emergent moiré superlattice encodes elusive 

insights into the local interaction between the layers. Here we introduce moiré metrology as an 

experiment-theory codesign framework to probe the stacking energy landscape of bilayer structures at 

the 0.1 meV/atom scale, outperforming the gold-standard of quantum chemistry34,35. We study the 

shapes of moiré domains and their boundaries, as visualized with numerous nano-imaging techniques. 

We compare these experimental maps with real-space atomic relaxation simulations, and through this 

process assess and refine models for the interlayer interaction. We document the prowess of moiré 

metrology for three representative systems: twisted bilayer graphene, twisted double bilayer graphene 

and twisted H-stacked MoSe2/WSe2. Moiré metrology establishes sought after experimental 

benchmarks36 for binding and exfoliation energies and improves account of the stacking energy 

function, thus enabling accurate modelling of twisted multilayers. 

Twisted van der Waals structures, such as twisted bilayer graphene3–20 (TBG), twisted double 

bilayer graphene21–23 (TDBG) and twisted transition-metal-dichalcogenides24–28 are in the vanguard of 

quantum materials research1,2. The twist between the layers leads to large-scale periodic perturbations 

of stacking configurations, called a moiré superlattice. Because atomic layers in van der Waals (vdW) 

materials are not rigid but instead behave as deformable membranes, moiré suprelattices acquire 

additional attributes. As two atomic layers with a small relative twist angle come in contact, the atomic 

positions relax to minimize the total energy. Through the relaxation process domains of lowest energy 

configurations form and become separated by domain walls of transitionary configurations37–39 (Fig. 1a). 

The generalized stacking fault energy function (GSFE), which provides the energetic variations across 

different stacking configurations, is the fundamental property that describes relaxed vdW interfaces37,40. 
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The GSFE is commonly calculated using density functional theory (DFT)37,40. Experimental techniques41 to 

probe the GSFE are currently restricted to the stable lowest energy configuration, and are very limited in 

energy resolution compared to the variability among theoretical descriptions. Here we show that the GSFE 

is encoded in fine details of the relaxed moiré super-lattice patterns at the low twist-angle limit. In 

particular, the shape of domains and domain walls networks, as well as domain wall width, abide by 

transitionary configurations beyond the lowest-energy stackings of the domains. More specifically, we 

distinguish between single and double domain walls (SDW and DDW).  SDWs separate two distinct 

stacking configurations of a moiré superlattice (for instance, ABCA [MM’] and ABAB [MX’] in the TDBG [for 

twisted H-stacked MoSe2/WSe2, or T-H-MoSe2/WSe2 for short] example of Fig. 1a). DDWs, formed from 

 

Figure 1|Physics of atomic layers stacking probed by moiré metrology in vdW twisted bilayers – 
experiment and theory. a, Illustration of domain formations in a relaxed twisted bilayer structure. 
Center: atomic positioning after relaxation (see SI S1 for more details) for twisted double bilayer 
graphene (TDBG). Atoms are colored to highlight stacking configurations. The energy imbalance leads 
to curved single domain walls (SDW), with radius indicated by 𝜅−1, and in some cases with formation of 
double domain walls (DDWs). Two systems with energy imbalance are considered: TDBG (top) and T-H-
MoSe2/WSe2 (bottom). b, STS map of TDBG with θ = 0.07°, revealing rhombohedral (ABCA – dark) and 
Bernal (ABAB – bright) domains with minimal external strain. The rhombohedral phase bends inward 
(dashed turquoise line) revealing an energy imbalance between the two phases as discussed in the text. 
c, Mid-IR (940 cm−1) nearfield phase imaging of TDBG resolves ABCA (dark) and ABAB (bright) phases 
and DDW formations. d, STM topography map of T-H-MoSe2/WSe2 resolving MM’ (bright) and MX’ 
(dark) stacking configurations as well as DDW formation in various strain conditions. e-g, Stacking energy 
density from full relaxation calculations of the experimental cases of b-d respectively (see methods, SI 
sections S1-2 and text for more details). The color-map is shared for e-f. Magnified regions in f (and 
arrows in c) highlight a DDW formation and a moiré dislocation (see discussion in SI S3). Calculated 
region of f is marked by dashed shape in c. 
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the collapse of two SDWs, separate identical phases (ABAB for TDBG and MX’ for T-H-MoSe2/WSe2 in Fig. 

1a). The formation and nature of DDWs result from attraction of SDWs as they are brought together (for 

instance, due to external or relaxation induced strain), and is proven here to provide a reliable read-out 

of the underlying energetics. In cases of inequivalent two lowest energy configurations (as in Fig. 1), the 

SDW develops a finite curvature 𝜅, allowing one to extract the domains energy imbalance with an accuracy 

outperforming the ~3   𝑎𝑡𝑜   of the gold standard of quantum chemistry34,35. 

Moiré metrology, presented here, correlates measurable spatial patterns of the relaxed moiré 

superlattice (such as shapes of domains, SDWs and formation of DDWs) with modelling based on the GSFE. 

To do so we developed a continuous two dimensional relaxation simulation. The model searches for local 

inter-layer displacement fields that minimize the total energy of the multilayer, as a sum of elastic and 

stacking energy terms (see SI sections S1-2 for more details, also see Ref. 39 for an alternative approach). 

The equations are solved in real space and thus capture subtle experimental details that remained 

underexplored. Fig. 1b-g is a tour-de-force of moiré metrology combining experimental imaging of 

different systems, techniques and length-scales (Fig. 1b-d), and their respective modelling (Fig. 1e-g). Fig. 

1b-d were acquired with modern scanning probe microscopy (SPM) techniques: scanning tunneling 

microscopy and spectroscopy21 (STM and STS) and mid-infrared range (mid-IR) scanning nearfield optical 

microscopy12 (SNOM). These techniques resolve stacking configurations based on local topographic (STM), 

electronic (STS) and mid-IR optical conductivity (mid-IR SNOM) contrasts. In low strain TDBG, the model 

(Fig. 1e) captures the fine curving of SDWs (Fig. 1b). In cases of higher strain (Fig. 1c and modelling in Fig. 

1f) we observe the formation of one dimensional DDW structures (inset of Fig. 1f highlights an example). 

Similarly, DDW formations and SDW curving were observed (Fig. 1d) and modelled (Fig. 1g) in T-H-

MoSe2/WSe2, with excellent agreement across different length-scales of the image (see SI S3 for additional 

analysis). Next we will illustrate in detail how moiré super-lattices reveal the energy landscape information 

using TBG and TDBG as prototypical examples.  

To study the energy landscape of TBG, we focus on the interplay between SDW and DDW 

formations. Fig. 2a presents a non-local nano-photocurrent map of TBG in the minimal twist limit <0.10. 

Bright spots in the photo-current map highlight the AA sites (indicating higher absorption – see methods 

and SI S4). The AA sites are connected by domain walls separating AB and BA domains. The resultant moiré 

super-lattice is clearly affected by strain, inferred from the distorted triangular pattern, especially near 

the edges of the stack. There, we observe the merging of two SDWs into a single DDW (selected locations 

are marked in Fig. 2a). We successfully account for the observed network within a model addressing a 

competition between SDWs and DDWs. To grasp the essential physics, we first assume a characteristic 

energy of forming a segment of DDW and SDW. We define a dimensionless domain-wall formation ratio 

as the ratio of DDW and SDW line energies, �̅� = 𝛾𝐷𝐷𝑊 𝛾𝑆𝐷𝑊 . In addition to �̅�, the model input includes 

the AA sites of the moiré pattern as the fixed vertices of the triangles forming the network. We explore 

the SDW vs. DDW structures that emerge for a given value of the single tuning parameter �̅�. The case of 

�̅� = 2 implies there is no benefit in forming a DDW, and the optimal structure would simply be straight 

SDWs connecting the AA sites. For �̅� < 2 the two SDWs attract each other favoring the emergence of 

DDW segments (see SI S4 and Supplementary Video 1 for details). Our modeling captures the overall shape 

of the experimental map for �̅� = 1.90 (Fig. 2a) The agreement is remarkable considering the minimal 

modeling we employ. We conclude that in order for a TBG model to reproduce the experimental picture, 

two SDWs have to sufficiently attract one another as quantified by the fitted �̅�. In that sense, as we show 

more rigorously below, moiré metrology puts constraints the GSFE. 
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To quantify how the observed moiré networks constrain the stacking energy landscape, we span 

all realistic GSFE’s satisfying the symmetry of TBG over a 2D unit-less parameter space (𝜁, 𝜏) (as illustrated 

in Fig. 2b and discussed at SI S4), such that each point on the (𝜁, 𝜏) plane represents one GSFE candidate. 

We solve a set of 1D relaxation problems describing the profiles of SDWs and DDWs (see SI S1 for more 

details on relaxation codes), and extract the domain wall formation ratio �̅�. This allows us to define a band 

in (𝜁, 𝜏) plane of GSFE’s that comply with the experimental �̅� = 1.90 (see SI Fig. S3g). Fig. 2b compares 

one GSFE moiré constrained candidate with the �̅� = 1.90 band (magenta) with the well-accepted choice 

of GSFE of Ref. 37 (blue), which notably falls outside of the band with �̅� = 1.98. The moiré metrology 

analysis indicates that SDWs implied by GSFE in Ref. 37 insufficiently attract one another (blue curve in 

Fig. 2c) to account for the observed network, as indeed revealed in Fig. 2d. In contrast, the moiré-

constrained candidate (magenta in Fig. 2b) with a flatter saddle point promotes stronger SDWs attraction 

 

Figure 2|Energy landscape of twisted bilayer graphene (TBG) revealed by the interplay between 

double (DDW) and single (SDW) domain walls. a, Non-local nano-photocurrent map of moiré super-

lattice of a TBG sample at the minimal twist limit (see methods for more details). The technique reveals 

the formation of DDWs (marked by “DDW”) at strained domains, separating domains of identical 

stacking configurations (each configuration is indicated by dots of a given color [AB – orange, BA - cyan]). 

The green network overlaid on the data corresponds to the prediction by a single tuning parameter 

model (see text and SI S6). b, GSFE of TBG from Ref. 37 (blue) and a moiré constrained version (magenta). 

The unit-less parameters 𝜁, 𝜏, spanning the phase space of GSFE candidates for TBG, are illustrated (see 

SI S6). Inset: path in configuration space for presented GSFE line-cuts. c, Effective attraction between 

SDWs as reflected by DDW to SDW energy ratios for different SDW orientations (relative to armchair 

direction) for both models.  𝐷𝐷𝑊 is the DDW line-energy for a DDW along the armchair direction and 

similarly 〈 𝑆𝐷𝑊〉 is for the average of the two SDWs comprising the DDW. d-e, Stacking energy density 

from 2D relaxation calculation (see methods and SI S2) for the two discussed GSFE choices (d – literature, 

e – moiré constrained version with τ = 0.025, ζ = 0.3) showing fundamental differences in formation 

of DDWs. Inset: extracted domain wall structures from relaxation calculations overlaid on experimental 

results. 
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across a broad range of domain wall orientations (magenta curve in Fig. 2c; see SI sections S1 and S5 for 

additional details), and yields excellent agreement with the data (Fig. 2e). Regardless of the good 

agreement, the relatively flat saddle point comes as a surprise, and may in fact correct for an unknown 

effect unrelated to interlayer energy.  

Compared to TBG, the TDBG system makes an even more interesting case-study due to the small 

yet finite imbalance between the two lowest energy phases: Bernal (ABAB) and rhombohedral (ABCA) 

stackings21. This imbalance results in an energy cost per-unit-area (𝜎) for rhombohedral relative to Bernal 

stackings, leading to characteristic curved domains21,29 (see Fig. 1a-b). Exploring large areas of TDBG 

reveals a rich distribution of rhombohedral domain shapes (see Fig. 1c and other TDBG images in this 

work). Figure 3a summarizes this distribution as a histogram of inverse curvature values (𝜅−1), extracted 

from images as in Fig 1b (see SI section S6 for more examples). The histogram reveals a distinct clustering 

about a value of 𝜅−1 = 440 ± 120   , which we use to assess the accuracy of several variants of the 

GSFE from available DFT functionals (Fig. 3b and see methods). All reported GSFE variants are qualitatively 

similar to the TBG case, peaking at the BAAC configuration, and having a saddle point barrier between 

ABAB and ABCA. A closer inspection (inset) reveals a profound difference between the GSFEs for the ABCA 

relative to the ABAB that governs domain curvature. We model the domain curvature and structure by a 

continuous 2D relaxation code (SI section S1). Figs. 3c-d show two representative cases, with disparate 

outcomes. In Fig. 3c (resembling the experimental case of Fig. 1b) the energy is minimized by slight 

bending of the SDW into the ABCA region. As the twist angle decreases (or as strain increases as in Fig. 

1c), at some point it becomes energetically beneficial to form DDWs (Fig. 3d). As the twist angle further 

decreases, the shape of the ABCA domains remains unchanged. Similarly, solving for the domain 

formation for all DFT approaches and across a wide twist angle range we compare the extracted 𝜅−1. 

Interestingly, 𝜅 is independent of the twist angle for all GSFE variants (with values indicated by colored 

lines over Fig. 3a), which is not generally the case (see discussion in SI S7) . The domain structures are 

further captured by the 2D “soap-bubble” model, as seen in turquoise dashed lines in the representative 

cases of Fig. 3c-d and more generally in Supplementary Videos 2-5. This model approximates the total 

energy as a sum of a domain area term and two line-energy terms as  = ∫𝑆𝐷𝑊 𝑙𝛾1(𝜑) +

∫𝐷𝐷𝑊 𝑙𝛾 (𝜑) + 𝜎𝑆, where 𝛾1,  are the line-energies of SDW and DDW as a function of the domain-wall 

orientation respectively, the integrations are along the domain walls, and  𝑆 is the area of the domain (see 

SI section S7). All model parameters require only the GSFE (and elastic properties) to describe domain 

shapes, with no additional tuning parameters (SI section S7). One approach, DFT-D2, remarkably 

reproduces the experimental cluster (Fig. 3a), due to relatively high 𝜎 and comparable line-energies to 

other approaches (see SI S2). 

The rhombohedral domains represented in the histogram of Fig. 3a exemplify well-defined 

electrostatic environment near charge neutrality point (CNP) in the absence of the interlayer bias. As 

shown recently29, upon charging and biasing the balance between the rhombohedral and Bernal phases 

can shift. An extreme demonstration of malleability of TDBG moiré patterns under a non-uniform 

distribution of charges and high strain conditions is presented in Fig. 3e. 3 holes (marked by blue circles) 

punctured one of the bilayers. This procedure prompts a highly strained moiré pattern, most strongly 

manifested in the densely packed parallel DDWs structures connecting the two bottom holes. The stack 

shows strong defect-induced doping (see discussion in SI S5), apparent in the enhanced nearfield contrast 
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between the ABCA (dark) and ABAB (bright) phases (compare to contrast of Fig. 1c). Further support for 

the high non-uniformity of charge distribution is an observed region of flipped balance, where the ABAB 

phase becomes unstable relative to ABCA across a sharp (~50 nm) interface (to the left of the top hole). 

Attempting to model the moiré superlattice with the DFT-D2 GSFE at CNP (red in Fig. 3b) fails to capture 

 

Figure 3|Moiré super-lattice study of rhombohedral domains in twisted double bilayer graphene 
(TDBG). a, Curvature histogram across all measured domains near charge neutrality point (see 
discussion in SI S7), showing a clear cluster at 440 ± 120 nm. Calculated curvatures of 4 DFT approaches 
(of b) are illustrated over the histogram (colored horizontal lines). b, GSFE of TDBG based on 4 different 
approaches (solid lines, see methods). The dashed light-green line is the GSFE for DFT-D2 approach at a 
doping level of 8 ⋅ 101  𝑐 − . Inset: enlarged view highlighting small difference between ABCA and ABAB 
configurations (  𝑆  (𝐴𝐵𝐴𝐵) = 0 identically). c-d, Mechanical relaxation solutions (false-color: 
stacking energy density) and “soap-bubble” model domain shape (dashed turquoise) for 2 
representative twist angles (𝐜: 0.1°, 𝐝: 0.01°) for DFT-D2. e, Mid-IR (940 cm−1) nearfield phase imaging 
of a defect-induced doped TDBG (see SI S7). 3 holes punctured one of the bilayers (blue circles - see 
methods) and induce a non-trivial external strain map. Mid-IR imaging resolves ABCA (dark) and ABAB 
(bright) phases and double-domain wall (DDW) formations (for instance, the multiple-DDW formation 
connecting bottom holes). f, Comparing relaxation calculations solutions of un-doped vs. 8 ⋅ 101  𝑐 −  
doped DFT-D2 approach GSFE, simulating the experimental case (marked by dashed shape in e), False-
color represents stacking energy density of un-doped case, overlaid (green dots) with tracked domain 
walls in the doped case. Inset: Highlighting differences between model by overlaying domain wall 
formation of doped (red) and un-doped (green) cases over strained region in the experimental map. The 
color-map is shared for c-e. 
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the observed structure of excessively curved SDWs (color-map of Fig. 3f). However, when introducing a 

doping level of 8 ⋅ 101  𝑐 −  the resulting GSFE (dashed light-green in Fig. 3b) better captures the 

observed structure (green dots in Fig. 3f tracking the domain walls in the calculation). The difference 

between the two models becomes more pronounced for regions of higher strain, as highlighted in the 

inset of Fig. 3f (compare green and red dots in respect to the experimental map). Therefore, minuscule 

energy differences between models of order 0.1     . 𝑐.  (inset of Fig. 3b) result in measurable spatial 

features of the relaxed moiré patterns. To put this figure in context, the theoretical method which is 

widely considered as the gold-standard of ab-initio quantum chemistry34,35 yields an accuracy as low as 

3    𝑎𝑡𝑜  35.  

To understand the enhanced sensitivity of moiré metrology under strain (as seen in fig. 3F), we 

propose an alternative description of the moiré superlattice in terms of geometric interference pattern of 

the lattices of the two layers (see SI section S1). At minute twist angles, the relaxed moiré patterns are 

essentially a projection of the detailed energy landscape over space, accumulated over large regions 

compared to the atomic scale. The introduction of strain between the layers, whether naturally occurring 

or externally controlled, alters the interference pattern (SI section S8). As strain pushes the domain walls 

in Figs. 1-3 together, it also promotes their interaction; both effects are reflected in the relaxed moiré 

pattern (also see Supplementary Video 6).  

Moiré metrology, introduced here, correlates first principle calculations of the stacking energy 

function with measurable spatial features of twisted vdW systems. The stacking energy function is widely 

used for modelling twisted multilayers across a broad range of twist angles and strain conditions, and has 

direct implications for the electronic band-structure42. Therefore, by providing a reliable account of the 

stacking energy function, moiré metrology has a broad impact across the field of vdW heterostructures. 

Furthermore, the moiré metrology tools can also be used for modelling and designing non-uniform strain 

fields in realistic devices. Finally, due to its outstanding stacking energy sensitivity, we propose moiré 

metrology as a concrete experimental path to provide much needed benchmarks for first-principle 

theoretical approaches36. 
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