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Abstract 

The ability to create designer heterostructures comprising various atomically-thin van der Waals (vdW) 
materials holds significant promise for realizing new electronic properties in a highly tunable condensed 
matter platform. The properties of these vdW heterostructures can be modified using a number of 
experimental knobs, including the twist angle between neighboring crystals and their interlayer 
hybridization strength. This project used mechanical deformations (e.g., high pressure and strain) to 
control the electronic properties of moiré van der Waals materials. One major goal of the project was to 
develop new experimental techniques for achieving such mechanical control, in particular the ability to 
apply very large pressures using diamond anvil cells, and to apply uniaxial strain with a home-built piezo-
based device. In parallel, the project aimed to identify and understand the most exciting moiré materials 
to control via these mechanical deformations. These structures are assembled from graphene and boron 
nitride building blocks, which are stacked upon one another with an interlayer twist angle in order to 
create a moiré pattern. These moiré materials can exhibit emergent strongly correlated and topological 
states of matter for specific combinations of the constituent crystals and specific twist angles between 
them, and these states are highly sensitive to pressure and strain. 

Objectives 

Year 1 
1. Develop diamond anvil cell pressure control of twisted bilayer graphene 
2. Develop uniaxial strain control of twisted bilayer graphene 
3. Develop pressure control of correlated states in twisted double bilayer graphene 
4. Investigate the nature of isospin symmetry breaking in twisted double bilayer graphene 
5. Investigate topological charge density wave states in twisted double bilayer graphene 
6. Investigate correlated topological states in twisted monolayer-bilayer graphene 

Year 2 
1. Develop diamond anvil cell pressure control of twisted bilayer graphene 
2. Develop uniaxial strain control of twisted bilayer graphene 
3. Investigate topological charge density wave states in twisted double bilayer graphene 
4. Investigate the anomalous Hall effect at half filling in twisted bilayer graphene 

Year 3 
1. Develop diamond anvil cell pressure control of twisted bilayer graphene 
2. Develop uniaxial strain control of twisted bilayer graphene 
3. Develop uniaxial strain control of Bernal bilayer graphene 
4. Investigate topological charge density wave states in twisted double bilayer graphene 

Findings 

Develop diamond anvil cell pressure control of twisted bilayer graphene 

We made significant progress in developing a new experimental technique allowing us to perform high-
pressure measurements above 8 GPa on vdW heterostructure devices in a diamond anvil cell (DAC) 
pressure apparatus. This required developing new experimental techniques to fabricate our samples in 
the ultra-small sample space of the DAC, with typical diameter of only a few hundred micrometers. In 
particular, we deposited our samples directly onto the diamond surface and made in situ electrical 



connections to create multiple sample electrodes and gates (see images in Figs 1a-b). Figure 1c shows a 
measurement of the resistance of a twisted bilayer graphene (tBLG) sample at the charge neutrality point 
as a function of pressure in a DAC. We observe a non-monotonic evolution of the resistance matching well 
with theoretical expectations, indicating that we are tuning the tBLG through a flat band condition. This 
will allow us to investigate the correlated and superconducting physics of tBLG in a regime of ultra-strong 
many-body interactions, which has so far been inaccessible under ambient conditions. These 
measurements were performed in collaboration with Prof. Wendy Mao’s group at Stanford, who are 
experts in DAC operation. The ability to perform DAC measurements will be a major advance for this field. 

 

Develop pressure control of correlated states in twisted double bilayer graphene 

We used a piston-cylinder pressure cell in order to apply hydrostatic pressure up to 2.5 GPa to twisted 
double bilayer graphene (tDBG), comprising two slightly rotated sheets of Bernal-stacked bilayer 
graphene. We studied devices near the optimal twist angle, in which the bands are maximally flat and 
host robust strongly correlated states. We found that we are able to carefully control the strength of the 
correlated states upon applying pressure. For sufficiently high pressure, we demonstrated the ability to 
suppress the correlated states entirely (Fig. 2). These findings established our ability to control the 
correlated states of new graphene-based moiré materials with pressure. 

Figure 1. Tuning the flat bands of tBLG with pressure in a DAC. (a) Optical micrograph of a tBLG device fabricated 
onto a diamond culet. (b) Zoomed-in image of the device. (c) Resistance of a tBLG device with a twist angle of ~1.5° 
as a function of temperature acquired at the charge neutrality point measured at different pressures in a DAC. The 
resistance exhibits a non-monotonic dependence on pressure as anticipated theoretically, indicating that pressure 
tunes through a maximally-flat band hosting strongly correlated states.    



 

 

 

 

Develop uniaxial strain control of twisted bilayer graphene and Bernal bilayer graphene 

We developed a new experimental platform to apply uniaxial strain to moiré vdW devices, working in 
collaboration with Prof. Jiun-Haw’s group at UW (see pictures in Fig. 3). This technique enabled us to 
stretch and compress vdW heterostructure devices in-plane, in contrast to the out-of-plane deformations 
induced by high pressure. The development of this technique gave us critical additional control over the 
moiré pattern: whereas pressure controls the amplitude of the moiré potential, uniaxial strain 
continuously tunes the shape of the moiré pattern. Importantly, the strain can be tuned continuously 
even down to millikelvin temperatures. In our preliminary results, we demonstrated the ability to control 
superconductivity and orbital magnetism in magic-angle tBLG with strain. We also identified possible 
signatures of quantum criticality as evidenced by an inverse temperature scaling of the elastoresistance. 

Figure 2. Tuning correlation strength in tDBG with pressure. The top row shows maps of the device resistivity, at 
(a) 0 GPa, (b) 1.2 GPa, and (c) 2.4 GPa, and the bottom row shows corresponding maps of the Hall resistance, for a 
device with θ=1.25°. Halo-like features in the conduction band (i.e., carrier densities greater than zero) at 0 GPa 
indicate symmetry broken correlated metallic states, enclosing a correlated insulating state at half-filling, along 
with a corresponding sign change in the Hall resistance. These features weaken and disappear as the pressure is 
raised. Cartoon insets denote the destruction of the correlated state with pressure. 

Figure 3. Pictures of the 
experimental strain cell setup. (a) 
Home-built strain cell, assembled 
from three piezoelectric stacks 
and custom titanium end-plates. 
The sample is affixed over a gap 
with a width that is tuned by the 
piezo expansion and contraction. 
The sample and strain gauges are 
wired to custom PCBs. (b) Strain 
cell mounted onto a probe 
compatible with dilution 
refrigerators. 



As described in more detail later, we discovered an unexpected anomalous Hall effect (AHE) at half-filling 
of the flat bands of tBLG in this project. In order to further probe the origin of the AHE, we performed 
measurements in which we applied tunable uniaxial strain to the sample under cryogenic conditions. We 
found that the amplitude of the AHE could be tuned by strain, changing by over 300% (Fig. 6c). Our results 
may indicate that the flatness of the tBLG bands (determining the strength of interactions) is tunable by 
strain, leading to the observed modification of the AHE. However, we also cannot rule out an alternative 
explanation in which the applied strain modifies structural disorder in the sample. Further work will be 
necessary to determine the working mechanism of this effect. 

We also studied the properties of Bernal-stacked bilayer graphene as a function of strain. Bernal-stacked 
bilayer graphene has been investigated for almost 20 years, but also holds new surprises. It was recently 
appreciated that in very high-quality devices, the flat band edge near charge neutrality can host strongly-
correlated symmetry broken orders and spin-triplet superconductivity. We performed preliminary studies 
of the effect of uniaxial strain on the symmetry-broken states. We observed some promising strain-tuned 
signatures in bilayer graphene that we will investigate in more detail in the future (Fig. 4).  

Investigate the nature of isospin symmetry breaking in twisted double bilayer graphene 

Prior work on tDBG by a number of research groups around the world identified strongly correlated states 
with associated transport features resembling spin-triplet superconductivity. However, the existence of 
superconductivity was not clear, and a number of other features of the correlated states of tDBG were 
poorly understood. In our work, we investigated tDBG devices with various twist angles in order to clarify 
its correlated phase diagram. We found that the abrupt drops in resistivity observed as the temperature 
is lowered are not signatures of superconductivity, but rather arise owing to spontaneous symmetry 
breaking due to the effects of strong correlations. Our results were the key to understanding similar 
transport features observed by other groups studying various moiré materials, and our understanding was 

Figure 4. Strain dependence of symmetry-broken 
states in Bernal bilayer graphene. (a) Measurement of 
the resistance of hole-doped bilayer graphene as a 
function of doping and displacement field. Symmetry-
broken phases, labeled as PIP1 and PIP2, indicate regions 
of spontaneous partial flavor polarization and 
correspond to an enhanced resistance. (b) 
Measurement of the elastoresistance of the device, 
which is large at the PIP1/Sym12 and PIP2/Sym12 
boundaries, demonstrating the strain-tunability of these 
correlated phases. 



quickly adopted by the community for differentiating superconductivity from other effects of correlations. 
We reported these results in a publication in Nature Physics (M. He et al., Nature Physics 17, 26 (2021)). 

Investigate topological charge density wave states in twisted double bilayer graphene 

We further pushed the frontiers of understanding and controlling the properties of tDBG by identifying a 
new form of symmetry breaking in this material: the formation of topological symmetry-broken Chern 
insulator (SBCI) states that spontaneously enlarge the moiré unit cell. Specifically, we observed SBCI states 
at band filling factors of 7/2 and 11/3, indicating the formation of states with spontaneously doubled and 
tripled areas of the moiré unit cell (Fig. 5). The former is likely a stripe phase that breaks translational and 
rotational symmetry, whereas the latter likely preserves the original symmetries of the moiré. A 
manuscript reporting these results is currently under review at Nano Letters (M. He et al., 
arXiv:2109.08255 (2023)). 

 

  

 

 

Investigate correlated topological states in twisted monolayer-bilayer graphene 

We discovered twisted monolayer-bilayer graphene (tMBG) to be a new correlated moiré material. 
Because of its low crystal symmetry, the correlated phase diagram differs depending on whether the 
electric field points towards the monolayer or the bilayer graphene. We found that tMBG hosts an 

Figure 5. Symmetry-broken Chern insulator states in tDBG. (a) Landau fan diagram of the longitudinal 
resistivity of a tDBG device with a twist angle of 1.34° around three-quarters filling of the flat conduction band. 
(b) Schematic denoting the observed gapped topological states. The states denoted by the green lines are 
symmetry-broken Chern insulators with Chern number of 1. The 7/2 state doubles the moiré unit cell, whereas 
the 11/3 state triples its area. (c) Measurements of the longitudinal (black) and Hall (red) resistivities at B = 10 T 
showing the development of the SBCI. (inset) Measurements of the activation gap of each state, showing that 
the SBCI states are weak compared to the parent symmetry-broken order (2,3). 



emergent quantum anomalous Hall effect in a device with a twist angle of 0.89° at one-quarter filling of 
the moiré conduction band over a certain range of displacement field. Underlying this effect is an orbital 
magnetic state, in which the system becomes spontaneously magnetized owing to the coordinated orbital 
motion of the electrons. This state differs from conventional magnets, which are typically dominated by 
the electron spin. Although orbital magnetism has been seen recently in twisted bilayer graphene, it 
required either high magnetic field or additional alignment with a boron nitride crystal. In contrast, we 
found that this topological magnetic state is intrinsic in tMBG. Furthermore, we found that this topological 
state was destroyed in devices with slightly larger twist angles, and a novel correlated ground state 
characterized by intervalley coherence with broken time-reversal symmetry emerged in its place. These 
states are expected to host counterflow valley-exciton superfluidity, and have never been identified 
experimentally before. We reported these results in publications in Nature Physics (S. Chen et al., Nature 
Physics 17, 374 (2021)) and Nature Communications (M. He et al., Nature Communications 12, 4727 
(2021)). 

Investigate the anomalous Hall effect in twisted bilayer graphene 

Twisted bilayer graphene has been the subject of intense research attention over the past few years, but 
still has the capacity to surprise. In the course of our efforts to perform pressure and strain 
characterization of tBLG as part of this project, we made the surprising discovery of orbital magnetism at 
half-filling of the flat bands (Fig. 6a-b). This ferromagnetism manifests as an anomalous Hall effect in the 
absence of an external magnetic field. The AHE has been reported previously in a small number of tBLG 
devices, but only when the flat bands were filled to either quarter- or three-quarters filling. Although at 
first seemingly just a small difference, observing the AHE at half-filling is actually quite unexpected based 
upon current theoretical modeling of tBLG. The AHE is most easily understood to arise as a consequence 
of spontaneous valley polarization of the charge carriers. However, competing ground states without AHE 
are expected to have lower energy at half-filling, including spin-polarized and intervalley-coherent orders, 
in contrast to quarter- and three-quarters fillings which are naturally expected to support valley-polarized 
states. Thus, our observation of the AHE at half-filling necessitates developing a more detailed theoretical 
understanding of tBLG, and likely relates to the unique properties of our devices including close rotational 
alignment with the substrate boron nitride and a detuning of the graphene-graphene twist slightly away 
from the magic angle. Our observations also carry potentially profound consequences for understanding 
the origin of superconductivity in the material. We notably do not observe superconductivity in our 
devices upon doping away from half-filling, in sharp contrast with typical tBLG devices of similar twist 
angles. Our observation of the AHE implies that it is not favorable to Cooper pairs from a valley-polarized 
state, potentially owing to the large center-of-mass momentum the pairs would carry. Our work was 
published in Nature Physics (C.-C. Tseng et al., Nature Physics 18, 1038 (2022)).  

 

  



 

 

 

Figure 6. Anomalous Hall effect at half filling in tBLG. (a) Landau fan diagram of the longitudinal resistivity of a 
tBLG device with a twist angle of 1.20°. (b) Hall resistance measured as the magnetic field is swept back and forth 
at half filling of the flat valence band (position of the arrow in the bottom panel of (a)). The hysteresis loop 
indicates the AHE at half filling. (c) Hall resistance measured at different values of applied uniaxial strain. The 
amplitude of the AHE can by tuned by over 300% with strain. 




