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Abstract

Moiré superlattices formed from twisting trilayers of graphene are an ideal model for studying

electronic correlation, and offer several advantages over bilayer analogues, including more

robust and tunable superconductivity and a wide range of twist angles associated with flat

band formation. Atomic reconstruction, which strongly impacts the electronic structure of

twisted graphene structures, has been suggested to play a major role in the relative versatility

of superconductivity in trilayers. Here, we exploit an interferometric 4D-STEM approach

to image a wide range of trilayer graphene structures. Our results unveil a considerably

different model for moiré lattice relaxation in trilayers than that proposed from previous

measurements, informing a thorough understanding of how reconstruction modulates the

atomic stacking symmetries crucial for establishing superconductivity and other correlated

phases in twisted graphene trilayers.
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Since their discovery, graphene-based moiré superlattices have proven extraordinarily useful

for exploring the interplay between crucial parameters in strongly correlated materials [1–5].

The advantage of these systems lies in the ability to realize a disparate set of physical phe-

nomena through adjusting carrier density, layer number, and interlayer stacking. Trilayer

graphene in particular, displays profoundly different physics with different local stacking

arrangements [6–9]. Bernal trilayer graphene (ABA stacking) is a semi-metal with a tunable

band overlap [10], and contains a band structure containing poorly coupled bands resem-

bling a superimposition of that of monolayer and bilayer graphene. Rhombohedral trilayer

graphene (ABC stacking), which differs from the Bernal analogue by only a uniform transla-

tion of one layer, instead displays hybridization between all three layers and properties such

as metallic behavior [11], Mott insulating states [12], and superconductivity [13]. Differ-

ences in lattice symmetry have been proposed to play a large role in the disparate correlated

physics of few-layer graphene systems, both in these high symmetry Bernal and rhombode-

dral structures, and within the locally ordered domains of twisted structures more generally

[14, 15].

In particular, previous work has suggested that the flat-bands in twisted bilayer graphene

(TBLG) are a fragile topological phase protected by the space-timeC2zT inversion symmetry

[16, 17]. This protection is maintained although the atomic lattice is only locally inversion

symmetric where the carbon atoms of each layer are vertically aligned (AA stacking) [18].

Further, the overlap between flatband states localized within these AA regions (and therefore

also the size of AA stacking regions) is thought to play a large role in the superconducting

current and transition temperature of moiré systems [19]. The flat-bands responsible for cor-

related phenomena in twisted graphene multi-layers also appear to rely on this sameC2zT

symmetry [20]. Like their bilayer analogues, twisted trilayer graphene (TTLG) structures are

only locally inversion symmetric about pockets of AAA-type stacking. Results showing that

superconductivity in magic angle twisted trilayer graphene (MATTLG) is more robust than

in bilayers [21–24] have therefore prompted questions regarding the different roles sponta-

neous lattice relaxation (also termed atomic reconstruction) may play in these two systems.
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In particular, prior imaging has shown that atomic reconstruction in TBLG decreases the

relative portion of AA stacking [25, 26]. It has been proposed that atomic relaxation in

trilayers may instead increase the portion of inversion symmetric stackings [27], motivating

precise characterization of twisted graphene trilayers structures and the general mechanism

by which they reconstruct.

Figure 1: Interferometric 4D-STEM dark field imaging of selected interfaces. (a)
Schematic of the 4D-STEM approach, wherein beam interference is used to extract stacking
order. (b) Schematic illustrating the twist angle, � , and layer numbering conventions used
to label the graphene trilayers. (c) Illustrations of various high-symmetry stacking config-
urations realized within twisted trilayer moirés. (d,e) Average convergent beam electron
diffraction patterns for trilayers with � 13 � 0� (d) and � 13 = 0 :22� (e) . Overlapping TTLG
Bragg disks are highlighted in the insets. Attribution of each Bragg disk to a layer is moti-
vated in SI section 6.(f,h) Virtual dark field images corresponding to the overlap of layers
1 & 3. (g,i) Virtual dark field images corresponding to the overlap of all three layers. Scale
bars are 1 nm� 1 and 25 nm for reciprocal (d,e) and real space (f–i ), respectively.

Here, we use a four-dimensional scanning transmission electron microscopy, 4D-STEM [28],

methodology termed Bragg interferometry (Fig. 1A) that exploits local interference patterns

from diffracted electron beams to precisely determine the stacking orientation of atomic lay-

ers [26, 29, 30]. This technique not only allows us to probe moiré patterns within encap-

sulated materials, difficult in scanning tunneling microscopy (STM) as well as other STEM

approaches, but further allows us to selectively map the stacking orientation of individ-

ual bilayer interfaces within complex multilayered materials. These results provide a direct
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measure of the local stacking within the material. We find that the results of this 4D-

STEM measurement suggest a picture of reconstruction that is markedly different from that

proposed by previous STM work [27], and one that is consequential for understanding the

correlated electron physics in these materials.

The interferometric 4D-STEM technique we use involves scanning a converged electron beam

across the sample of interest and collecting individual diffraction patterns for each real space

position of the probe (Fig. 1A). Throughout this work, we use the notation shown in Fig.

1B to label the twist angles, � , within the trilayer sample. Here, � 12 and � 23 denote the

twist angles between layers 1 & 2, and layers 2 & 3 respectively such that� 13 = � 12 + � 23.

We further use the labels shown in Fig. 1C to denote the various high symmetry stacking

configurations realized within the moiré. The converged beam electron diffraction (CBED)

patterns collected at each probe location then appear as shown in Figs. 1D,E, where each

layer of the material generates a set of Bragg disks. The overlap between Bragg disks

originating from different layers (inset Figs. 1D,E) is then used to determine the stacking

orientation of those two layers. As an example, Figs. 1F,H show how the intensity of the

overlap between layers 1 and 3—denoted as ‘(1,3) overlap’—varies across the sample. This

modulation in intensity directly manifests the moiré pattern between layers 1 and 3 but is

insensitive to the orientation of the second layer. Similarly the variation in the intensity of

the (1,2,3) overlap region (Figs. 1G,I) reveals the modulation in stacking order between all

three graphene layers.

Therefore, by exploiting the relationship between stacking order and overlap region intensity

(see SI sections 7–9), we map the variation in atomic stacking and hence reconstruction within

trilayer graphene samples. Results of these analyses are shown in Fig. 2 for a structure

that we call ‘AtA’ in which the top and bottom graphene layers are perfectly aligned to

each-other and twisted with respect to the middle layer (Fig. 2B). In this structure, the

average intensity of the overlap regions in the first ring of Bragg reflections and the average

overlap region intensity in the second ring of reflections can be used to determine the local

stacking configuration. Using the bi-variate color-legend shown in Fig. 2A (in which the
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high symmetry stacking configurations associated with each color are overlaid), we create a

map of local atomic stacking within an AtA sample (Fig. 2C).

The local atomic stacking shown in Fig. 2C indicates that this particular AtA sample

for which (� 12 = 1 :05� ) relaxes to decrease the total amount of AAA stacking (white) when

compared to the stacking order distribution in a rigid AtA trilayer (Fig. 2E). This is expected

as AAA stacking is roughly 29.5 and 36.5 meV/unit cell higher in energy than A-SP-A and

ABA stacking respectively (See SI section 13). Further, the histogram shown (Fig. 2D)

illustrates that this sample contains considerably more ABA, BAB, and SP type stacking

than AAA type stacking (See SI figure 3 for the stacking histogram expected of a rigid

sample). This reconstruction also manifests in the mean line-cut shown in Fig. 2F, which

corresponds to the average over all line-cuts equivalent to that denoted by the dotted line in

Fig. 2C. From this profile, it is evident that the widths of the AAA regions are smaller than

expected for a rigid trilayer, which is robust the presented standard deviation (shaded region)

and noise-driven differences in normalization (See SI section 10) as well as and limitations

in spatial resolution due to appreciable beam-width biasing (See SI section 9).

These results, as well as results for other twist angles shown in SI section 12, together

illustrate that AtA trilayers show an observably reconstructed atomic stacking distribution

up to a at least a twist angle of 1:81� , with few differences seen between the 1:81� and 1:0�

samples. We also observe that the AtA trilayers show a pattern of reconstruction similar to

that of a twisted bilayer within this twist angle range [25, 26], although a more quantitative

comparison between the bilayer and AtA trilayer reconstruction necessitates more detailed

intensity fitting approach to map strain tensor fields [26, 29] and will be addressed in future

work.

A similar analysis is carried out for samples which we refer to as ‘tAB’, in which the bottom

two graphene layers are aligned AB and the top layer is twisted (Fig. 2H), creating a

structure sometimes referred to as a ‘monolayer-on-bilayer graphene’, which also exhibits

correlated electron physics [31, 32]. Unlike the AtA trilayers, these tAB structures show
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Figure 2: Reconstruction in AtA and tAB trilayers. (b, h ) schematic illustrating the
layer alignment in a AtA and a tAB trilayer. ( a, g) Legends illustrating how color correlates
with the average first and second order Bragg disks intensities. Overlaid points are the in-
tensities of high symmetry stacking orders obtained via multislice, see Methods. (c, i ) Maps
of local stacking order for AtA and tAB trilayers, cropped to exclude biasing from sample
drift. ( d, j ) Histograms illustrating the relative prevalence of each stacking configuration.
Note that since the intensity does not depend linearly on the stacking order, a rigid bilayer
will not display a uniform distribution of intensities (see SI section 7). (e, k) Schematics
illustrating the anticipated variation in local stacking order expected for a rigid structure, ob-
tained via the expressions provided in SI section 7. The convention is used that AAA, ABA,
SP, and SP* stacking denote interlayer offsets ofu12 = (0 ; 0); (a0=

p
3; 0); (a0(2

p
3)� 1; 0);

and (0; a0=2) respectively in Cartesian coordinates wherea0 is the lattice constant. Sim-
ilarly for the tAB samples, AAA, ABC, SP, and SP* stacking denote interlayer offsets of
u13 = (0 ; 0); (a0=

p
3; 0); (a0(2

p
3)� 1; 0); and (0; a0=2) respectively. (f, l ) Intensity line-cuts

corresponding to the average of all possible line-cuts equivalent to the dotted lines shown in
(c, i ) are given as solid lines. Shaded region represents the standard deviation and arrows
denote the statistically significant contractions of AAA and AAB domains. Intensity vari-
ation expected for a rigid structure are given as dotted lines. Domain sizes are calculated
from the full width at half max of I 0110 + I 1010+ I 1100 (red) as highlighted, where the value of
I 2110 + I 1210 + I 1120 (black) is used to distinguish between different high symmetry stacking
orders (see SI Section 9 for validation of this approach). All scale bars are 25 nm.
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atomic reconstruction patterns driven by a preference to decrease the relative portion of

AAB stacking, as seen by comparing Fig. 2I to the rigid stacking order distribution (Fig.

2K), the histogram in Fig. 2J, and the corresponding line-cut in Fig. 2L (see SI section 9 for

normalization bias and error margins), which illustrates the tAB structure reconstructs such

that the portions of AAB and BAB stacking are no longer equivalent as they would be in a

rigid moiré. This decrease in AAB stacking is expected, it is 17.9 meV/unit cell higher in

energy than ABC and BAB (See SI section 13). We note here that this manifests in the AAB

regions appearing to have a lower peakI 0110+ I 1010+ I 1100 intensity to the BAB regions, while

these regions are expected to appear sharper but with similar maximum intensity. This is

likely due to broadening from a number of factors associated with measurement acquisition

and post-processing, especially the beam-width biasing and the Gaussian filter used (see SI

section 9).

The observation that AAB and BAB regions are observably distinct even at a twist angle of

1:4� is nonetheless notable. This effect is more dramatic at smaller twist angles as seen in

the stacking order percent area trends and maps gathered within the 0:1� – 1 :5� twist angle

regime (see SI Section 12). While the approach used in this work prohibits a quantitative

comparison of the AAB and BAB domain sizes (to be addressed in future work), these results

still clearly establish that the size of ABC and BAB domains are comparable to each-other

and much larger than the AAB domains. Moreover, the stacking order distributions seen

for tAB appear similar to those observed in twisted bilayer graphene [26], suggesting that

atomic reconstruction in tAB trilayer samples can be explained primarily from consideration

of the twisted interface.

The results discussed thus far concern a limiting case of graphene trilayers wherein two of the

layers are perfectly aligned. While these materials are conceptually simpler and display rich

physical properties which merit their investigation, this interferometric 4D-STEM technique

also permits us to study a broader array of twisted trilayer structures with two independent

twist angles. In these more complex multilayered samples, the ability to selectively probe

buried bilayer interfaces allows us to independently image the larger scale moiré pattern and
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Figure 3: Atomic Stacking in slightly misaligned TTLG. (a) Maps of local atomic
stacking from the larger moiré pattern only, corresponding to the local in-plane offset between
between layers 1 and 3 in panels 1-3, and the local in-plane offset between layers 2 and 3
in panel 4. Colors shown correspond to the bi-variate colormap in (g), with accompanying
expressions and simulations motivating the attribution of intensities to stacking orders as
labeled here in SI sections 7-9. (b) Local atomic stacking obtained from considering all three
graphene layers. (c) Simulated stacking order maps for rigid moiré superlattice analogues
of b, obtained from the expression given in SI Section 8. All scale bars are 25 nm. (d,f )
Schematics of layer alignment in TTLG with slightly misaligned layers. (e) Zoom-ins of the
maps above illustrating the finer local modulation of stacking order within (1) AtA, ( 2)
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AtSP, (3) AtB, and ( 4) tAB regions. (g) Legend illustrating how color correlates with the
average first and second order Bragg disks intensities for both the two and three layer in-
terference patterns, with labeled locations of two layer high symmetry regions.(h) The
expected intensity variation for an individual bilayer interface within the general trilayer
structure obtained via the expression provided in SI section 7.(i) Variation in first and
second order Bragg disks intensities expected for a rigid twisted trilayer obtained via the ex-
pression provided in SI section 8. Intensity relations are verified with multi-slice simulations
in SI section 9.

evaluate its effect on local stacking order.

Following this approach, we extract stacking order maps associated with the larger moiré

pattern from double overlap (Fig. 3A) and triple overlap (Fig. 3B,E). These are compared

to the maps calculated for rigid moirés in Fig. 3C. For the the double overlap case, Fig.

3A reveals the presence of large local regions in which two layers are aligned directly atop

each-other (AtA or tAA, white) and regions in which two layers are aligned AB (AtB or

tAB, blue). From comparing the stacking distributions of samples with 0< � 13 � � 23 (three

leftmost panels in Fig. 3A, illustrated in Fig. 3D) and 0< � 23 � � 13 (rightmost panel in

Fig. 3A, illustrated in Fig. 3F), we find that the two regimes display distinct reconstruction

patterns. When � 13 � � 23, the observed atomic reconstruction is driven by a slight preference

for AtA type stacking (white) over AtB (blue) and soliton-type (grey) regions. This result

is somewhat unexpected as the energetic difference between rigid AtA and AtB domains

(driven only by inter-layer coupling between the top and bottom layers) has been previously

presumed to play a minor role in reconstruction [33]. Moreover, previous STM studies [27]

concluded that trilayers with 0 < � 13 � � 23 relaxed to effectively eliminate AtB domains.

Fig. 3A also shows (rightmost panel) that the atomic reconstruction pattern for� 23 � � 13

is instead driven by a preference to minimize the high energy tAA (white) domains, within

which every possible stacking configuration must place two carbon atoms from neighboring

layers directly atop each other — an arrangement that is sterically unfavorable [25, 26].

The extent of reconstruction in these� 23 � � 13 samples is therefore much larger, since the

energy difference between rigid tAA vs tAB domains (� 18:2 meV/unit when considering

only adjacent interfaces) is much larger than that between rigid AtA vs AtB domains (�
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0 meV/unit when considering only adjacent interfaces) [23, 33]. This is reflected in the

difference between the structures shown in the second and fourth columns of Fig. 3, in

which both structures have comparable twist angles, but the structure in the fourth panel is

observably more reconstructed, with the tAA domains appearing as a highly contracted spot.

This spot appears orange rather than white due to beam-width and data processing effects

(see SI section 9). Although the weaker higher frequency texture observed within the white

and blue domains in Fig. 3A might arise from the smaller scale moiré pattern imparting a

modulation in these stacking distributions, this pattern likely predominantly results from a

small bleed-in of the (1,2,3) interference pattern, which is hard to completely exclude with

virtual apertures while retaining sufficient signal-to-noise ratios.

After extracting the local AtA/tAA and AtB/tAB domains as shown in Fig. 3A, we now

examine the (1,2,3) overlap region, which is associated with all three graphene layers (Figs.

3B), to understand how the smaller scale moiré pattern modulates local stacking order

within these larger domains (representative regions of these maps are magnified in Fig. 3E).

Additional maps are shown in SI Figs. 7-8. We note that, as noted in previous work [27], we

see only two clear periodicities in our data despite the presence of three moiré wavelengths

from each twisted bilayer interface. However, this does not necessarily imply that only two

moiré wavelengths are present; inspection of the atomic stacking maps expected from even

rigid structures (Fig. 3C and SI Figures 7-8) reveals that the smaller and larger periodicities

observed reflect only the largest and smallest twist angles, respectively.

Taken together, the data in Fig. 3 allow a quantification of the area fractions in TTLG

samples and the development of a qualitative model for reconstruction in the limit of slight

misalignment (Fig. 4). Fig. 4A shows that for the larger moiré pattern, the proportion

of AtA/tAA and AtB/tAB stacking domains inverts across the regimes illustrated in Figs.

3D,F. Associated area fractions from our measurements and those from continuum relaxation

simulations as a function of� 13 � � 23 are shown in Fig. 4A. Experiment and simulation show

good agreement in the overall trends, though the measurements show a more gradual decline

in area fraction of AtA/tAA (and corresponding rise in that of AtB/tAB/SP) than the
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Figure 4: Reconstruction patterns and trends in TTLG. (a) Area fraction of atomic
stacking domains from the larger moiré pattern only as a function of� 13 � � 23. As both
� 13 and � 23 are slightly variable for the samples discussed, additional plots of area fraction
against � 13 and � 23 independently are provided in SI Fig. 10. Experimental (exp) data
(corresponding to the maps shown in Fig. 3 and SI Figs. 7-8) are compared with relaxation
simulations (sim). Area fractions associated with the experimental and simulated data were
obtained following the procedure outline in SI section 11 (with regions ofI 0110 + I 1010 + I 1100
> 0:5 and I 2110 + I 1210 + I 1120 < 0:5 labeled AtB/tAB, I 0110 + I 1010 + I 1100 > 0:5 and
I 2110 + I 1210 + I 1120 > 0:5 labeled AtA/tAA, and those remaining SP) and by applying a
threshold of 0.25 degrees to the local curl respectively (with further details in SI section
13). We note that these methods result in functionally equivalent categorizations due to
the small area and large intensity variation associated with the soliton regions where these
thresholds partition the data. (b) Local twist angle associated with the smaller moiré within
AtA and AtB domains. All points correspond to the regime where� 13 � � 23. Twist angle
determination is described in SI section 5. (c) Qualitative schematic illustrating the atomic
reconstruction patterns (large moiré) observed for� 13 � � 23 and � 23 � � 13.
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simulation with increasing � 13 � � 23. This slight discrepancy may arise because of kinetic

e�ects preventing the system from realizing the theoretically optimal extent of relaxation

driven by layers not immediately adjacent.

For the smaller scale moir�e superlattice, we �nd that this pattern appears relatively invari-

ant within the AtA, AtSP, AtB, and tAB domains (SI Section 12). Indeed, the measured

proportion of stacking orders within the AtA regions of Fig. 3 is very similar to the pure

AtA sample seen in Fig. 2C, suggesting that the larger scale moir�e plays a relatively minor

role in the reconstruction of the smaller scale moir�e. We do however observe some di�erences

between the smaller-scale moir�e within di�erent domains. As shown in Fig. 4B, measure-

ments of local � 12 values within the AtA and AtB domains of � 13 � � 23 samples display

a slightly smaller � 12 angle within AtA regions as compared to the values in adjacent AtB

domains. This tightening of the smaller-scale moir�e within AtB regions might help facilitate

the overall minimization of these AtB regions.

Figure 5: Heterostrain E�ects (a) Maps of the modulation in local stacking order be-
tween layers 1 and 3 only for samples with an increasingly large percent of extrinsic het-
erostrain. (b) Corresponding maps of the local stacking order modulation obtained when
considering all three graphene layers. Twist angles and percent heterostrains values and
bounds were determined from �tting the size and asymmetry of the moir�e triangles (see SI
section 5). All scale bars are 25 nm.

Lastly, we investigate the maps of local atomic stacking order in regions with an increasingly
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large extent of extrinsic heterostrain,� (obtained via the procedure outlined in SI section

5). From the maps shown in Fig. 5, we �nd that extrinsic heterostrain acts predominantly

on the larger scale moir�e pattern and has a diminishing e�ect on the smaller scale moir�e

superlattice, consistent with previous work on bilayer moir�e systems [26, 29]. Notably, in the

most heterostrained sample of Fig. 5, despite similar� 13, the islands of AtA are deformed into

stripes. These features have also been previously visualized in STM studies and attributed

to heterostrain between the top and bottom layers [23]. Heterostrain is therefore a powerful

tuning knob for manipulating the contiguity of AtA domains (from islands to stripes) at the

expense of AtB regions, potentially modulating the emergence of correlated phases that rely

on the C2zT-symmetric AtA domains.

In conclusion, the nature of atomic reconstruction unveiled here for twisted trilayers is

markedly di�erent than that proposed in previous work, wherein it was suggested that

slightly misaligned MATTLG samples relax to almost exclusively AtA regions, with the

AtB and SP regions stretched into thin domain boundaries and/or topological defects that

contribute insigni�cantly to the STM measurements [27]. While Fig. 2 shows that at length

scales where only one moir�e wavelength is apparent (when� 13 � 0� ), trilayers do favor the

formation of large AtA domains, and in that case the local structure of trilayers is driven

primarily by consideration of the smaller moir�e, we see a clear presence of considerable AtB

type stacking down to � 13 = 0:20� (Fig. 3). This observation contrasts previous claims of

trilayer samples containing contributions from only AtA regions at a� 13 of � 0:25� , with

further discussion of our results in the context of these prior measurements provided in SI

section 14. Taken together, our measurements highlight the particular utility of interferomet-

ric 4D-STEM imaging alongside other scanning probe techniques like STM for characterizing

complex multi-layered moir�es, as the ability to apply a direct structural probe selectively to

separate interfaces can uncover the complex picture of atomic reconstruction.

The extent of AtB stacking observed could have major implications for understanding su-

perconductivity in misaligned MATTLG [22, 23] and recently discovered moir�e quasicrystal

systems [34]. For instance, if� 13 � � 23 con�gurations such as MATTLG favored entirely
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AtA stacking as previously proposed, their correlated behaviors could be predominantly un-

derstood by consideration of theC2zT inversion symmetric AAA stacking regions much like

TBLG. While our measurements support a relative contraction of AtB domains, it is no

where near as dramatic, revealing that sizable AtB portions remain following reconstruc-

tion. These signi�cant AtB domains may instead suggest that the ABC, AAB, and ABB

regions, which have been shown to host correlated electronic phases [13, 35{37] despite a

lack of inversion symmetry, may play an important role in understanding correlated electron

physics in some twisted trilayers.
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