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Abstract

Moiré patterns in van der Waals heterostructures are a readily realizable class of 2D superlattices with elec-
tronic properties distinct from those of the parent materials that can be controlled by the composition and
relative orientations of layers. The large artificial superlattice generates minibands that disperse on a finer
energy scale in a significantly smaller mini Brillouin zone. I begin with transport measurements in highly
aligned graphene/hexagonal boron nitride (hBN) heterostructures, a high electron mobility superlattice with
miniband edges and Van Hove singularities that are accessible via electrostatic gating. By using recently de-
veloped absorptive pinhole collimators, consisting of absorptive sidewalls between a pair of collinear slits, it is
possible to populate and detect a narrow window of k-states. Low-field transport measurements yield results
consistent with ballistic Monte Carlo simulations based on numerical bandstructure calculations when the
superlattice has been tuned to exhibit non-circular Fermi surfaces. Subsequent scanning gate measurements
spatially image the non-circular Fermi surface, raising the possibility of using absorptive pinhole collimators
as geometric valley filters.

A number of moiré superlattices have recently emerged that exhibit flat electronic bands, making them
ideal for exploring strongly correlated physics. The flat bands in magic-angle twisted bilayer graphene
(tBLG) and ABC-trilayer graphene aligned with hBN (ABC-TLG/hBN) have been shown to give rise to
correlated insulators [1,2]. An amazing recent discovery is that tBLG becomes superconducting when doped
slightly away from two holes per site, reminiscent of high temperature superconductors [3]. Understanding
the mechanism of high-transition-temperature (high-7,) superconductivity is a central problem in condensed
matter physics. It is highly desirable to study a tunable Hubbard system, in which systematic investiga-
tions of the unconventional superconductivity and its evolution with the Hubbard parameters can deepen our
understanding of high-T. superconductivity.

I begin with a report of signatures of tunable superconductivity in ABC-TLG/hBN. Unlike in tBLG,
theoretical calculations show that under a vertical displacement field, the ABC-TLG/hBN heterostructure
features an isolated flat valence miniband associated with a Hubbard model on a triangular superlattice [2,4].
Signatures of superconductivity emerge below 1 kelvin for the electron- and hole-doped sides of the one-
quarter-filling correlated state. The electronic behaviour in the ABC-TLG/hBN superlattice is expected to
depend sensitively on the interplay between electron—electron interactions and the miniband bandwidth. By

varying the vertical displacement field, transitions from the candidate superconductor to correlated insulator



and metallic phases are observed.

Superconductivity is one of many possible ground states in flat band systems when electron-electron
interactions dominate. I present evidence of an incipient Chern insulating state at integer filling of the flat
band in both tBLG and ABC-TLG/hBN. Notably, in tBLG, the magnetization of the sample can be reversed
by applying a small direct current. Additionally, when tilting a tBLG sample in an external magnetic field,
the ferromagnetism is highly anisotropic. Because spin-orbit coupling is negligible in graphene [5], such
behavior is unlikely to come from spin, but rather favors theories in which the ferromagnetism is orbital. For
an in-plane field larger than 5 T, the out-of-plane magnetization is destroyed, suggesting a transition to a new
phase.

At integer filling of these strongly correlated moiré systems, it is natural to expect the possibility of spon-
taneous spin/valley polarization. However, there is the possibility of fractional quantum anomalous Hall insu-
lators at fractional filling if interactions are strong enough. I report evidence of ferromagnetism at fractional
filling in both tBLG and ABC-TLG/hBN. These states depend very sensitively on the control parameters in
the moiré system, to the point where the results in tBLG were not repeatable between cooldowns of the same
device. However, the state in ABC-TLG/hBN is much more robust, exhibiting prominent ferromagnetic hys-
teresis behavior with large anomalous Hall resistivity in a broad region of density. In ABC-TLG/hBN, not
only the magnitude of the anomalous Hall signal, but also the sign of the hysteretic ferromagnetic response
can be modulated by tuning the carrier density and displacement field. The plethora of interesting ground
states found thus far highlights the exciting opportunities for exploring strongly correlated physics enabled in

moiré superlattices.
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List of Figures

1.1

2.1

Angular dependence of the superlattice density. Four times the moiré superlattice density
ns corresponding to four electrons (holes) per moiré unit cell as a function of the relative
twist angle between the two constituent crystal lattices forming the moiré superlattice. The

two cases of graphene on hBN and on graphene are shown in red and blue, respectively. . . .

Transverse electron focusing. (A) Schematic of the experiment overlaid on a photo of
the device. The hBN/graphene/hBN/few layer graphene heterostructure is shown in green,
the SiO2 substrate is purple, and the dashed line denotes the upper edge of the graphene
flake. In the electrical measurement configuration applied to obtain the data in Fig. 2.2B,
the two leftmost contacts were grounded to act as absorbers. Current was injected into the
left local contact L and the voltage difference between local contacts, M and R, was mea-
sured. Arrows depict skipping orbits a hole would take if injected at normal incidence with
B = By = 2hk./eL (red) or By = 4hky/eL (blue). (B) Ensemble of simulated skipping
orbits emanating from an emitter (red star). Electron trajectories bunch along caustics (red
dashed curves) and focus onto an equidistant array of points at the boundary. Scale mark-
ers show the cyclotron diameters 2R, = 2hky/eB. (C) Transverse electron focusing (TEF)
spectra collected at a single voltage probe M (lower trace) and differentially between voltage
probes M and R (upper trace), withn = —1.1 x 10'2 cm ™2 and T' = 1.55 K. The first, third
and sixth focusing peaks are labeled. Taking the differential measurement of the spectrum
does not shift the peak positions, because the device geometry partially shields R from being
reached by skipping orbits from L, such that oscillations of the voltage at R are much weaker.

Figure fromRef. 6. . . . . . . . . .
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22

23

24

TEF spectra at base temperature. (A) Miniband structure of the graphene/hBN superlat-
tice, calculated as in Refs. 6, 7. Each miniband for which TEF was observed is labeled. This
dispersion results from a symmetric moiré perturbation: e = 17 meV and e~ = 0 meV,
this choice gives the best match between (B) experiment and (C) theory [6]. Equipotential
contours are shown; the dashed contours are at the energy levels of saddle-point Van Hove
singularities (VHS). (B) TEF spectra as a function of gate voltage V,. T" = 1.55 K. The
plotted ratio (Vs — Vg)/IL is measured as depicted in Fig. 2.1A. Black dashed curves in-
dicate By, B3, and Bg, which are some of the peak positions where the Fermi level is close
to the Dirac point. Green dashed lines indicate the abrupt termination of TEF caused by the
breakdown of cyclotron motion at each VHS. Dashed arrows from (B) to (A) point to the
energy levels (dashed contours) of the corresponding VHS; Voltage values are labeled by the
miniband in which the breakdown occurs (e.g., Vo1 for the breakdown of cyclotron motion
in C1). Dotted lines show selected densities (I, II, III, and I'V) that place the Fermi level in
minibands C2, C1, V1, and V2, respectively. (C) TEF spectra as a function of V,, calculated
from the dispersion in (A) according to Ref. 6. Figure fromRef. 6. . . . .. ... ... ..
Absorptive pinhole collimator. (A) Schematic of a double pinhole collimator. Current
is sourced from the bottom contact (red), passes through the bottom aperture and is either
absorbed by the intermediate contact (black) or passes into the bulk of the device. Only
trajectories that pass through both apertures reach the bulk, producing a collimated beam.
The collimated beam is steered by an external magnetic field. (B) Optical micrograph of the
device with four collimators in a Hall-bar-like geometry. Scale bar is 2 pym. (C) Measuring
angular distribution. Non-local resistance at n = 1.65x 10'2 cm ™2 (Fermi wavelength: Ay =
27.6 nm) is plotted with Vgsrs measured relative to V1 when current is sourced from both
S4 and F4 (blue), and only from S4, whereas F4 is grounded (green). The narrowness of the
central peak for the F4-grounded data results from collimation. (D) Theoretical collimation
behavior versus experiment. Left: diagram of effective collimator width w(#) at a fixed angle
for classical ballistic trajectories. Middle: polar plot of theoretical angular dependence for
a 300 nm-wide point contact (blue) and a wy = 300 nm, Ly = 850 nm collimator (green).
Right: experimental data from (C) mapped to angle. Figure fromRef. 8. . . . . . .. .. ..
Collimating graphene/hBN moiré superlattice Hall bar. (A) Schematic of the collimating
graphene/hBN moiré superlattice Hall bar. Sourcing contacts are labeled with the prefix S.
Focusing contacts are labeled with the prefix F. Side contacts used to drain stray carriers
are labeled with the prefix O. (B) Laser micrograph of the fabricated device. Scale bar is
1 pm. (C) Longitudinal resistance R, as a function of gate voltage V. The peak near 0 V
corresponds to the charge neutrality point. The peak near 8 V corresponds to the secondary

Dirac point, confirming that the sample is a moiré superlattice. . . . . . . ... ... .. ..
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2.5

2.6

Magnetic field dependence for different contacts. Resistance (A) Rsg4 and (B) Rgs as
a function of gate voltage V, and magnetic field B when injecting current from S1 in a
collimating configuration (F1 is grounded). Contacts O1 and O2 are also grounded. Dashed
black lines in (B) are guides of the form V,, oc B?/j? for j = 1 and 2 as one would expect
for TEF with a circular Fermi surface corresponding to zero and one bounce(s) along the
sidewall of the device, respectively. . . . . . . . . . ...
Transport at Er = —188 meV. (A) Fermi surface at Er = —188 meV in the K valley,
which corresponds to a gate voltage of —9.89 V. The Fermi surface of the K’ valley is
the time-reversed pair of the K valley. (B) Normalized heat map of the position of charge
carriers, simulated using a ballistic Monte Carlo for the Fermi surface shown in (A) at a
magnetic field of 0.053 T. Trajectories are color coded red or blue if they belong to the
K or K’ valley, respectively. A count for each plaquette is incremented when an electron’s
trajectory passes through that plaquette. This count is reflected in the intensity of either color,
with higher intensity corresponding to a higher count (where the count has been cut off at
a high number to provide contrast in the bulk of the device). Carriers are injected at the
source (teal contact) and propagated until hitting a contact. Carriers hitting the source are
absorbed and reinjected into the bulk of the device. All contacts colored gold are virtual
grounds that perfectly absorb any incoming charge carrier. The device is oriented relative
to the crystal axis such that the Fermi surface is oriented as shown in (A). (C) Fraction of
injected current Iipjecteda = Is1 + Ip1 making it to S4 (upper panel) and F4 (lower panel) as
a function of magnetic field. Simulation results, a frame of which are shown in (B), are color
coded according to their valley index K () in red or blue, respectively. Experimental results

are showninblack. . . . . . . . . ..

Xiii



2.7

2.8

29

Transport at Er = —135 meV. (A) Fermi surface at Fr = —135 meV in the K val-
ley, which corresponds to a gate voltage of —7.05 V. The color coding corresponds to two
different hole-like pockets in the Fermi surface. The Fermi surface of the K’ valley is the
time-reversed pair of the K valley. (B) Normalized heat map of the position of charge carri-
ers, simulated using a ballistic Monte Carlo for the Fermi surface shown in (A) at a magnetic
field of —0.011 T. Trajectories are color coded red or blue according to the different hole-like
pockets in the Fermi surface shown in (A). A count for each plaquette is incremented when an
electron’s trajectory passes through that plaquette. This count is reflected in the intensity of
either color, with higher intensity corresponding to a higher count (where the count has been
cut off at a high number to provide contrast in the bulk of the device). Carriers are injected
at the source (teal contact) and propagated until hitting a contact. Carriers hitting the source
are absorbed and reinjected into the bulk of the device. All contacts colored gold are virtual
grounds that perfectly absorb any incoming charge carrier. The device is oriented relative
to the crystal axis such that the Fermi surface is oriented as shown in (A). (C) Fraction of
injected current [ipjected = Is1 + Ir1 making it to S4 (upper panel) and F4 (lower panel) as
a function of magnetic field. Simulation results, a frame of which are shown in (B), are color
coded according red or blue according to which hole like-pocket of the Fermi surface was
simulated. Experimental results are showninblack. . . ... ... ... ... .......
Temperature dependence of collimatated beam. (A) Temperature dependence of the frac-
tional current to reach S4, Isa/Iinjected. as a function of field for Ep = —135 meV (V; =
—7.05 V). A smooth background has been subtracted from each curve, followed by Gaussian
smoothing of each curve. (B) Orange filled circles correspond to scattering rates extracted
from the amplitude of the zero-field peak shown in (A). Circles and triangles denote effective
scattering rates 7(7") ~! extracted from the amplitude of TEF oscillations in Ref. 6. The heavy
green curve shows the theoretical scattering rate 7., related to the electron-electron inter-
action. Square and diamond symbols denote the rate of scattering by phonons Tp_hl inferred
from temperature-dependent sheet resistivity reported in Refs. 9 and 10. The detection limit
set by noise is shaded. This panel is modified fromRef. 6. . . . . .. ... ... ... ...
Scanning gate microscopy measurements of a circular Fermi surface. (A) Fermi surface
at Fr = 80 meV which corresponds to a gate voltage of 1.20 V. (B) Current drained by
F2 as a function of magnetic field. The red dot indicates the field at which S1 is connected
to F2 via a single cyclotron orbit. Inset: Schematic of the device showing the trajectories
of carriers that connect S1 and F2 when the field is tuned to the value of the red dot. (C)
Differential current between the source (blue) and a virtual ground (green) measured as a
function of the scanning gate tip position for a constant tip potential. All contacts besides the
source function as virtual grounds, the currents through which are measured simultaneously

and plotted individually. The field has been tuned to the value indicated by the red dot in (B).
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2.10 Scanning gate microscopy of a triangular Fermi surface. Differential current between the

2.11

3.1

32

33

source (blue) and a virtual ground (green) measured as a function of the scanning gate tip
position for a constant tip potential and Er = —135 meV (V, = —7.05 V). All contacts
besides the source function as virtual grounds, the currents through which are measured si-
multaneously and plotted individually. The white trace is a guide showing a trajectory of the
appropriate shape and size for the given E'r and B that would connect S1to F2. . . . . . .
High resolution scanning gate microscopy measurement of a triangular Fermi surface.
Differential current of Iyo + Igo (contacts colored green) when current is injected from the
source (blue), measured as a function of the scanning gate tip position for a constant tip
potential and Er = —135 meV (V; = —7.05 V). All other contacts are also grounded. the
white trace is a guide showing a trajectory of the appropriate shape and size for the given E
and B. . .. e

Interlayer hopping parameters in tBLG. (A) The blue dashed hexagon marks the Brillouin
zone for an unrotated graphene sheet. The black (red) circles are the three equivalent K
points for layer 1 (2) that are rotated by (—)6#/2. Crystal momentum is conserved when
p’ —k = qo, 91, or g2. In the chosen reference frame, these momentum transfers have
modulus |q;| = 2|K]|sin(6/2) and direction (0, 1), (—v/3/2, —1/2), or (v/3/2, —1/2).
Equivalent Dirac points are connected by the reciprocal lattice vectors G(2) and G ), shown
as solid blue lines. (B) A separate representation of the hopping parameters. When we
account for repeated hopping, we generate this honeycomb lattice in reciprocal space. In a
repeated zone scheme, the dots correspond to the Dirac points of the two layers. The dashed
blue line marks the moiré band Wigner-Seitz cell. Figure adapted from Refs. 11 and 12.

Calculated band structure of tBLG. (A) Band structure of tBLG in the K valley calculated
using a continuum model Hamiltonian for = 1.05°, w = 117 meV, and w4 /wap = 0.7.

The band structure for K’ is the time reversed partner of the K band structure (B) Panel (A)

replotted to more clearly show the dispersion of the nearly-flat valence and conduction bands.

Stacking tBLG heterostructures. “Tear-and-stack™ dry transfer technique used to create
tBLG heterostructures. (1) We first pick up a hBN flake using a PC/PDMS stamp. (2) Position
the hBN crystal over an exfoliated graphene flake and press the hBN down partially onto the
graphene. (3) Once the hBN has been pressed down partially onto the graphene, retract the
hBN, hopefully ripping the graphene cleanly in half. (4) Fully retract the stamp. (5) Rotate the
remaining portion of the graphene flake to the desired twist angle. (6) Pick up the remaining
portion of graphene using the ripped portion. (7) Finish the heterostructure. In this case, this

includes fully encapsulating the heterostructure. Figure adapted from Ref. 13. . . . . . . . .
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34

3.5

3.6

Half-filling insulating states in tBLG. (A) Measured conductance G of a tBLG device with
twist angle & = 1.08° and T" = 0.3 K. The lighter-shaded regions are superlattice gaps
at carrier density n = +4n, = £2.7 x 10'2 cm™2. The darker-shaded regions denote
half-filling states at £2n,. The inset shows the densities at which half-filling states in four
different devices were measured in Ref. 1. (B) Minimum conductance values in the p-side
(red) and n-side (blue) half-filling states in the 1.08° device. The dashed lines are fits of
the form exp[—A/(2kT)], where A ~ 0.31 meV is the thermal activation gap. (C, D)
Temperature-dependent conductance of the 1.08° device for temperatures from 0.3 K (black)
to 1.7 K (orange) near the (C) p-side and (D) n-side half-filling states. Figure from Ref. 1.
Note that Ref. 1 defines ng as four carriers per moiré unitcell. . . . .. ... ... ... ..
Superconductivity in tBLG. (A) Four-terminal resistance R,, = V. /I measured in two
devices M1 and M2, that have twist angles of § = 1.16° and 6 = 1.05°, respectively. The in-
set shows an optical image of device M1, including the main Hall bar (dark brown), electrical
contacts (gold), back gate (light green), and SiO5/Si substrate (dark grey). (B) Current-
voltage (V. — I) curves for device M2 measured at n = —1.44 x 10'2 cm~2 and various
temperatures. At the lowest temperature of 70 mK, the curves indicate a critical current of ap-
proximately 50 nA. The inset shows the same data on a logarithmic scale, which is typically
used to extract the Berezinskii-Kosterlitz-Thouless transition temperature (ITggt = 1.0 K in
this case), by fitting to a V., o I® power law (blue dashed line). Figure adapted from Ref. 3.
Gate-tunability of superconductivity in tBLG. (A) Two-terminal conductance Go = I /Viyjas
of device M1 (# = 1.16°) measured in zero magnetic field (red) and with a perpendicular field
of By = 0.4 T (blue). The curves exhibit the typical V-shaped conductance near charge neu-
trality (n = 0, vertical purple dotted line) and insulating states at the superlattice bandgaps
(n = #£4ng, the blue and red bars). They also exhibit reduced conductance at intermediate
integer fillings of the superlattice owing to Coulomb interactions (other colored bars). Near
a filling of —2 electrons per unit cell, there is considerable conductance enhancement at zero
field that is suppressed with B = 0.4 T. This enhancement signals the onset of supercon-
ductivity. Measurements were performed at 70 mK with V};,s = 10 V. (B) Four-terminal
resistance R, measured at densities corresponding to the region bounded by the pink dashed
lines in (A) as a function of temperature. Two superconducting domes are observed next to the
half-filling state, which is labelled ‘Mott’ and centered around —2n, = —1.58 x 102 cm 2.
The remaining regions in the diagram are labeled as ‘metal’ owing to the observed metal-
lic temperature dependence. The highest critical temperature observed in device M1 is
T. = 0.5 K (as determined by 50% normal-state resistance). (C) Similar phase diagram
for device M2, showing two asymmetric and overlapping superconducting domes. The high-
est critical temperature in device M2 is T, = 1.7 K. Figure from Ref. 3. Note that Ref. 3

defines n as four carriers per moiré unitcell. . . . . . ... ..o o oL
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3.7

3.8

39

3.10

Magnetic-field response of the superconducting state in tBLG. (A, B) Four-terminal resis-
tance as a function of density n and perpendicular magnetic field B, in devices (A) M1 and
(B) M2. As well as the dome structures around half-filling, there are oscillatory features near
the boundary between the superconducting phase and the correlated insulator phase. These
oscillations are indicative of phase-coherent transport through inhomogeneous regions in the
device. (C) Differential resistance dV,.,/dI as a function of DC bias current I for different
B, measured for device M2. (D) R, — T curves for different B | , measured for device M1.
(E) Perpendicular (B, ) and parallel (B,) critical magnetic field as a function of tempera-
ture for device M1. The fitting curves for B., correspond to Ginzburg-Landau theory for a
two-dimensional superconductor. B, is fitted to B, (0)(1 — T/ T.)'/2, where By (0) is the
parallel critical field at zero temperature. Measurements in (A-C) were conducted at 70 mK.
Figure adapted from Ref. 3. . . . . . . . . ...
Evidence of phase-coherent transport in superconducting tBLG. (A, B) Differential re-
sistance dV/dI versus bias current I and perpendicular field B, , at two different charge
densities n, corresponding to those in Fig. 3.7A. Periodic oscillations are observed in the
critical current (identified approximately as the position of the bright peaks in dV/dI). (C,
D) Simulations intended to reproduce qualitatively the behavior observed in A and B. Figure
adapted from Ref. 3. . . . . . ..
Superconductivity in a 1.14° device. (A) Schematic of an all-van der Waals tBL.G het-
erostructure. tBLG is encapsulate between flakes of hBN, with encapsulating flakes of few-
layer graphite acting as gates. (B) Temperature dependence of the resistance of device D1
over the density range necessary to fill the moiré unit cell, n € [—4ng,4n,] at D = 0. The
resistance drops to zero over a finite range of n for electron (n > 2n,) and hole (n < —2ny)
doping. (C) Resistance as a function of temperature at optimal doping of the hole- and
electron-doped superconductors in blue and red, respectively. (D) Resistance (R) of device
D1 as a function of displacement field. At —2ng, an insulating phase develops at positive
D, whereas a superconducting phase develops at negative D. (E to G) Fraunhofer-like quan-
tum interferences of the critical current, arising from one or more Josephson weak links
within the sample, measured at (E) n = —2.03 x 102 ecm~2 and D = 0.61 V/nm, (F)
n = —1.76 x 1012 ecm~2 and D = —0.59 V/nm, and (G) n = —1.52 x 10'2 cm~2 and
D = —0.17 V/nm. An anomalous quantum interference pattern with a minimum in I.. at
zero field is observed in (G). The measured temperature is 7' ~ 10 mK for all datasets unless
otherwise noted. Figure adapted from Ref. 14. Note that Ref. 14 defines ng as four carriers
permoiréunitcell. . . . . . ... L e
Identifying ABC stacked domains in exfoliated TLG. (A) Atomic force microscope to-
pography image of an exfoliated TLG flake on SiO5/Si. (B) Near-field infrared image corre-
sponding to (A) showing contrast between the ABA and ABC stacked regions. . . . . . ..
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3.11

3.12

3.13

3.14

3.15

3.16

Schematic of dual gated device. Schematic of a dual-gated encapsulated graphene het-
erostructure Hall bar device and the typical measurement configuration. . . . . .. ... ..
ABC-TLG/hBN devices. (A) Optical image of ABC-TLG/hBN device 1, the device that
will be discussed in Ch. 4. Scale bar is 3 pum. (B) Schematic cross-sectional view of device
1 shown in (A). The red atoms represent on unit cell of ABC-TLG. Note that the top hBN is
aligned in device 1. (C) Optical image of ABC-TLG/hBN device 2, the device that will be
discussed in Ch. 5 and 6. Scale bar is 5 pm. (D) Schematic cross-sectional view of device 2
shown in (C). The red atoms represent on unit cell of ABC-TLG. Note that the bottom hBN
isalignedindevice 2. . . . . . ... L e e
ABC vs. ABA stacked TLG. (A) Schematic of the ABC-stacked trilayer lattice contain-
ing sic sites in the unit cell, A (white circles) and B (black circles) on each layer, showing
the Slonczewski-Weiss-McClure parameterization [15] of relevant couplings g to v4. (B)
Schematic of the hexagonal Brillouin zone with two inequivalent valleys K() shwoing the
momentum p measured from the center of the valley K. (C) Schematic of the unit cell of
ABC-stacked trilayer graphene, (D) ABA-stacked trilayer graphene, and (E) bernal stacked
bilayer graphene. In (C), v describes a vertical coupling between sites B3 and A1 in different
unit cells. Figure fromRef. 16. . . . . . . ... ... o o
Comparison of the bandstructure of ABA- and ABC-stacked TLG. (A) The predicted
bandstructure of ABC trilayer graphene with (red) and without (green) the presence of a
perpendicular electric field, as calculated within the tight-binding model described in Ref. 17.
Transitions 1 and 2 are the strongest optical transitions near the K-point for electron doping.
(B) The predicted bandstructure of ABA trilayer graphene with (red) and without (green) a
perpendicular electric field, as calculated within the tight-binding model described in Ref. 17.
The arrow indicates the transition responsible for the main absorption peak at 0.5-0.6 eV
observed in Ref. 17. Figure from Ref. 17. . . . . . .. ... ... ... .. ... ... .
Single-particle bandstructure of ABC-TLG/hBN. (A, B, and C) Calculated single-particle
bandstructure of ABC-TLG/hBN in the K valley for displacement fields D/eq = 0.5, 0, and
—0.5V/nm. At D/ey = 0.5 V/nm, a finite bandgap separates the conduction and valence
minibands. The highest energy valence miniband is topologically trivial with C' = 0. The
bandgap closes at D /ep = 0 V/nm. At D /ey = —0.5 V /nm, the miniband invert to generate
a new bandgap. The highest energy valence miniband becomes topologically nontrivial with
a finite Chern number. The minibands of the K’ are time-reversed pairs of the K valley
minibands and have opposite Chern numbers. . . . . . . . . ... ... .
Optical image of previously studied ABC-TLG/hBN moiré superlattice device. Optical
image of a dual-gated ABC-TLG/hBN moiré superlattice device. The bottom hBN crystal is
aligned with the ABC-TLG in this device. Figure fromRef. 2. . . . . ... ... ... ...
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3.17

3.18

3.19

3.20

4.1

4.2

Gate-dependent resistivity of ABC- and ABA-TLG. (A) Resistivity of ABC-TLG as a
function of V;, varying V44 from —50 V to 50 V. (B) Resistivity of ABA-TLG as a function
of V34 varying V;4 from —3 V to 3 V. Data were obtained at T" = 50 K. Figure from Ref. 2.

Landau fan of ABC- and ABA-TLG/hBN moiré superlattices. (A) Landau fan of ABC-
TLG/hBN showing well-resolved quantum Hall states at filling factors v = 6, 10, 14, 18...,
unambiguously confirming that the ABC-stacking has been retained in this device. (B) ABA-
TLG is characterized by two sets of Landau levels, one from the bilayer-like subband and the
other from the monolayer-like subband. The Landau levels of the bilayer-like and monolayer-
like subbands are marked by solid and dashed lines, respectively. Figure from Ref. 2. . . . .
Transport of gate-tunable Mott state. (A, B) Top-gate-dependent resistivity of ABC-
TLG/hBN moiré superlattice when (A) V4 = 0 V and (B) 20 V. (C) Resistance as a function
of Vi4 and V. The color scale is from 10 €2 to 100 k€ in a logarithmic scale. The high-
lighted straight lines correspond to the charge-neutrality point (CNP), 1/4 filling, 1/2 filling,
fully-filled point (FFP) and 3/2 filling resistance peaks. (D) Resistivity at the CNP (green),
1/4 filling on the hole side (red) and 1/2 filling on the hole side (blue) as a function of the
displacement field D. The insulating behavior at 1/4 and 1/2 fillings, corresponding to one
and two charges per lattice site, provide the defining signature of a Mott insulator. Figure
fromRef. 2. . . . . . e
Landau fan of ABC- and ABA-TLG/hBN moiré superlattices. R, and R, as a function
of n/n, and fixed D = 0.4 V/nm and B = 1 T. At fixed D, the band structure does not
change while tuning the carrier density. There are resistance peaks at 1/4, 1/2, and full fillings
in R, and zero R, corresponding to zero Hall density. n, corresponds to one electron per

unit cell. Figure fromRef. 2. . . . . . . ... o

Trilayer graphene/hBN moiré superlattice. (A) Optical image of ABC-TLG/hBN device
1 with the top and bottom gates. Scale bar is 3 ym. (B) A schematic of the triangular ABC-
TLG/hBN moiré superlattice and the 1/4-filling correlated insulating state, which corresponds
to one hole per superlattice unit cell. (C) The single-particle energy dispersion of the lowest
electron and hole minibands in the ABC-TLG/hBN superlattice with an effective potential
energy difference between the bottom and top graphene layers of 2A = —20 meV, which
can be generated by a vertical displacement field of —0.4 V/nm. It features a narrow and
isolated hole miniband, shown highlighted in red. The first electron miniband is highlighted
inblue. . . . ..
Correlated insulators in trilayer graphene/hBN moiré superlattice. (A) R, as a function
of carrier density shows prominent correlated insulating states at 1/4 and 1/2 fillings with
D= -04V/nmmatT = 5K. (B) R, as a function of V;, and V44 at T = 5 K. The
resistance peaks at 1/4 and 1/2 fillings of the first hole miniband can be clearly identified for
relatively large D. . . . . . . . . L e e e
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4.3

4.4

4.5

Signatures of superconductivity in ABC-TLG/hBN. (A) The R,, — T curve at D =
—0.54 V/nm and n = —5.4 x 10! cm™2 shows characteristic behavior of a supercon-
ducting transition. An empirical fit to the Aslamazov-Larkin formula (red line) yields an
estimated superconducting transition temperature of 0.65 K. (B) I — V curves at different
temperatures show a plateau below the critical current at about 10 nA for temperatures below
0.3 K. This plateau region tilts and becomes close to linear at higher temperature, character-
istic of a superconducting transition. (C) dV,, /dI — I curves at different temperatures. A
critical current of about 10 nA is observed at the lowest temperatures. . . . . . ... . ...
Searching for coherent oscillations. (A) The dV,/dI color plot as a function of direct
current (DC) bias and perpendicular magnetic field at 7' = 0.04 K (B) Line cuts of (A) at
B, =0T,04T,0.7T,and 2 T. (C) The dV,,./dI color plot as a function of direct current
(DC) bias and in-plane magnetic field at 7" = 0.04 K (D) Line cuts of (C) at B = 0 T,
0.4T,0.8 T, and 1.2 T. A symmetrized V., (B) = [Vaz(B) + Vi (—B)]/2 is presented to
removed any possible V,,, componentinallpanels . . . .. ... ... ..... ... ..
Carrier-density-dependent phase diagram. R, as a function of carrier density and tem-
perature at (A) D = —0.54 V/nm and (B) D = —0.17 V/nm. The superconducting phase
emerges at low temperature near the 1/4-filling Mott state for D = —0.54 V/nm. Only the
1/2-filling Mott state exists for D = —0.17 V/nm, and no superconductivity exits at base
temperature. Both the superconducting phase and the metallic phase show very small resis-
tance values at base temperature, but they can be distinguished by the supercurent behaviour
inthe I — V and dI — dV curves and by the R — T" dependence (Fig. 4.6b vs. Fig. 4.6d).
Ro=3808 . . .
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4.6

5.1

52

Tunable electronic phases with the displacement field. (A) R, as a function of D and
T at fixed doping n = —5.2 x 10'? cm~2 relative to the CNP, corresponding to slight elec-
tron doping relative to 1/4-hole filling. D modifies the band structure of the minibands in
ABC-TLG/hBN, and therefore the charge correlations. As a function of D, the system can
be tuned across four different electronic states from left to right: superconducting, correlated
resistive state, metal, and correlated insulating state. (B-E) Vertical line cuts of (A) at selected
D values to illustrate the R,, — T behavior of different electronic states. (B) The metallic
state at D = 0 V/nm shows a low and constant resistance owing to the dominating impu-
rity scattering. (C) The correlated insulating state at D = 0.45 V/nm shows an increased
resistance at lower temperature. (D) The superconducting state at D = —0.59 V /nm shows
a rapidly decreasing resistance to a constant residual value at lower temperature. (E) The
transition region between D = —0.28 V/nm and D = —0.53 V /nm exhibits rather complex
behavior, and we refer to it as a “correlated resistive state” because the overall resistance is
relatively high compared with the metallic region. The state at D = —0.32 V/nm shows a
weak insulator-like behavior with increased reistance at the lowest temperatures, the state at
D = —0.4 V/nm show an almost constant but relatively large resistance value, and the state
at D = —0.45 V/nm displace a strange-metal-like behavior with an almost linear decrease

of resistance at low temperature. . . . . . . . . . ... oLl

Correlated states in near-magic-angle tBLG. (Upper panel) Longitudinal resistance R,
of the tBLG device (measured between contacts separated by 2.15 squares) as a function of
carrier density n (shown on the top axis) and perpendicular displacement field D (left axis),
which are tuned by the top- and back-gate voltages, at 2.1 K. n is mapped to a filling factor
relative to the superlattice density n,, corresponding to one electrons per moiré unit cell,
shown on the bottom axis. (Inset) Optical micrograph of the completed device. The scale bar
is 5 pym. (Lower panel) Line cut of R, with respect to n taken at D/eg = —0.22 V/nm
showing the resistance peaks at full filling of the superlattice, and additional peaks likely
corresponding to correlated states emerging at intermediate fillings. Figure replicated from
Ref. 18. .« . . o
Micrograph of the tBLG heterostructure. A false color optical micrograph of the com-
pleted heterostructure (before lithography) demonstrates the rotational alignment of the top
hBN layer and graphene. The arrow labeled ‘G’ indicates a crystallographic edge of the top
graphene layer of the tBLG while the arrow labeled ‘hBN’ indicates a crystallographic edge
of the top encapsulating hBN crystal. Based on this micrograph, the alignment of the crys-
tallographic edge of the top hBN to that of top graphene of the tBLG is consistent with the
experimentally measured angle of fppn = 0.83° & 0.02° (calculated based on the density
corresponding to the peak we associate with the hBN moiré pattern; see Fig. 5.1). The bottom

hBN is far from rotational alignment with the bottom graphene layer of the tBLG. . . . . . .
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5.5

5.6

Displacement field dependence from separate cooldown. Longitudinal resistance R, of
the tBLG device (measured between contacts separated by 2.15 squares at 40 mK) as a func-
tion of carrier density n (shown on the top axis), filling factor relative to the superlattice
density ns (bottom axis), and the applied perpendicular displacement field D (left axis). . . .
Displacement field dependence of superconducting tBLG device with misaligned hBN.
(A) An optical micrograph of the completed device. The scale bar is 20 pm. (B) Longitudinal
resistance R, of the misaligned tBLG device (measured between contacts separated by 1.25
squares at 1.5 K)) as a function of carrier density n (shown on the top axis, or as a filling factor
relative to the superlattice density shown on the bottom axis) and perpendicular displacement
field D. We do not observe zero resistance as we are above the superconducting transition
temperature, for a better comparison with Fig. 5.1. . . . . . . ... ... .00
Emergent ferromagnetism near three-quarters filling. (A) Magnetic field dependence of
the longitudinal resistance R, (upper panel) and Hall resistance 2y, (lower panel) with
n/ns = 2.984 and D /ey = —0.62 V/nm at 30 mK, demonstrating a hysteretic anomalous
Hall effect resulting from emergent magnetic order. The solid and dashed lines correspond
to measurements taken while sweeping the magnetic field B up and down, respectively. (B)
Zero-field anomalous Hall resistance R;f (red) and ordinary Hall slope Ry (blue) as a func-
tion of n/n, for D/eg ~ —0.6 V/nm. RJ is peaked sharply with a maximum around
n/ns = 3.032, coincident with Ry changing sign. These parameters are extracted from
line fits of R, versus B on the upward and downward sweeping traces in a region where
the B-dependence appears dominated by the ordinary Hall effect. The error bars reflect
fitting parameter uncertainty along with the effect of varying the fitting window, and are
omitted when smaller than the marker. (C) Temperature dependence of R, versus B at
D/ey = —0.62 V/nm and n/ns = 2.984 between 46 mK and 5.0 K, showing the hysteresis
loop closing with increasing temperature. Successive curves are offset vertically by 20 k{2
for clarity. (D) Coercive field and anomalous Hall resistance (extracted using the same fitting
procedure as above) plotted as a function of temperature from the same data partially shown
in (C). Data in Fig. 5.5 were taken during a separate cooldown from that of the data in the
rest of the figures, but show representative behavior [18] . . . . . ... .. ... ... ...
Temporal stability of the magnetization. (A) Hall resistance R, at n/n, = 2.984 and
D/ey = —0.52 V/nm as a function of time over the course of 6 hours in zero field, after
first magnetizing the sample by applying —500 mT and then returning the field to 0 T. (B)
A full hysteresis loop taken prior to the measurement shown in (A) is displayed in red. The
blue trace shows the behavior of I, as the field is swept from 0 to 500 mT following the

measurement in (A). A clear anomalous Hall jump in the blue trace is comparable to those in
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the continuous red loop, indicating that the magnetization was stable through the 6 hour pause. 63
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5.7

5.8

5.9

5.10

5.11

Repeated hysteresis loops. Longitudinal resistance R, (top panel) and Hall resistance R,
(bottom panel) are shown as a function of magnetic field for twelve consecutive loops of the
field between £250 mT for n/ns = 3.032 and D/e; = 0 V/nm (in the same cooldown
as that of Fig. 5.3). The solid and dashed lines correspond to measurements taken while
sweeping the magnetic field B up and down, respectively. . . . . . . ... ... ... ....
Displacement field dependence of hysteresis loops. Longitudinal resistance R, (upper
panel) and Hall resistance R, (lower panel) at n/n, = 2.996 for two different displacement
fields as labeled in the figure. Although tuning the displacement field from a large negative
field to near zero causes a slight change in the longitudinal resistance and the hysteresis loop
structure, the tBLG magnetic field dependence remains hysteretic. . . . . .. ... ... ..
Density dependence near 3/4 with fixed displacement field at 2.1 K. (A) Zero-field
anomalous Hall resistance R‘;;I (red) and ordinary Hall slope Ry (blue) as a function of n/n
while maintaining a constant displacement field D/eg = —0.22 V/nm. Rp! is peaked at
n/ns = 3.096, close to the position of the peak at 0.758 in Fig. 5.5B and again coincident
with a sign change in Ry. The full width at half maximum is slightly increased, at 0.07
instead of 0.04. (B) Magnetic field dependence of the longitudinal resistance R, (upper
panel) and Hall resistance R, (lower panel) at n/n, = 3.096, the largest hysteresis loop of
the series shown in (A), with ROJ =104 KkQ. . . .. ... ... ... . L
Nonlocal resistances providing evidence of chiral edge states. Three- and four- terminal
nonlocal resistances Rs4 14 and Rs4 12, measured at 2.1 K with D /ey = —0.22 V/nm, are

shown in the upper and lower panels, respectively. For n/ngs = 2.9 (blue) away from the peak

AH
yx >

However, with n/ns; = 2.996 (red) in the magnetic regime where Rggl is maximal, large,

in AH resistance R..’, the nonlocal resistances are consistent with diffusive bulk transport.
hysteretic nonlocal resistances suggest chiral edge states are present. The inset schematics
display the respective measurement configurations. Green arrows in the upper inset represent
the apparent edge state chirality for positive magnetization, while in the lower inset they
reflect negative magnetization. . . . . . . . . . L. ..o e e
Current-driven switching of the magnetization. Differential Hall resistance dV,,, /dI mea-
sured with a 5 nA AC bias as a function of an applied DC current Ipc at 2.1 K with
D/ey = —0.22 V/nm and n/ns = 2.996. Note that dV,,/dI is plotted against —Ipc
for better comparison with magnetic field hysteresis loops. After magnetizing the sample in
a —500 mT field and returning to B = 0, Ipc was swept from 0 to —50 nA (black trace),
resulting in dV,,, /dI changing sign. Successive loops in Ipc between 50 nA demonstrate
reversible and repeatable switching of the differential Hall resistance (red and blue, with solid

and dashed traces corresponding to opposite sweep directions). . . . . . . . . ... ... ..
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5.12

5.13

5.14

5.15

Current-driven switching in nonzero magnetic field, and characterization of the tran-
sition. (A) Hysteresis loops of the differential Hall resistance dV,,/dI with respect to DC
current (plotted as —Ipc as in Fig. 5.11) at three different static magnetic fields after the
sample was magnetized at 500 mT. These data were taken at 35 mK with n/n, = 2.996
and D/eg = —0.22 V/nm during the same cooldown as for the data of Fig. 4. (B) Transi-
tion rate of the apparent magnetization switching at a fixed current Ipc after magnetizing the
sample with a —75 nA current (at 7 = 2.1 K and zero field). The transition appears to be a
MEMOTYIESS PrOCESS. . . . v v v v v v e e e e e e e e e e e e
Displacement field dependence near n = 3n,. (A) Longitudinal resistance R, as a
function of both n and D. Panel is a zoomed in portion of Fig. 5.1 centered near n = 3n.
(B) Line cuts of (A) showing R, as a function of n at three different displacement fields.

Hysteresis loops at large a positive displacement field. Magnetic field dependence of 12,
for a displacement field of D/ep = 0.59 V/nm and charge densities of (A) 3.04ns, (B)
3.12n, (C) 3.16n, and (D) 3.24n,. Measurements are performed at 2.16 K. . . . . . . ..
Behavior of the conductivity tensor. (A) The longitudinal conductivity o, is plotted para-
metrically against the Hall conductivity o, for a series of measurements at different tempera-
tures with the density fixed at n/ns = 2.984 and D /ey = —0.62 V /nm (shown in Fig. 5.5C).
All conductivity values in this figure have been extracted from resistance measurements taken
at 50 mT when sweeping the applied field downward from a value larger than the coercive
field (so the sample has been magnetized by an upward field). The resistivity is derived from
the measurements by assuming a homogeneous sample, and the conductivities are given by
Ozz = Paz/ (P2s + Poy) and 0uy = pya/ (P2, + Pi,). The relationship between o, and
0z 18 not consistent with an extrinsic AH effect resulting from skew scattering. (B). Ar-
rhenius plot of 0., on a log scale versus 1/7, with the same data shown in (A). The blue
curve shows a fit of the data for 4.9 K > T > 2.5 K (the points shown in blue) to a model
of activated conductivity with an additional, temperature-independent conduction channel
(data points shown in red are excluded from the fit), yielding an estimated activation scale of
Ty = 43 K. (Inset) o, is plotted on a linear scale against temperature. (C) o, is plotted
parametrically against o, for a series of measurements at different densities at 7' = 2.1 K,
with D /ey = —0.22 V/nm. These data were obtained during the same cooldown as that of
the data shown in Figs. 5.1, 5.10, and 5.11. Again, the behavior appears inconsistent with
skew scattering. Moreover, it is qualitatively similar to the density dependence of the con-
ductivity in a magnetic topological insulator approaching a QAH effect shown in Ref. 19. (D)
0z as a function of n/ns, from the same data as in (C), showing the emergence of a dip in

042 around n/ng = 3 consistent with the approach to a Chern insulator state. . . . . . . ..
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5.16

5.17

5.18

5.19

5.20

Angular dependence of magnetic hysteresis loops. Magnetic field dependence of the Hall
resistance R, with n/ny = 2.984 and D/ey = —0.30 V/nm at 29 mK as a function of
the angle of the device relative to the field direction; 0° corresponds to field in the plane of
the sample. The hysteresis loops are plotted as a function of (a) the applied field and (b) the
component of the field perpendicular to the plane of the sample. The solid and dashed lines
correspond to sweeping the magnetic field B up and down, respectively. . . . . . . ... ..
Hysteresis loops for nearly in-plane fields. Angular dependence of R, vs B with n/n, =
2.984 and D/eg = —30 V/nm for angles of the field relative to the plane of the sample: (a)
4.71° +£0.10°, (b) 1.82° 4+ 0.10°, (c) 0.85° + 0.10°, (d) +0.223° £ 0.049°, and —0.171° £+
0.025°. All traces were taken at 27 mK except for the trace with tilt angle +0.223° +-0.049°,
whichwastakenat 1.35 K. . . . . . . . . .. .o
Erasing the initial magnetic state. In-plane hysteresis loops of R, with n/n, = 2.984 and
D/ey = —30 V/nm at 26 mK. The sample is initially polarized with an out-of-plane field.
The sample is then rotated to —57 & 21 mdeg in zero magnetic field. The field B is then
increased from zero (red trace) before completing a hysteresis loop (blue traces). . . . . . .
Tunable Chern bands in ABC-TLG/hBN moiré superlattice. Color plot of the longitudinal
resistivity p,, as a function of V; and V3, at T' = 1.5 K. The arrows show the direction of
changing doping n and displacement field D, respectively. In addition to the band insulating
states (characterized by the resistance peaks) at the charge neutral point (CNP) and fully filled
point (FFP), tunable correlated insulator states also emerge at 1/4 and 1/2 filling of the hole
minibands at large displacement field | D|. It has been predicted theoretically [4,20] that the
hole miniband is topical (that is, Chern number C' # 0) for D < 0 and trivial (C' = 0) for
D > 0. The inset shows the optical image of the device. In this device, the graphene is

aligned with the bottom hBN (this is opposite to the device discussed in Ch. 4, which leads
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to an overall flipping of the gate map with respect to the sign of D). The Hall bar is 1 ym wide. 87

Landau fan at D = 0 V /nm. Longitudinal resistivity p,, as a function of carrier density
and magnetic field at displacement field D = 0 V/nm. Clear Landau levels develop from
the charge neutrality point and fully filled points, which is direct evidence of the high quality
of the encapsulated ABC-TLG device. The first resolved quantum Hall state of the charge
neutrality point is ¥ = 6. This Landau fan diagram establishes conclusively that we have
ABC trilayer graphene in the hBN encapsulated device; it is completely different from the
Landau fan diagram of ABA trilayer graphene (see Ref.2). . . ... ... ... ... ...

XXV



5.21

5.22

5.23

Quantum Hall effect from the correlated C = 2 Chern insulator. (A, C) Color plot of
(A) pg and (C) py, as a function of carrier density and magnetic field for the topological
hole miniband at D = —0.5 V/nm and T' = 0.06 K. The experimental data at T = 1.5 K
are qualitatively similar. (B, D) Corresponding (B) p., and (D) py, plots for the trivial hole
miniband at D = 0.4 V/nm and T' = 1.5 K. n; corresponds to the carrier density of the
1/4 filling of the first miniband. No quantum Hall signatures are present in the trivial hole
miniband, whereas a ¥ = 2 quantum Hall effect characterized by a minimum of p,, and a
quantized p,, emerges from 1/4 filling of the topological hole miniband. (E, F) Horizontal
line cuts of (A) and (C), respectively. (E) shows that p, is well quantized beyond B = 0.4 T.
An offset of 2.5 k{2 is applied for each trace in (F) (G) Line cut of p,, and p,, along the
quantum Hall state (denoted by the dashed lines in (A) and (E)) shows that p,, reaches a
quantized value of v = 2 at 0.4 T, and a large p,, persists down to zero magnetic field. It
represents a quantum anomalous Hall state for the C' = 2 correlated Chern insulator at 1/4
filling. The inset shows a zoomed-in plot of p,,. at small magnetic field. . . ... ... ...
Anomalous Hall effect and ferromagnetism. (A-C) Arrhenius plot of the (A) longitudinal
resistivity p,., (B) longitudinal conductivity o,,., and (C) the estimated gap at different mag-
netic field A. A manual offset of —0.15 is applied between each curve in (A) and (B). The
gap size in (C) is extracted from the linear fit of o,, e~2/2k5T (red line) in (B). We note
that the Arrhenius plot is only valid for a limited temperature range, suggesting deviation
from the thermal activated behavior at low temperatures. Therefore, the estimated gaps have
relatively large uncertainty. However, the qualitative behavior is robust: insulating behavior
is observed at all magnetic fields, and the quantized Hall insulator at finite magnetic field
connects smoothly with the anomalous Hall insulator at zero magnetic field, supporting the
identification of the state as a Cherninsulator. . . . . . . . ... ... ... ... ...
Anomalous Hall effect and ferromagnetism. (A) Magnetic-field-dependent p,, at 1/4
filling and D = —0.5 V/nm at different temperatures. The Hall resistivity displace a clear
anomalous Hall signal with strong ferromagnetic hysteresis. At the base temperature of 7' =
0.06 K, the anomalous Hall signal can be as large as p‘y*g = 8 k€ and the coercive field is
B, = 30 mT. The inset shows the extracted coercive field B, and anomalous Hall signal
pys as a function of temperature. (B) The evolution of py., Be, and pj! as a function of
hole doping at D = —0.5 V/nm and T' = 0.06 K. The strongest anomalous Hall signal
is observed close to n = ng. (C) The evolution of p,,, B., and png as a function of the
displacement field D at n = ng; and T" = 0.06 K. The strongest anomalous Hall signal is

observed when the device is most insulating (that is, largest p,.). . . . . . . .. ... ...
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5.24 Calculated Chern number including the electron-electron interaction effects. (A, B)

6.1

6.2

Calculated single-particle band structure of the ABC-TLG/hBN moiré superlattice for ® =
—25 meV and 25 meV, respectively. Here ® is the energy difference between the top and
bottom layers of the ABC-TLG, and & = —25 meV corresponds to the vertical displacement
field around D = —0.5 V/nm. The red line highlights the topological hole miniband for
® = —25 meV. (C) Calculated Chern number of the hole miniband as a function of the
energy difference ® and the effective dielectric constant e,y after including the electron-
electron interaction effects using the Hartree-Fock approximation. The resulting band Chern

number can be 2 for parameters close to the experimental device where & ~ —25 meV and

Longitudinal resistance of ABC-TLG/hBN. Longitudinal resistance R, = V,./I as a
function of band filling factor n/n, and vertical displacement field D at T = 1.5 K. In
addition to the band insulating states at the charge neutrality point (n = 0) and the fulling
filled point (n = —4n), correlated insulator states emerge at 1/4 filling (n = —n,) and 1/2
filling (n = —2ng) atfinite [D]. . . . . . .. ...
Longitudinal and Hall resistances at selected values of D. (A and B) Longitudinal resis-
tance R, as a function of band filling at D = 0.4 V/nm and —0.47 V/nm, respectively.
(C and D) Corresponding color plots of the Hall resistance as a function of band filling
and perpendicular magnetic field. For (C) D = 0.4 V/nm, the Hall resistance tends to be
small for all doping and no ferromagnetic signature is observed (the relatively large signals
atn = —ng and n = —2ng in (C) are artifacts coming from crosstalk from the large R,
evinced by the observation that they do not change sign when the magnetic field is reversed).
For (D) D = —0.47 V/nm, the Hall resistance is very large at weak magnetic fields and
can persist down to zero magnetic field at n = —n,; and n = —2.3n, (denoted by the two
dashed vertical lines). The non-zero values of R, at B = 0 represents AH signals from
ferromagnetic states at n = —ns and n = —2.3n,. The state at n = —n has been identified
as a C' = 2 Chern insulator state (two oblique solid lines) with orbital ferromagnetism [21].
The AH at n = —2.3n, results from a new magnetic state that emerges at non-integer filling

of the topological hole miniband. . . . . . . ... ... .. ... o oL
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6.3

6.4

6.5

Anomalous Hall effect at non-integer filling. (A and B) R, and R, as functions of
band filling and displacement field, respectively, for the valence miniband at B = 0.2 T and
T = 0.07 K. The dashed oval outlines a region with large I, signals at very small field
between n = —2.1n, and 2.6ns and between D = —0.4 and —0.53 V/nm (more detail
is given in Fig. 6.4). The oval region also shows enhanced R, in (B), suggesting that the
ferromagnetic phase is insulating (C and D) Magnetic-field dependent antisymmetrized py,
and symmetrized p,, ad different temperatures for the ferromagnetic state with largest AH

at the center of the oval region (n = —2.3n, and D = —0.48 V/nm). The AH signal

shows clear ferromagnetic hysteresis in (C), reaching p@? = —4.8 kQland a coercive field
of B. = 0.04 T at T = 0.07 K. (E and F) The evolution of p}! and o, as a function of

AH :
yo decreases with

increasing 7', vanishing around 1.6 K, while o, increases with increasing 7. . . . . . . ..

temperature at n = —2.3ng and D = —0.48 V/nm. The amplitude of p

Tunable anomalous Hall effect at non-integer filling. (A) The D-dependent ferromag-
netism at n = —2.5n,. The AH resistance is maximal at D = —0.48 V /nm, becomes zero
at D = —0.38 V/nm, and then reappears with a sign change at D = —0.37 V /nm. The p,,
signals at D = —0.49, —0.48, and —0.43 V/nm are manually multiplied by a factor of 0.1
for clarity. (B) The n-dependent ferromagnetism at fixed D = —0.39 V/nm. The AH signal
reaches a maximum at n = —2.48n, becomes nearly zero at n = —2.38n,, and reappears
with a sign change at n = —2.31n,. Although the hysteresis is gone at n = —2.2ng, the
strongly nonlinear dependence indicates a large AH; AH vanishes at less negative n. Each
curve in (A and B) is offset for clarity, and the dashed lines denote zero py.. (C) The in-
dividual squares represent measured AH resistance, with color scale shown in the lower left
corner. The circles represent data with no measurable AH. . . . . .. ... ... ......
Additional hysteresis loops. 7, as a function of magnetic field at (A) fixed n = —2.3n,
for various D, (B) at fixed n = —2.5n, for various D, (C) at fixed D = —0.39 V/nm for
various n, and (D) at fixed D = —0.46 V /nm for various n. Each curve is offset for clarity,
with the dashed line of the same color denoting R, = 0 for that data set. The dashed line is
often not located at the center of the corresponding AH loop due to cross-talk of R, because
of inhomogeneity. The traces annotated with an adjacent ‘x0.1” are manually multiplied by a
factorof O.1. . . . . . . e
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6.6

6.7

Al

A2

C.1

D.1

Behavior of the conductivity tensor at B = 0 T. (A) The longitudinal conductivity o,
is plotted parametrically against the Hall conductivity o, for a series of measurements at
different temperatures with the density and displacement field fixed at n = —2.3n, and
D = —0.48 V/nm. (B) 04, is plotted parametrically against o, for a series of mea-
surements at different densities for fixed temperature 7' = 0.07 K and displacement field
D = —0.48 V/nm. (C) Arrhenius plot of o, on a log scale versus 1/T. (D) 0, and o,
as functions of carrier density, from the same data as in (B), showing the emergence of a dip
in 05, accompanied by the 0, maximum aroundn = —2.3ns. . .. ... ... ... ...
Peak in anomalous Hall at non-integer filling. Zero-field anomalous Hall resistance R
(red) and ordinary Hall slope Ry (black) as a function of n/ng for D/ey = —0.22 V/nm.
R;j;j is peaked with a maximum around n/n, = 3.08, coincident with Ry changing sign.
Additionally, we observe a second peak in R{;;* at n/ns = 3.5 that is approximately 1/3 the

height of the main peak. This secondary peak is coincident with a strong dip in Ry.

vdWs transfer station. Sample side (left) and stamp side (right) micromanipulator assembly
that comprise the vdWs transfer station. The base is a 1 in optical breadboard. . . . . . . .
Isolating transfer station from pump vibrations. Without any isolation, the vibrations of
the diaphragm pump (shown on the left) would couple through the vacuum line to the transfer
station, negatively impacting transfer quality. To mitigate this, the vacuum line is run through

a 5 gallon bucket filled with sand (shown on the right). . . . . . . ... ... ... ... ..

Simulating a two-terminal bar. Electrons propagate along a bar of length L and width w.
The injector (left) and ground (right) are assumed to be perfect ohmic contacts. A virtual line
placed a distance several times thew width of the bar away from the injection point is used to

calculate backward scattered electrons. . . . . . . . . . ...

Quantum oscillations of tBLG at fixed displacement field. (A) Landau fan diagram of the
longitudinal resistance R, taken at 2.1 K for a fixed displacement field D /e = 0 V/nm.
Emerging from the CNP, we observe the Landau levels v = +2,+4. We further observe
Landau levels from n/ns; = 1/2 of v = 2,4, from n/ns = 3/4 of v = 1, 4, and the sequence
from n/ns = —1 of v = —8, —12, —16, —20. (B) Schematic of the Landau levels observed
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D.2

D3

D.4

D.5

D.6

D.7

D.8

Angular dependence of longitudinal Resistance in magnetic hysteresis loops. Magnetic
field dependence of the longitudinal resistance R, corresponding to the data shown in
Fig. 5.16, with n/ns = 2.984 and D/e¢y = —0.30 V/nm at 29 mK as a function of the
angle of the device relative to the field direction; 0° corresponds to field in the plane of the
sample. The hysteresis loops are plotted as a function of (a) the applied field and (b) the
component of the field perpendicular to the plane of the sample. The solid and dashed lines
correspond to sweeping the magnetic field B up and down, respectively. . . . . . .. .. ..
Hysteresis loops for nearly in-plane fields. Angular dependence of the longitudinal resis-
tance R, vs B corresponding to the data shown in Fig. 5.17 with n/ngs = 2.984 and D /ey =
—30 V/nm for angles of the field relative to the plane of the sample: (a) 4.71° + 0.10°, (b)
1.82° £ 0.10°, (c) 0.85° £ 0.10°, (d) +0.223° £ 0.049°, and —0.171° £ 0.025°. All traces
were taken at 27 mK except for the trace with tilt angle +0.223° 4= 0.049°, which was taken
at 130 K. . o
Erasing the initial magnetic state. In-plane hysteresis loops of the longitudinal resis-
tance R, corresponding to the data shown in Fig. 5.18 with n/ns = 2.984 and D /ey =
—30 V/nm at 26 mK. The sample is initially polarized with an out-of-plane field. The sam-
ple is then rotated to —57 & 21mdeg in zero magnetic field. The field B) is then increased
from zero (red trace) before completing a hysteresis loop (blue traces). . . . . . . ... ...
Antisymmetric component of in-plane hysteresis loop. Antisymmetric component of the
Hall resistance R‘;QESYM corresponding to the Hall data shown in Fig. 5.18 with n/n, = 2.984
and D /ey = —30 V/nm at 26 mK. The initial up sweep has been omitted in this figure.

Dependence on the magnitude of the in-plane field. In-plane hysteresis loops of corre-
sponding longitudinal resistance R, to the data shown in Fig. 5.18 with n/n, = 2.984 and
D/eg = —30 V/nm at 26 mK. The sample is initially polarized with an out-of-plane field.
The sample is then rotated to —57 4= 21mdeg in zero magnetic field. The field By is then
increased from zero (red trace) before completing a hysteresis loop (blue traces). The range
of resistance shown in both panelsisthesame. . . . . . . . . .. .. ... ... .......
Flipping a small out-of-plane field at small angles. Magnetic field hysteresis loops where
R, is measured at two small angles of opposite sign: +172 & 29 mdeg in red and —17 &
22 mdeg in blue. Both traces were taken at 28 mK with n/ns; = 2.984 and D/ey =
—30 V/nm. The sample has been rotated in the plane by an angle of 20° relative the mea-
surements performed in Fig. 5.17. . . . . . . . ...
In-plane field dependence of longitudinal resistivity. Longitudinal resistivity p,, as a func-
tion of carrier density n for several different in-plane magnetic fields at a fixed displacement
field of D /ey = —0.30 V/nm and 1.2 K for a tilt angle of —62 &+ 23mdeg. . . . .. .. ..
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Chapter 1

Introduction

1.1 Designer van der Waals heterostructures

The electronic properties of many materials can be described by approximating electrons as non-interacting.
However, in weakly dispersing electronic bands, electron-electron interactions can dominate the kinetic en-
ergy of the electrons, leading to a plethora of interesting strongly correlated ground states, such as magnetism
and superconductivity, that attempt to minimize the mutual Coulomb repulsion between electrons. Theoret-
ically modeling strongly correlated systems is quite challenging. Therefore, we often turn to experiments
to guide theory. Until recently, the available strongly correlated systems have been predominantly grown
materials such as the cuprates and iron pnictides. These materials can be grown as single crystals using
flux or floating zone techniques or as thin films using molecular beam epitaxy. Significant effort has been
made in searching for other strongly correlated systems, such as in heavy-fermion systems [22], Kagome
lattices [23,24], and Lieb lattices [25-27].

Recently developed techniques for fabricating heterostructures assembled of two-dimensional materials
have enabled an entirely new class of strongly correlated materials, ushering in a new era for synthetic quan-
tum materials. In this thesis, we will focus on heterostructures where the conductive material is graphene.
With a particular thickness of SiO5 on Si as a substrate, it is quite easy to optically identify mechanically
exfoliated monolayers of graphene deposited on the substrate [28]. At room temperature, graphene has the
highest intrinsic electron mobility of any material. However, the first graphene devices that were fabricated
directly on the SiO,/Si substrate were limited to mobilities of ~ 25000 cm?/(V s) at cryogenic temperatures
due to the large density of charge disorder and significant surface roughness of SiO5 [29-32].

The development of first wet [33] then dry [34] transfer techniques for stacking van der Waals heterostruc-
tures assembled of exfoliated two-dimensional materials solves this issue, by encapsulating graphene in an-
other layered material, hexagonal boron nitride (hBN), allowing for much higher mobility devices. hBN is
an extremely clean and atomically flat insulator with a similar crystal lattice to graphene and with one to

two orders of magnitude less charge disorder than SiOs [29], allowing for dramatic improvements in the
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mobilities of graphene devices [33,34]. hBN also has the added benefit of having a fairly high breakdown
electric field [33]. We can then use hBN as a gate dielectric in encapsulated devices and deposit metallic gates
directly on top of the heterostructure to tune the graphene’s chemical potential. One can use graphite gates
to produce even higher quality devices [35]. These high mobility sheets of graphene encapsulated in hBN
have displayed unique and tunable electronic properties. For example, in a sheet of graphene at cryogenic
temperatures, electrons can travel ballistically for tens of microns at 10% meters per second; the electrons
effectively ignore each other.

Because we are physically stacking materials on top of each other when building a van der Waals het-
erostructure, we have two advantages over grown films: arbitrary materials can be stacked without worrying
about lattice matching criteria and materials can be stacked with arbitrary relative orientations. The free-
dom to control orientation provides a new continuous experimental parameter we will explore in this thesis,
namely the rotational alignment between to layers in a van der Waals heterostructure.

We begin by considering a graphene/hBN moiré superlattice: a sheet of graphene well aligned to a sheet
of hBN. In such a system, one would reasonably expect the composite system to behave like any other sheet
of monolayer graphene because the hBN is just acting as a dielectric. However, this is an oversimplification:
hBN shares graphene’s hexagonal lattice structure (with a slight lattice mismatch). If the two lattices are
stacked with a slight twist, they can drift in and out of registry, forming a periodic pattern called a moiré
superlattice, with a period much larger than the lattice constant of either layer. The size of the period depends
inversely on the size of the twist between the lattices, which we will quantitatively describe in the next
section. This new large artificial superlattice generates minibands that disperse at a finer energy scale over a
mini Brillouin zone, that is significantly smaller than the original Brillouin zone of the graphene lattice. This
results in the composite system having significantly different electronic properties than isolated monolayer
graphene. Others have attempted to form superlattices by fabricating periodic patterns in the substrates of
two-dimensional electron systems [36—38] or van der Waals heterostructures [39,40]. While these systems
have demonstrated evidence of Fermi surface reconstruction due to the superlattice potential, these techniques
come at the cost of undermining the material quality. Fortunately, this is not the case in moiré superlattice.

Graphene/hBN moiré superlattice demonstrates the ability to tunably control the electronic properties of a
heterostructure through the stacking orientation of different layers. Fascinating physics has been observed in
graphene on hBN, particularly Hofstadter’s butterfly which requires more than one magnetic flux quantum per
superlattice unit cell (an experimental criterion that can only reasonably be achieved in moiré superlattices due
to the large [but not too large] size of the unit cell) [35,41-44]. For a small enough twist angle, we can tune the
chemical potential continuously through entire minibands without inducing extra disorder, something that is
much more difficult in more conventional materials and often requires the use of chemical dopants. However,
there are limitations to our ability to explore these minibands with conventional Hall bar devices. Previously,
Ref. 6 used ballistic transport phenomena (in conjunction with theoretical modeling) in a graphene/hBN
moiré superlattice two study the details of the miniband structure. Due to experimental limitations, this

study was unable to extensively explore the region between the Van Hove singularities of the first and second
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valence bands. In Ch. 2, we will further expand on these ballistic transport measurements through the use of
absorptive pinhole collimators [8]. These collimators, which consist of absorptive sidewalls between a pair
of collinear slits, allow us to populate and detect a narrow window of k-states when transport is ballistic.
This allows for clearer measurements at energies in-between these Van Hove singularities, where the Fermi
surface is non-circular and would otherwise not result in clear transport signatures.

While graphene/hBN moiré superlattice have thus far shown no evidence of strongly correlated phenom-
ena without the application of a magnetic field, there are a number of other avenues for creating superlattice
systems that are good candidates for strongly correlated phenomena. In the remaining chapters of this thesis,
we will focus on magic-angle twisted bilayer graphene (tBLG), a moiré superlattice formed between two
sheets of monolayer graphene with a relative twist between the two layers of ~ 1.05°, and ABC-TLG/hBN
moiré superlattice. Both systems exhibit flat electronic bands which are ideal playgrounds for exploring
strongly correlated physics.

Pristine ABC-trilayer graphene has a cubic band structure (e oc |k|® at low energy) and therefore has
relatively flat dispersion at low energy. Signatures of strong correlations have already been observed in
pristine ABC-trilayer [45]. In Chs. 3-6, we will discuss how using hBN to form a superlattice with ABC-
trilayer graphene leads to minibands of very narrow bandwidth. We will see in Ch. 4 and Ch. 5 that at the
appropriate integer number of carriers per moiré unit cell, the superlattice can become either what appears to
be a superconductor or ferromagnetic. In Ch. 6, we will discuss an additional magnetic state at non-integer
filling of the superlattice.

In Chs. 3-6, we will discuss tBLG, which was enabled by the development of recent fabrication tech-
niques [46,47]. As both layers are now conductors, with the choice of a twist angle of ~ 1.05° between the
monolayer sheets, interlayer tunneling results in strongly hybridized minibands with a bandwidth that can be
made small enough that electron correlations dominate [11,48]. In Ch. 5, I will show that a ferromagnetic
ground state exists when the system is tuned to three electrons per moiré unit cell. In Ch. 6, we will discuss

signatures of an additional magnetic state at non-integer filling of the moiré superlattice.

1.2 Moiré superlattice basics

Consider stacking two hexagonal lattices atop each other with a relative twist angle §: one being graphene
(which has a lattice constant a ~ 0.2504 nm) and the second being either another sheet of graphene or hBN
(which has a lattice constant a ~ 0.246 nm [49]). The primitive lattice vectors of the graphene lattice are

typically written as [50]

al = 5(3,V3), ab=3(3,-V3), (1.1

where the superscript is used to denote which of the two crystal lattices we are discussing. We position the
second lattice at the B sites of the graphene lattice such that the A-B bonds are parallel. We then rotate the

top lattice by 6. Its primitive lattice vectors are then [51]
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a? = MRa! (i=1,2), (1.2)

where R is the matrix for rotation by 6 and M = (1 + 0)1 is to account for any difference in the lattice
constants. For example, in the case of hBN atop graphene, 1 + § = appn/a = 1.018.
We can now find the reciprocal lattice vectors of either lattice following the usual prescription that, for a

given reciprocal lattice vector b;, b; - a; = 2md;;. We obtain

bl = %(1, V3), b= %(1,—\/??). (1.3)
To study the moiré superlattice formed by the overlapping graphene lattices, we start by finding a single
reciprocal lattice vector of the moiré superlattice, which is just the difference in the reciprocal lattice vectors
of the two original lattices. Let’s make our lives easier by applying a coordinate transformation such that our

reciprocal lattice vectors are [52]
bt = 2%(1, 0), b?>= MRb! = ﬁ%(coso,sm 0). (1.4)

Then a reciprocal lattice vector of the moiré superlattice is
~1 s 2m cosf —sind
E=b —b="(1-—-, ——). 1.5
1 1 a ( 1 + 57 1 + 5 ) ( )
We now define the moiré lattice period,
2 (I14+d)a
Ikl \/2(1+6)(1 — cosf) + 62

One important length scale to keep in mind is that for graphene atop hBN, the largest moiré lattice period we

A\ = (1.6)

can obtain (6 = 0) is 13.9 nm.

Experimentally, the typical signature we attribute to the existence of a moiré superlattice is an increase
in longitudinal resistance at finite carrier density (relative to the charge neutrality point). Modeling our
electrostatic gate as a parallel plate capacitor, then the density of such a feature is n, = C,(Vs — Vp)/e,
where Cy is the geometric capacitance of the gate, V; is the gate voltage at which the resistance feature
occurs, Vj is the gate voltage at which the charge neutrality point occurs, and e is the charge of an electron.
In the absence of interactions, such a feature likely corresponds to a fully filled (empty) conduction (valence)
band. Given the spin and valley degeneracy of these bands, each band can hold four electrons per moiré unit
cell, 4ns = 4/A, where A = V3\2 /2 is the area of the moiré unit cell. Then we find that

2
A= . 1.7
\/ Tan. 1.7

Additionally, rearranging equation 1.6, we find
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_ 52 (1+6)a? _ 52 V3(1 + 6)nga?
= S 1 —_ = S 1 — kd
0 = £ cos <1+2(1+§) oz ) =+ cos <1+2(1 5) 1 . (1.8)

These equations reduce significantly in the case of graphene on graphene because § = 0.

100+ Gr/hBN
- Gr/Gr
e 75f
9
g 50
F 25¢
0.0 ; . . . .
0.0 0.5 1.0 1.5 2.0

6 (degees)

Figure 1.1: Angular dependence of the superlattice density. Four times the moiré superlattice density n
corresponding to four electrons (holes) per moiré unit cell as a function of the relative twist angle between
the two constituent crystal lattices forming the moiré superlattice. The two cases of graphene on hBN and on

graphene are shown in red and blue, respectively.

We can use equation 1.8 to study quantitatively how ng depends on 6 (Fig. 1.1). For both graphene on
graphene and graphene on hBN, the superlattice density is beginning to approach the upper limits of the range

of densities achievable by electrostatic gating for a twist angle of 2°.



Chapter 2

Collimating graphene/hBN moiré

superlattice Hall bar

2.1 Introduction

In ultraclean material systems at low temperature, electrons can travel ballistically for many microns. A
small magnetic field can be treated semiclassically: the equations of motion for an electron in an out-of-plane
magnetic field B = Bz are

v = @, hk = —eE + eB2 x v, 2.1

ok

where e is the charge of an electron, v is the carrier velocity, and Ak is the carrier momentum. In the ballistic
regime, there is negligible electric field in the bulk, therefore we assume that E = 0. From these equations
of motion, one can see that the shape of the cyclotron orbit in a two-dimensional metal is a 90° rotation
of the shape of the Fermi surface. The size of this orbit scales inversely with the magnitude of the applied
field. Electrons near the edge of the device may travel in skipping orbits drifting along the edge in a direction
determined by the effective charge of the carrier [6]. It is somewhat surprising that these electron trajectories
bunch along caustics, where they are focused onto equidistant points on the boundary (see Fig. 2.1B for an
example of a circular Fermi surface). This effect is called transverse electron focusing (TEF) and has been
used to study the Fermi surface in bulk materials [53,54] and in two-dimensional systems [55, 56]. In our
example of a circular Fermi surface, for a contact separated from a current injector by a distance L, TEF
occurs for magnetic fields B = 2jB,hkp/ £ eL (for j = 1, 2, ...) resulting in a series of peaks in the
nonlocal resistance as a function of field (Fig. 2.1C). From such a trace, the Fermi momentum Ak can be

obtained if the shape of the Fermi surface is known and the sign of the effective charge +e can be inferred.
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Figure 2.1: Transverse electron focusing. (A) Schematic of the experiment overlaid on a photo of the
device. The hBN/graphene/hBN/few layer graphene heterostructure is shown in green, the SiO2 substrate
is purple, and the dashed line denotes the upper edge of the graphene flake. In the electrical measurement
configuration applied to obtain the data in Fig. 2.2B, the two leftmost contacts were grounded to act as
absorbers. Current was injected into the left local contact L and the voltage difference between local contacts,
M and R, was measured. Arrows depict skipping orbits a hole would take if injected at normal incidence with
B = By = 2hk./eL (red) or By = 4hky/eL (blue). (B) Ensemble of simulated skipping orbits emanating
from an emitter (red star). Electron trajectories bunch along caustics (red dashed curves) and focus onto an
equidistant array of points at the boundary. Scale markers show the cyclotron diameters 2R, = 2hk;/eB.
(C) Transverse electron focusing (TEF) spectra collected at a single voltage probe M (lower trace) and
differentially between voltage probes M and R (upper trace), withn = —1.1 x 102 cm=2 and T' = 1.55 K.
The first, third and sixth focusing peaks are labeled. Taking the differential measurement of the spectrum
does not shift the peak positions, because the device geometry partially shields R from being reached by

skipping orbits from L, such that oscillations of the voltage at R are much weaker. Figure from Ref. 6.

It is possible to fabricate ultra-high quality graphene/hBN moiré superlattices (Fig. 2.1A), where transport
at low temperatures is ballistic [6]. TEF electron focusing can then be measured as a function of carrier
density and magnetic field (Fig. 2.2B). For carrier densities bounded by V,! and V!, the dispersion should
be well approximated the Dirac cone of unperturbed graphene, where kr = \/m . This appears to be
the case as the data is consistent with the dashed curves which are are plotted according to B; = (2jh/ £
eL)\/m [56]. As many as eight focusing peaks are observed, confirming that transport is ballistic and
carrier reflection at the boundary of the sample is quite specular (each peak should be lower than the last by
a factor of the probability of diffuse scattering [53]).

The voltages V! and V! correspond to Van Hove singularities (VHS) in the first valence and conduction
bands, respectively. Similarly, there are two additional VHSs, V.2 and V;2, beyond which TEF is recovered
(Fig. 2.2B). The locations of these VHSs can be used fit the strength of the moiré perturbation and calculate
the miniband structure (Fig. 2.2A). The TEF spectra for this bandstructure can then be shown to be consistent
with the experimental data in regions were clear TEF is observed (Fig. 2.2C). However, in the regions bounded
by the VHSs of the conduction or valence miniband, no clear TEF is measured. In fact, right at the VHS, the
Fermi surface is open such that carriers follow a runaway trajectory, not skipping orbits, and TEF cannot be

observed in a phenomena termed orbital switching [57].
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Figure 2.2: TEF spectra at base temperature. (A) Miniband structure of the graphene/hBN superlattice,
calculated as in Refs. 6,7. Each miniband for which TEF was observed is labeled. This dispersion results
from a symmetric moiré perturbation: e = 17 meV and e~ = 0 meV; this choice gives the best match
between (B) experiment and (C) theory [6]. Equipotential contours are shown; the dashed contours are at the
energy levels of saddle-point Van Hove singularities (VHS). (B) TEF spectra as a function of gate voltage
Vy. T = 1.55 K. The plotted ratio (Vay — Vg)/I1 is measured as depicted in Fig. 2.1A. Black dashed
curves indicate B, B3, and Bg, which are some of the peak positions where the Fermi level is close to the
Dirac point. Green dashed lines indicate the abrupt termination of TEF caused by the breakdown of cyclotron
motion at each VHS. Dashed arrows from (B) to (A) point to the energy levels (dashed contours) of the
corresponding VHS; Voltage values are labeled by the miniband in which the breakdown occurs (e.g., Vo1
for the breakdown of cyclotron motion in C1). Dotted lines show selected densities (I, II, III, and IV) that
place the Fermi level in minibands C2, C1, V1, and V2, respectively. (C) TEF spectra as a function of V,

calculated from the dispersion in (A) according to Ref. 6. Figure from Ref. 6.

As we will discuss more in this chapter, the Fermi surfaces are hole like and non-circular in the energy
range bounded by the VHSs of the first two conduction minibands or valence minibands. Either the presence
of multiple hole pockets or a single valley asymmetric hole pocket may be to blame for the lack of a clear
TEF signal in Fig. 2.2B. We may be able to rectify this issue through the use of absorptive pinhole collimators
(displayed schematically in Fig. 2.3). The contact to the bottom chamber (source contact [S] shown in red)
serves as a source of charge carriers, while the contact to the intermediate chamber (filter contact [F] shown
in black) serves as an absorptive filter. When the filter is grounded, only the trajectories that travel from the
source and through both pinhole apertures pass through to the bulk of the device. This produces a highly
collimated beam of carriers injected into the bulk of the device: the angular full width at half maximum is
70° when injecting in the uncollimated configuration (electrically shorting the source to the focusing contact)
and 18° when injecting in the collimated configuration. Using collimators may allow us to populate and/or
detect a narrow window of k-states for a given field, perhaps allowing for clear TEF in these regions between
VHSs.
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Figure 2.3: Absorptive pinhole collimator. (A) Schematic of a double pinhole collimator. Current is sourced
from the bottom contact (red), passes through the bottom aperture and is either absorbed by the intermediate
contact (black) or passes into the bulk of the device. Only trajectories that pass through both apertures reach
the bulk, producing a collimated beam. The collimated beam is steered by an external magnetic field. (B)
Optical micrograph of the device with four collimators in a Hall-bar-like geometry. Scale bar is 2 ym. (C)
Measuring angular distribution. Non-local resistance at n = 1.65 x 102 cm~2 (Fermi wavelength: A\p =
27.6 nm) is plotted with Vgsp3 measured relative to V1 when current is sourced from both S4 and F4 (blue),
and only from S4, whereas F4 is grounded (green). The narrowness of the central peak for the F4-grounded
data results from collimation. (D) Theoretical collimation behavior versus experiment. Left: diagram of
effective collimator width w(#) at a fixed angle for classical ballistic trajectories. Middle: polar plot of
theoretical angular dependence for a 300 nm-wide point contact (blue) and a wy = 300 nm, Ly = 850 nm

collimator (green). Right: experimental data from (C) mapped to angle. Figure from Ref. 8.
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Figure 2.4: Collimating graphene/hBN moiré superlattice Hall bar. (A) Schematic of the collimating
graphene/hBN moiré superlattice Hall bar. Sourcing contacts are labeled with the prefix S. Focusing contacts
are labeled with the prefix F. Side contacts used to drain stray carriers are labeled with the prefix O. (B) Laser
micrograph of the fabricated device. Scale bar is 1 ym. (C) Longitudinal resistance R, as a function of gate
voltage V. The peak near 0 V corresponds to the charge neutrality point. The peak near 8 V corresponds to

the secondary Dirac point, confirming that the sample is a moiré superlattice.

2.2 Basic characterizations

Such a device is shown schematically in Fig. 2.4. The device consists of two large side ohmics (labeled O1
and O2) and four collimating injectors arranged in a Hall bar configuration. The heterostructure consists of
monolayer graphene encapsulated with hBN and a graphite back gate. During the stacking procedure, the top
hBN was intended to be rotationally aligned with the sheet of monolayer graphene. Using the graphite gate to
tune the carrier density, we see peaks in the longitudinal resistance 17, near 0 V and —8 V, which correspond
to the charge neutrality point and secondary Dirac point, respectively, confirming that the sample is indeed
a highly aligned moiré superlattice (Fig. 2.4C). This location of the secondary Dirac peak corresponds to a
superlattice density 4n, = 0.70 x 10'2 cm ™2 and a twist angle # = 0.43°. Fig. 2.4C shows the accessible
range of gate voltages that can be safely used without potentially damaging the gate dielectric (as seen by the
onset of an exponential rise in the leakage current). For some reason, this range is quite asymmetric, as has

been seen in other graphite gated devices.

2.3 Magnetic field response

By injecting current into the device through S1 with F1 grounded, we inject a well collimated beam of charge

carriers into the bulk of the device. With contacts O1 and O2 grounded and all other contacts floating, we
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can measure the resistance R; = V;/Is; at each contact as a function of gate voltage and magnetic field
(Fig. 2.5). Rgo is the collimating analog of a traditional TEF measurement. For gate voltages in the range
—6.5 < V,; <0, there are two TEF peaks that are consistent with the expectation for a circular Fermi surface:
V, oc B%/j? for j = 1 and 2 which corresponding to zero and one bounce(s) along the sidewall of the device,
respectively. Based on the geometry of the device, higher order bounces should not be possible as the field
is too high for carriers to make it through the filter contacts. For voltages beyond this range there are several
reversals of the sign of the charge carriers: A gate voltage of —6.5 V corresponds to the VHS in the first
valence band, —8.1 V corresponds to the secondary Dirac point, and —11 V corresponds to the VHS in the
second valence band. Beyond —11 V, there is a resistance peak that may correspond to the recovery of TEF,

however the gate cannot be lowered far enough to study the peak’s field dependence.

A 150

S 100 2

N 50 ©
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Figure 2.5: Magnetic field dependence for different contacts. Resistance (A) Rg4 and (B) Rg» as a function
of gate voltage V;; and magnetic field B when injecting current from S1 in a collimating configuration (F1
is grounded). Contacts Ol and O2 are also grounded. Dashed black lines in (B) are guides of the form
V, oc B?/j? for j = 1 and 2 as one would expect for TEF with a circular Fermi surface corresponding to

zero and one bounce(s) along the sidewall of the device, respectively.

The resistance of contact S4, which is directly across from the injecting contact S1, shows a prominent
zero field peak. Below the VHS of the first valence band, the zero field peak becomes more pronounced.
After crossing the secondary Dirac point, two bulbous side peaks emerge near 75 mT. Line cuts in both these

regions will be presented in the next section.

2.4 Comparing with ballistic Monte Carlo simulations

First, consider a line cut at a gate voltage V; = —9.89 V. The Fermi surface at this gate voltage consists of
hole pockets that link together to form a single real space trajectory (Fig. 2.6A shows the Fermi surface in the
K valley, the K’ valley is the time reversed partner). The fraction of the injected current lipjectea = Is1 +Ir1
that makes it to contacts S4 and F4 as a function of magnetic field shows a peak at zero field and two side

peaks at finite field (black traces in Fig. 2.6C). Although the device was attempted to be fabricated to be
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rotationally aligned with the crystal axis (such that the relative orientation between the device and crystal
axis would yield a Fermi surface as oriented in Fig. 2.6A relative to the device as shown in Fig. 2.6B), both
panels show a slight asymmetry in field that may be due to slight misalignment between the two. This relative
angle does not matter when the Fermi surface is circular, but now must be considered.

We can compare the experimental results to those of a ballistic Monte Carlo simulation for this Fermi
surface (described in Appx. C). When looking at a heat map of simulated carrier trajectories color coded by
valley at 0.053 T (Fig. 2.6B), the K’ valley (blue) is entirely absorbed by the filter F1 while the K valley
(red) has a large number of carriers making their way to S4. Results of the simulated charge transport as a
function of magnetic field are also reported in Fig. 2.6C, color coded according to valley. The simulations
show that transport is dominated by the K valley. Additionally, there is qualitative agreement between the
experiment and simulations: there are peaks in both in the fractional current at S4 and F4 at nearly the same
fields in the experiment and theory. Getting good quantitative agreement is quite challenging as there are a
number of parameters to consider: Is the correct Fermi surface being simulated? How specular is reflection at
the edges of the device? How likely is a carrier to reflect off of an ohmic contact? What is the true orientation
of the device relative to the crystal axis? All of these parameters can be controlled in the simulation but fitting
to the experimental data is difficult. Given that significant current is still making its way into the device at
4200 mT, it is likely that the experimental ohmic contacts are far more reflective than the simulated contacts.
Additionally, although transport should be ballistic on the length scale of the device, the simulation does not

consider bulk scattering.
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Figure 2.6: Transport at Er = —188 meV. (A) Fermi surface at Er = —188 meV in the K valley,
which corresponds to a gate voltage of —9.89 V. The Fermi surface of the K’ valley is the time-reversed
pair of the K valley. (B) Normalized heat map of the position of charge carriers, simulated using a ballistic
Monte Carlo for the Fermi surface shown in (A) at a magnetic field of 0.053 T. Trajectories are color coded
red or blue if they belong to the K or K’ valley, respectively. A count for each plaquette is incremented when
an electron’s trajectory passes through that plaquette. This count is reflected in the intensity of either color,
with higher intensity corresponding to a higher count (where the count has been cut off at a high number to
provide contrast in the bulk of the device). Carriers are injected at the source (teal contact) and propagated
until hitting a contact. Carriers hitting the source are absorbed and reinjected into the bulk of the device.
All contacts colored gold are virtual grounds that perfectly absorb any incoming charge carrier. The device
is oriented relative to the crystal axis such that the Fermi surface is oriented as shown in (A). (C) Fraction
of injected current Iipjectea = Is1 + Ir1 making it to S4 (upper panel) and F4 (lower panel) as a function
of magnetic field. Simulation results, a frame of which are shown in (B), are color coded according to their

valley index K () in red or blue, respectively. Experimental results are shown in black.
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Figure 2.7: Transport at Er = —135 meV. (A) Fermi surface at Er = —135 meV in the K valley,

which corresponds to a gate voltage of —7.05 V. The color coding corresponds to two different hole-like

Irallinjected

pockets in the Fermi surface. The Fermi surface of the K’ valley is the time-reversed pair of the K valley. (B)
Normalized heat map of the position of charge carriers, simulated using a ballistic Monte Carlo for the Fermi
surface shown in (A) at a magnetic field of —0.011 T. Trajectories are color coded red or blue according to
the different hole-like pockets in the Fermi surface shown in (A). A count for each plaquette is incremented
when an electron’s trajectory passes through that plaquette. This count is reflected in the intensity of either
color, with higher intensity corresponding to a higher count (where the count has been cut off at a high number
to provide contrast in the bulk of the device). Carriers are injected at the source (teal contact) and propagated
until hitting a contact. Carriers hitting the source are absorbed and reinjected into the bulk of the device. All
contacts colored gold are virtual grounds that perfectly absorb any incoming charge carrier. The device is
oriented relative to the crystal axis such that the Fermi surface is oriented as shown in (A). (C) Fraction of
injected current lipjected = Is1 + Ip1 making it to S4 (upper panel) and F4 (lower panel) as a function of
magnetic field. Simulation results, a frame of which are shown in (B), are color coded according red or blue

according to which hole like-pocket of the Fermi surface was simulated. Experimental results are shown in
black.

Similar analysis can be performed for a gate voltage V, = —7.05 V, where the Fermi surface now
consists of two distinct hole pockets in each valley (Fig. 2.7A). A snapshot of the simulation at a small field
of —0.011 T shows that one of the pockets (blue) has a small number of states that are injected into the bulk at

a large angle while the other pocket (red) forms an extremely well collimated beam. This extreme collimation
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comes from the strongly faceted nature of the Fermi surface at this gate voltage. This strongly collimated
beam is shown in both the experimental and simulated dependence of the fractional current absorbed by S4
and F4 as a function of field. Surprisingly, there is a reasonable degree of quantitative agreement between
experiment and theory for the fractional current reaching S4, which consists of an extremely sharp peak at
zero field. The results are less consistent for the fractional current reaching F4: the simulation suggests that
there should be two peaks at finite field while the experiment yields a single broad peak. The experimental
peak does not appear to be well described by a single Gaussian or Lorentzian peak, so it may perhaps may be

well described by two closely spaced peaks.

2.5 Temperature dependence

The temperature dependence of these low temperature features can yield information about carrier dynamics.
The rate at which the peak in Isa/Iinjected is suppressed with increasing temperature is much faster than
expected for thermal broadening, so other scattering effects must be at play (Fig. 2.8A). We can use the
area under the peak relative to the area at base temperature A(T')/A(Thase) as an estimate of the fraction of

electrons that propagate ballistically between S1 and S4. We can then estimate the scattering rate [6],

-1 _ 21}F A(T)
T(T)™" = ~—7 log (A(Tbase)) : (2.2)

where vp is the Fermi velocity (which I assumed to be that of pristine graphene, however this is likely not
the best estimate near the miniband edge) and L = 5.4 pm is the distance between S1 and S4. The extracted
scattering rate is shown in Fig. 2.8 along with other extracted scattering rates at different Fermi energies
from Ref. 6. The green trace corresponds to the expected scattering rate of a circular Fermi surface for
low-angle scattering processes governed by Thomas-Fermi screened electron-electron interactions, which for
temperatures below 7 = 2vp /kp \/m, can be described by

2
71 FBT) log (3'6L), (2.3)

e-e QhQ’UFkF w

where w is the width of the ohmic contacts [6]. The rate of scattering by phonons, inferred from the tem-
perature dependence of the sheet resistance of encapsulated heterostructures, is much lower than either the
measured values of 7~ or the calculated values of 7, ", (2.8B). The results of Ref. 6 appear to be dominated
by low-angle electron-electron scattering.

The scattering rate for the current device at Er = —135 meV (orange trace in Fig. 2.8B) is initially
larger at lower temperature but appears to rise less quickly with increasing temperature than any of the traces
of Ref. 6. This does not mean electron-electron scattering is not dominant: the temperature dependence of
electron-electron scattering dependents on the shape of the Fermi surface [58,59]. In fact, at moderate tem-
peratures (30 K < T < 100 K), it appears that 7(7")~! oc T', which is the expectation of a one dimensional

Fermi surface [59]. This behavior is potentially due to the strongly faceted nature of the Fermi surface at
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Figure 2.8: Temperature dependence of collimatated beam. (A) Temperature dependence of the fractional
current to reach S4, Is4/Iinjected, as a function of field for Er = —135 meV (V, = —7.05 V). A smooth
background has been subtracted from each curve, followed by Gaussian smoothing of each curve. (B) Orange
filled circles correspond to scattering rates extracted from the amplitude of the zero-field peak shown in
(A). Circles and triangles denote effective scattering rates 7(7)~! extracted from the amplitude of TEF
oscillations in Ref. 6. The heavy green curve shows the theoretical scattering rate 7'6__16 related to the electron-
electron interaction. Square and diamond symbols denote the rate of scattering by phonons 7'p_hl inferred from
temperature-dependent sheet resistivity reported in Refs. 9 and 10. The detection limit set by noise is shaded.
This panel is modified from Ref. 6.

2.6 Scanning gate microscopy measurements

Using a sharpened tungsten tip mounted on a tuning fork, we can apply a local scattering potential to the
device. We will mount the sample on a stack of piezoelectric steppers so that it can be positioned relative to
the tip. The tuning fork can be used to measure the height of the tip above the sample. We will first consider
a circular Fermi surface (Fig. 2.9A). The magnetic field is tuned such that S1 and F2 are connected by a
cyclotron orbit at the given magnetic field (Fig. 2.9B).

We have fabricated the device such that all contacts (except for the sources) have two separated traces
that are connected at the device. For the following scanning measurements, one trace is used to measure the
potential at each contact while the other measures the current. This allows us to perform a measurement of the
potential of the contact at the device, ignoring the non-negligible trace resistance, even when the contact has
a finite current flowing through it. We will actively feedback on the current drained by each contact such that

each contact (except the source) functions as a virtual ground (held at zero potential relative to the source).
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This allows for a simultaneous measurement of the current through each contact in the device.

The differential current of each contact (the change in current when the tip is used to apply a local
scattering potential at a given location relative to no applied perturbation) as a function of the position of the
scanning gate tip is measured at a constant tip height, applied potential, and magnetic field (Fig. 2.9C). As a
sanity check, we see that the differential current between S1 and F1 is largely unaffected by the tip position;
the vast majority of current that reaches F1 should come directly from S1. We can also see that the currents
to contacts O2 and F4 are decreased when the tip is on the left side of the device and increased when the tip
is on the right side of the device, which is consistent with the chosen sign of magnetic field. Finally, there is a
roughly circular peak in the differential current corresponding to an increase (decrease) in the current drained
by O1 (F2). This suggest that, for tip positions near the collimated beam, the tip is scattering current out of

trajectories that are predominately reaching F2 into trajectories reaching O1.
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Figure 2.9: Scanning gate microscopy measurements of a circular Fermi surface. (A) Fermi surface at
Er = 80 meV which corresponds to a gate voltage of 1.20 V. (B) Current drained by F2 as a function of
magnetic field. The red dot indicates the field at which S1 is connected to F2 via a single cyclotron orbit.
Inset: Schematic of the device showing the trajectories of carriers that connect S1 and F2 when the field is
tuned to the value of the red dot. (C) Differential current between the source (blue) and a virtual ground
(green) measured as a function of the scanning gate tip position for a constant tip potential. All contacts
besides the source function as virtual grounds, the currents through which are measured simultaneously and
plotted individually. The field has been tuned to the value indicated by the red dot in (B).

Similar measurements can be performed for Er = —135 meV (V; = —7.05 V), where we expect, as
discussed in the previous section, that the trajectories of carriers should be triangular. This triangular shape
is clearly displayed in Fig. 2.11, where the differential current of Iry + Igo is plotted. A rough guide of a
potential dominant trajectory of the appropriate size is plotted in white. This colormap hints that the device
may not be perfectly aligned to the crystal axis, as is assumed for the white guide and suggested by the
asymmetry in Fig. 2.6. Rather, the colormap seems to suggest that the Fermi surface should be rotated a
few degrees clockwise, however, more data would be needed to fit this rotation precisely. Additionally, the
colormap for the current reaching O1 shows a broad scattering hot spot that appears near the corner of the

approximated triangular trajectory (shown in Fig. 2.10). If electrons were merely being scattered away from
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02 and F4, there would most likely be a line of scattering (as seen for the circular Fermi surface in Fig. 2.9).

The presence of a hotspot suggests that electrons scatter more strongly at the corners of the trajectories.
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Figure 2.10: Scanning gate microscopy of a triangular Fermi surface. Differential current between the
source (blue) and a virtual ground (green) measured as a function of the scanning gate tip position for a
constant tip potential and Fr = —135 meV (V; = —7.05 V). All contacts besides the source function as
virtual grounds, the currents through which are measured simultaneously and plotted individually. The white
trace is a guide showing a trajectory of the appropriate shape and size for the given Er and B that would

connect S1 to F2.
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Figure 2.11: High resolution scanning gate microscopy measurement of a triangular Fermi surface.
Differential current of Irs + Igo (contacts colored green) when current is injected from the source (blue),
measured as a function of the scanning gate tip position for a constant tip potential and £r = —135 meV
(V4 = —7.05 V). All other contacts are also grounded. the white trace is a guide showing a trajectory of the
appropriate shape and size for the given F'r and B.



Chapter 3

Flat bands in moiré systems

3.1 Magic-angle twisted bilayer graphene (tBLG)

3.1.1 Introduction

As we saw in the previous chapter, the electronic properties of monolayer graphene can be strongly affected
by its surrounding environment (in that case, being aligned to a hBN crystal). We will now consider how the
properties of few layer graphene are affected by how the layers are stacked.

First we will discuss how the stacking in a bilayer system affects its electronic properties. We are starting
from two sheets of monolayer graphene that individually feature massless electrons [28,60] and a large kinetic
energy, resulting in a system with negligible electronic correlations. The energetically preferred stacking
of bilayer graphene is Bernal (AB), which already has drastically different electronic properties: featuring
hyperbolic bands [50]. But what happens to the electronic properties of the composite system as we twist the
layers away from Bernal stacking? We will first look at a theoretical model for an expectation of the band
structure of such a twisted bilayer graphene system (tBLG). We will then look at the first major advances in

exploring the most interesting region of twist angles.

3.1.2 Band Structure

This section will present the main results of a continuum model used to calculate the electronic properties
of tBLG. For simplicity, we will restrict our calculations to the K valley, and drop any valley indices. An
extended derivation of the continuum model can be found in Refs. 11 and 12.

The twisted bilayer system can be characterized by a twist angle 6§ (where we define zero twist angle
as Bernal stacking) and a translation vector d. Whether or not a particular twisted bilayer system forms a
commensurate lattice is determined only by 8; sliding one layer with respect to the other in a commensurate
structure modifies the unit cell of the structure but does not disturb the commensurately [11]. The bilayer only

forms a two-dimensional crystal at a discrete set of angles, but for a generic twist angle, Bloch’s theorem does

21
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not apply microscopically. Therefore, the electronic structure cannot be calculated directly. However, we can
recover the periodicity for angles with strong interlayer coupling (¢ < 10°) and describe the electronic
structure using Bloch bands for incommensurate twist angles by constructing a low-energy continuum model
Hamiltonian [11].

The low-energy continuum model will consist of three terms: two single-layer Dirac-Hamiltonians that
account for the isolated graphene sheets and a tunneling term to account for hopping between the layers. We

can start by writing this as a block Hamiltonian in the basis of layer. Then the full Hamiltonian will be
h(6/2 H
= (M /T ) T, 3.1)
Hy  h(=0/2)

where

0 ei(Gk—G)
h(0) = — vk (e_i(gk_e) . ) (3.2)

is the Dirac-Hamiltonian for a layer rotated by an angle 6, v is the Dirac velocity, k is the momentum
measured from the layer’s Dirac point, and 0y, is the momentum orientation relative to the x axis. This spinor

Hamiltonian acts on the individual layer’s A and B sublattice degrees of freedom.

Figure 3.1: Interlayer hopping parameters in tBLG. (A) The blue dashed hexagon marks the Brillouin
zone for an unrotated graphene sheet. The black (red) circles are the three equivalent K points for layer
1 (2) that are rotated by (—)#/2. Crystal momentum is conserved when p’ —k = qo, qi1, or qz. In the
chosen reference frame, these momentum transfers have modulus |q;| = 2|K|sin(#/2) and direction (0, 1),
(—v/3/2, —1/2), or (v/3/2, —1/2). Equivalent Dirac points are connected by the reciprocal lattice vectors
G and G, shown as solid blue lines. (B) A separate representation of the hopping parameters. When
we account for repeated hopping, we generate this honeycomb lattice in reciprocal space. In a repeated zone
scheme, the dots correspond to the Dirac points of the two layers. The dashed blue line marks the moiré band

Wigner-Seitz cell. Figure adapted from Refs. 11 and 12.
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To derive a continuum model for the tunneling term, we start with the core assumption that the interlayer
tuneling amplitude between 7-orbitals is a smooth function (r) of the spatial separation projected onto the
graphene planes. We label the positions of the carbon atoms in the two layers by R and R’. The two are
related by R’ = M (0)(R — 7) + d, where M is a rotation matrix and 7 is a vector connecting the two atoms

of a unit cell in a given plane. We can now find the matrix elements of Hr:
T = (W He [0 ) (3.3)

describes hopping for an electron with momentum p’ = Mp on sublattice 3 of one layer hopping to a
state with momentum k on sublattice « in the other layer. The projection of the wave function onto a given

sublattice for either layer are

1 .
) = —= 3" B R 4 7, (3.4)
VN 4
and
v = 1L S @R 4 7t (3.5)
P VN &

where 74 = 0 and 75 = 7. R is summed over the entire triangular Bravais lattice. We can now calculate the

matrix elements. We can invoke the two-center approximation:

(R+7o|Hr[R' + 75) = t(R+ 70 — R — 75). (3.6)
‘We then obtain
e K4k Gi1 i To— 758—1)—G/
Tka,P’—i—p’ — Z TK+k+Gy [G17a—Ga(r5—7)—G}d] 5K+k+G17P/+p/+G/27 3.7
G1G2

where (2 is the area of the unit cell, ¢ is the Fourier transform of the tunneling amplitude t(r), K and P are
the wave vectors to the Dirac points of the respective layers, and Gy and Go are reciprocal lattice vectors.
It should be noted that the total momenta we are now discussing are relative to the ~y point of the Brillouin
zone, not the Dirac point (which would be just the lower case momenta). The Kronecker delta is restricting
our interlayer hopping to vectors within the union of Gy and G3’, i.e. it is restricting us to the moiré pattern.

We can now make some simplifications. It turns out that the spectrum is independent of d [11], so we
can take d = 0. The key reason that this model is useful is that, although ¢, is not precisely known, it should
rapidly fall to zero as a function of ¢ on the reciprocal lattice vector scale. This comes from the fact that
the separation between graphene layers d | is much larger than the separation between carbon atoms a. This
is because the two-center integral ¢(r) varies with R = \/7"2—&-7(12 , therefore the dominant small » hopping
processes vary with r on the scale of d, . This causes ¢, to fall precipitously with gd; > 1 [11]. The terms

that then contribute most strongly for tunneling near the Dirac point have ¢ = kp which corresponds to the
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Brilloin zone corner wave vector magnitude. These correspond to the three reciprocal lattice vectors 0, G(2),
G(®). The latter two vectors connect a Dirac point with its equivalent in the first Brillouin zone. When only

these terms are retained,

3
TP (r) = w Z exp(—iq; - r)Tf"’@, (3.8)

j=1
T 1 1 _ e 1 T e~ 1 39
1= 1 1 ) - e_i(z) eid} 5 3 = €i¢ e_i¢ ) ()

w = ty, /Q ~ 110 meV, and ¢ = 27/3. The q;’s are Dirac model momentum transfers that correspond to

where

the three interlayer hopping processes:

q = 8?7Tsir1(9/2) 0,1), qz= 8?ﬂ-sin(9/2) <_;/§, _21> , Q3= 8?7Tsirl(9/2) <\g§, _21> .
(3.10)

This tunneling term is periodic with the periodicity of the moiré pattern. To perform our numerical calcula-

tions, we will want to Fourier transform this back to reciprocal space:

T =w Y T 80, 1 pr (3.11)
J

In real heterostructures, AA stacking is energetically unfavorable compared to Bernal stacking. This
energy difference drives structural reconstruction, minimizing the area of the AA region [13]. A standard ap-
proach to simply model this reconstruction is to apply a weight factor to the different tunneling processes [61].

The above matrices then become

WAA/WAB 1
Tl = ’
1 waa/wAB

U}AA/U)AB@M5 1
Ty = ( it wan/ i | (3.12)
AA/WABE
T waa/wape 1
3= . . ’
e’¢ wAA/wABe’“f’

where we will take w4 /wap = 0.7 [61].
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Figure 3.2: Calculated band structure of tBLG. (A) Band structure of tBLG in the K valley calculated
using a continuum model Hamiltonian for § = 1.05°, w = 117 meV, and wga/wap = 0.7. The band
structure for K’ is the time reversed partner of the K band structure (B) Panel (A) replotted to more clearly

show the dispersion of the nearly-flat valence and conduction bands.

Finally, we are now ready to numerically solve for the moiré bands. For a twist angle of § = 1.05°, the
valence and conduction bands have become nearly-flat and well separated from higher minibands. In fact,
their total bandwidth is < 5 meV. It should also be noted that the Dirac-like band touchings of the original
single layer graphene dispersion are preserved at the K s and K, points of the mini-Brillouin zone. As we
will discuss, it seems likely the case that these Dirac-like touchings are symmetry protected [62—-66] (but that
may not be the case [67, 68]).

3.1.3 Fabrication

Somehow creating a bilayer system of two monolayer sheets of atoms with an arbitrary relative twist is a
tall order experimentally. How are we going to move from this theoretical playground to a real experimental
device? The previous section suggests that we should target a twist angle of ~ 1.05° with an accuracy of
perhaps a few hundred millidegrees.

Somewhat surprisingly, exfoliated graphene samples have been observed to sometimes retain a small
interlayer twist [69]. Small twist angles can also be found when graphene is epitaxially grown on SiC [70].
However, neither of these methods allow for explicit targeting of a specific twist angle. It is possible to fold
graphene sheets onto themselves [71-73]. Folding would likely produce large sheets of twisted graphene
with different regions of different twists. One may be able to find a region near a targeted twist angle, but
finding such a region would require a spatially resolved technique that can locally determine the twist angle,
such as AFM or STM. With the development of the “tear-and-stack” dry-transfer method [46,47] (Fig. 3.3),
we now have a technique that can stack heterostructures while accurately targeting a specific angle with high

angular accuracy.
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Figure 3.3: Stacking tBLG heterostructures. “Tear-and-stack™ dry transfer technique used to create tBLG
heterostructures. (1) We first pick up a hBN flake using a PC/PDMS stamp. (2) Position the hBN crystal over
an exfoliated graphene flake and press the hBN down partially onto the graphene. (3) Once the hBN has been
pressed down partially onto the graphene, retract the hBN, hopefully ripping the graphene cleanly in half. (4)
Fully retract the stamp. (5) Rotate the remaining portion of the graphene flake to the desired twist angle. (6)
Pick up the remaining portion of graphene using the ripped portion. (7) Finish the heterostructure. In this

case, this includes fully encapsulating the heterostructure. Figure adapted from Ref. 13.

The devices we will consider consist of tBLG fully encapsulated in two hBN cladding layers (for the
tBLG device considered in later chapters, each hBN layer is ~50 nm thick). To pick up the top hBN flake,
we use a Poly(Bisphenol A carbonate) film/PDMS (Gel-Pak DGL-17-X8) stamp on a glass slide heated to
60 °C [46,74]. Then, to stack two layers of graphene at a well defined twist angle, we use the van der Waals
attraction between hBN and an exfoliated monolayer graphene flake while pressing down the hBN onto only
a portion of the graphene to tear and pick up the contacted portion of monolayer graphene from the larger
flake. The fact that we have controllably ripped the graphene sheet in half then allows us to rotate and pick
up the remaining portion of the monolayer graphene [46,47]. This process allows us to stack two layers
of monolayer graphene to within £0.2°, with the precision limited by motion of the flake during the tearing
process. How cleanly the graphene sheet rips is a stochastic process that depends somewhat on how thick
the graphene is, how well adhered it is to the hBN flake, and how well adhered the graphene flake is to
the substrate. Ideally, the graphene flake should be stuck down well enough that it does not slide during the
ripping, but not so much so that one cannot pull a portion of the flake off of the substrate. With a clean rip, one
has a promising chance of achieving a heterostructure at the targeted angle. Because of the uncontrollability
of this ripping process, people have begun moving away from “tear-and-stack” to graphene sheets that have
been cut using AFM techniques [75,76].

After picking up the remaining portion of graphene, a second hBN flake is picked up to fully encapsulate
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the tBLG. The completed stack is then transferred onto 300-nm-thick SiO, atop a degenerately doped Si
substrate which is used as a back gate. These two remaining transfers do put a very nontrivial amount of
strain on the heterostructure. Given that the tBLG is metastable (with the twist angle perhaps being pinned by
disorder in the heterostruture), it may make sense to move to immediately dropping the completed tBLG onto
an exfoliated hBN crystal instead of including this extra transfer step. Such precautions may help prevent
relaxation of the twist angle in the heterostructure.

Now that we have a completed heterostructure, we can fabricate it into a measureable device. Specifically
for the tBLG device discussed in Ch. 5 and Ch. 6, a Ti/Au top gate was deposited onto the completed het-
erostructure, and was subsequently used as a hard mask for a CHF3/O5 (50/5 sccm) etch to define a Hall bar
region. During the mesa etch, the heterostructure was protected by resist extending outward from the hard
mask near each of the leads of the Hall bar to provide space for making Cr/Au edge contacts [34] without
risk of shorting to the top gate. Throughout all processing, the sample temperature was kept below 180 °C to
prevent potential relaxation of the twist angle of the TBG. This dual gated architecture allows us to control

both the carrier density in the channel and apply a perpendicular displacement field (see Appx. B).

3.1.4 Prior experimental work

With the advent of the “tear-and-stack” technique [46,47], it became possible to fabricate tBLG with twist
angles near those theoretically predicted to yield flat electronic bands. The first such sample [46] was fabri-
cated with a twist angle of 1.08° (Fig. 3.4). One can first verify that the heterostructure retained a twist by the
existence of superlattice gaps at carrier densities n = +4n, = +2.7 x 10'2 cm~2 (the lighter shaded regions
in Fig. 3.4), corresponding to full filling of the conductance and valence miniband, respectively. Following
Sec. 1.2, such a density is consistent with the sample’s ascribed twist angle.

The more surprising feature is the existence of strong conductance dips at half-filling of the conductance
and valence minibands. Such features are not expected in the absence of electronic correlations; typically,
metallic behavior is exhibit at finite filling of a band. When the Fermi level lies within flat bands, Coulomb
interactions can greatly exceed the kinetic energy of the electrons and drive the system into strongly correlated
phases [23-27].

Above 4 K, the device behaves as a metal near half-filling. However, there is a metal-insulator transition
at 4 K. An Arrhenius activation fit to the temperature dependence of the conductivity yields a gap A =~
0.31 meV, two order of magnitude smaller than the superlattice gap [1].

Many of the features of this half-filled state are consistent with a Mott-like insulator. Such a state can
arise from electrons being localized in the superlattice. Specifically, fits to Shubnikov-de Haas oscillations
reveal a reduced value of the degeneracy and fits that extrapolate exactly to half-filling [1]. This is indicative
of the half-filled state being a symmetry broken state, perhaps specifically a spin-charge separation in the pro-
totypical Mott-like insulator. Additionally, the insulating state is suppressed by the application of a magnetic
field. This suppression is insensitive to the orientation of the field, indicating that this suppression is due to a

Zeeman effect [1].



CHAPTER 3. FLAT BANDS IN MOIRE SYSTEMS 28

o

0.1 T T T

[ T |
DI- Ho=108°H -

D2 éu,1.10+ N
D3 Wo=112H -

D4 &//:MS l‘, "

1
-n, -nf2 0 nj2j) n,
h 1
1

—4 -2 0 2 4

0.05

Conductance, G (mS)

Carrier density, n (102 cm™?)

T

X T T T T T
1020 8 N Insulating 4
— 0 g H 0.051~
] ' +
£ : o p-side %)
i n-sidi S
(5' ! o ide £
8 < ©
c B ni 1g
g w0 3 i 2
=1 H <
T H o
c : 3
8 [ Metallic ! 2
: 3
(o]
10 1 [ 1 1 1 [N oL
0 01 02 05 10 15 20 25 3.0 -1.8 -1.3 1.0 1.5

T (K™) Carrier density, n (10'2 cm)

Figure 3.4: Half-filling insulating states in tBLG. (A) Measured conductance GG of a tBLG device with
twist angle & = 1.08° and T' = 0.3 K. The lighter-shaded regions are superlattice gaps at carrier density
n = +4n, = £2.7 x 10'2 cm~2. The darker-shaded regions denote half-filling states at +2n,. The
inset shows the densities at which half-filling states in four different devices were measured in Ref. 1. (B)
Minimum conductance values in the p-side (red) and n-side (blue) half-filling states in the 1.08° device. The
dashed lines are fits of the form exp[—A/(2kT)], where A =~ 0.31 meV is the thermal activation gap. (C,
D) Temperature-dependent conductance of the 1.08° device for temperatures from 0.3 K (black) to 1.7 K
(orange) near the (C) p-side and (D) n-side half-filling states. Figure from Ref. 1. Note that Ref. 1 defines ng

as four carriers per moiré unit cell.

Shortly after the discovery of the insulating phase at half-filling, superconductivity was found nearby the
half-filled state in the valence band of two tBLG devices with twist angles # = 1.16° and § = 1.05° and
critical temperatures of approximately 1 K and 1.7 K, respectively (Fig. 3.5) [3].

The density phase diagram (Fig. 3.6) reveals two domes of superconductivity above and below the half-
filled state and quantum oscillations near the half-filled state are consistent with a small Fermi surface. This
behavior is similar to the underdoped cuprates. The carrier density at which tBLG superconducts is a record
low for carrier density and an order of magnitude lower than typical two-dimensional superconductors [3].
The ratio of T, to the size of the Fermi surface (density of about 10'! cm™2) corresponds to one of the
strongest pairing strengths between electrons in a superconductor.

As we will discuss in Ch. 4, zero resistance and non-linear V' — I characteristics (Fig. 3.5B) together are
not sufficient evidence to prove a device is superconducting. For two-dimensional superconductors, the final
piece of evidence is the existence of coherent transport. First looking at the magnetic field dependence, the

superconducting state exhibits a maximum critical field of 70 mT' (Fig. 3.7) that varies strongly with density.
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Near the edges of the dome, there are oscillations in R, that may originate from phase-coherent transport.
To view this more clearly, one can measure the critical current as a function of magnetic field (Fig. 3.8).
Doing so, there are clear oscillations in the critical current with a period of 22.5 mT and 4 mT for devices
M1 and M2 respectively. These periodicities correspond to junction ares of 0.09 pm and 0.5 pm, both of
which are smaller than the device area (1 um). These devices do not have explicitly defined junctions. The
oscillations likely arise from an array of junctions due to inhomogeneity within the sample, creating weak

links in the superconductivity.
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Figure 3.5: Superconductivity in tBLG. (A) Four-terminal resistance R,, = V. /I measured in two de-
vices M1 and M2, that have twist angles of § = 1.16° and § = 1.05°, respectively. The inset shows an
optical image of device M1, including the main Hall bar (dark brown), electrical contacts (gold), back gate
(light green), and SiO/Si substrate (dark grey). (B) Current-voltage (V,,, — I) curves for device M2 mea-
sured at n = —1.44 x 10'2 cm~?2 and various temperatures. At the lowest temperature of 70 mK, the curves
indicate a critical current of approximately 50 nA. The inset shows the same data on a logarithmic scale,
which is typically used to extract the Berezinskii-Kosterlitz-Thouless transition temperature (TgxT = 1.0 K

in this case), by fitting to a V., o< I3 power law (blue dashed line). Figure adapted from Ref. 3.
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Figure 3.6: Gate-tunability of superconductivity in tBLG. (A) Two-terminal conductance Go = I/Vijas Of
device M1 (6 = 1.16°) measured in zero magnetic field (red) and with a perpendicular field of B, =04 T
(blue). The curves exhibit the typical V-shaped conductance near charge neutrality (n = 0, vertical purple
dotted line) and insulating states at the superlattice bandgaps (n = 44ng, the blue and red bars). They also
exhibit reduced conductance at intermediate integer fillings of the superlattice owing to Coulomb interac-
tions (other colored bars). Near a filling of —2 electrons per unit cell, there is considerable conductance
enhancement at zero field that is suppressed with B = 0.4 T. This enhancement signals the onset of su-
perconductivity. Measurements were performed at 70 mK with V4,5 = 10 V. (B) Four-terminal resistance
R, measured at densities corresponding to the region bounded by the pink dashed lines in (A) as a function
of temperature. Two superconducting domes are observed next to the half-filling state, which is labelled
‘Mott” and centered around —2n, = —1.58 x 10'? cm~2. The remaining regions in the diagram are labeled
as ‘metal’ owing to the observed metallic temperature dependence. The highest critical temperature observed
in device M1 is T, = 0.5 K (as determined by 50% normal-state resistance). (C) Similar phase diagram for
device M2, showing two asymmetric and overlapping superconducting domes. The highest critical tempera-
ture in device M2 is T, = 1.7 K. Figure from Ref. 3. Note that Ref. 3 defines n as four carriers per moiré

unit cell.
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Figure 3.7: Magnetic-field response of the superconducting state in tBLG. (A, B) Four-terminal resis-
tance as a function of density n and perpendicular magnetic field B in devices (A) M1 and (B) M2. As
well as the dome structures around half-filling, there are oscillatory features near the boundary between the
superconducting phase and the correlated insulator phase. These oscillations are indicative of phase-coherent
transport through inhomogeneous regions in the device. (C) Differential resistance dV,.,/dI as a function of
DC bias current [ for different B | , measured for device M2. (D) R, — T curves for different B | , measured
for device M1. (E) Perpendicular (B, ) and parallel (B, critical magnetic field as a function of tempera-
ture for device M 1. The fitting curves for B, correspond to Ginzburg-Landau theory for a two-dimensional
superconductor. B, is fitted to B, (0)(1 — T/T:)'/2, where B,(0) is the parallel critical field at zero

temperature. Measurements in (A-C) were conducted at 70 mK. Figure adapted from Ref. 3.
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Figure 3.8: Evidence of phase-coherent transport in superconducting tBLG. (A, B) Differential resistance
dV/dI versus bias current I and perpendicular field B, at two different charge densities n, corresponding
to those in Fig. 3.7A. Periodic oscillations are observed in the critical current (identified approximately as the
position of the bright peaks in dV//dI). (C, D) Simulations intended to reproduce qualitatively the behavior
observed in A and B. Figure adapted from Ref. 3.

Each incremental improvement on device quality continues to yield new interesting areas of the phase
diagram of tBLG. In these superconducting devices, in addition to the half-filled states, the devices exhibit
signatures of an additional resistive state at three-quarters filling (Fig. 3.6). Given the extra two fold degen-
eracy of valley in the graphene, it is conceivable that one could observe additional Mott insulators at quarter
fillings [77,78]. This three-quarters-filled state is even more pronounced in a 1.14° device (in addition to
another superconducting dome in the conduction band) (Fig. 3.9D) [14]. In Ch. 5, we will explore the nature
of the correlated state at n/ns = 3. In Ch. 6, we will explore evidence pointing to additional phenomena

appearing at non-integer filling of the moiré superlattice.
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Figure 3.9: Superconductivity in a 1.14° device. (A) Schematic of an all-van der Waals tBLG heterostruc-
ture. tBLG is encapsulate between flakes of hBN, with encapsulating flakes of few-layer graphite acting as
gates. (B) Temperature dependence of the resistance of device D1 over the density range necessary to fill the
moiré unit cell, n € [—4ng, 4n,] at D = 0. The resistance drops to zero over a finite range of n for electron
(n > 2ng) and hole (n < —2n,) doping. (C) Resistance as a function of temperature at optimal doping of the
hole- and electron-doped superconductors in blue and red, respectively. (D) Resistance (R) of device D1 as
a function of displacement field. At —2ng, an insulating phase develops at positive D, whereas a supercon-

ducting phase develops at negative D. (E to G) Fraunhofer-like quantum interferences of the critical current,

arising from one or more Josephson weak links within the sample, measured at (E) n = —2.03 x 10'2 cm ™2
and D = 0.61 V/nm, (F)n = —1.76 x 102 cm~2 and D = —0.59 V/nm, and (G) n = —1.52x 10'? cm—2
and D = —0.17 V/nm. An anomalous quantum interference pattern with a minimum in /.. at zero field is

observed in (G). The measured temperature is 7' ~ 10 mK for all datasets unless otherwise noted. Figure

adapted from Ref. 14. Note that Ref. 14 defines n; as four carriers per moiré unit cell.

3.2 ABC-trilayer graphene/hexagonal boron nitride moiré superlat-

tices

3.2.1 Introduction

In addition to tBLG, in the next few chapters we will also discuss ABC-stacked (thombohedral) trilayer
graphene that is rotationally aligned with hBN. As we will discuss in the remaining sections of this chapter,
ABC-trilayer graphene/hBN (ABC-TLG/hBN) is another avenue for generating nearly flat electronic bands
in a moiré superlattice. Pristine ABC-TLG, because of its cubic band and therefore a rather flat dispersion
at low energy, can already exhibit strong correlations [45] and can potentially host spontaneous quantum

Hall states [79]. The moiré superlattice in ABC-TLG/hBN heterostructure further creates isolated flat moiré
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minibands, that enhances the electron—electron correlation and topological effects in the system as we will
discuss further in Sec. 3.2.3.

In a dual gated heterostructure (where we have gates both above and below the semiconducting layer),
we can control both the carrier density n and the potential energy difference between the top and bottom
graphene layers through an applied perpendicular displacement field D that we will discuss more thoroughly
in Sec. 3.2.2. In tBLG, there is not typically a strong dependence on either the sign or magnitude of D [14]
(with one notable exception being the tBLG device discussed in Ch. 5). We can at least anticipate the lack
of dependence on the sign of D from the fact that (ignoring disorder in any real heterostructure), there is in
principle nothing explicitly breaking the vertical symmetry of the heterostructure along the stacking direction
in tBLG. The low energy flat minibands in tBLG are empirically isolated from higher order bands [46], that
is expected when taking into account mutual relaxation of the two layers’ lattices [80]. The low energy
conduction and valence minibands have been variously predicted to meet at Dirac points at the CNP, which
may [62,63] or may not [67,68] be symmetry protected. Therefore, at most, we may expect some effect of the
displacement field on the bandwidth in tBLG in the case of symmetry protected Dirac-like band touchings.
However, we will see that in ABC-TLG/hBN the bandwidth and topology of the moiré minibands can be
conveniently controlled by the applied displacement field [2,4, 20].

A B

5nm a.u.

Figure 3.10: Identifying ABC stacked domains in exfoliated TLG. (A) Atomic force microscope topog-
raphy image of an exfoliated TLG flake on SiO5/Si. (B) Near-field infrared image corresponding to (A)
showing contrast between the ABA and ABC stacked regions.

3.2.2 Fabrication

We fabricated two ABC-TLG/hBN moiré superlattice devices following the method described in Ref. 2.
There are two naturally occurring allotropes of trilayer graphene: energetically stable ABA-stacked TLG and
metastable ABC-stacked TLG [81]. Near-field infrared nanoscopy is used to identify the ABC and ABA
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regions [82] (Fig. 3.10). In an effort to prevent potential relaxation of the ABC region in subsequent fabrica-
tion steps, the ABC region is isolated from adjacent ABA domains by atomic force microscope cutting [83].
The isolated ABC-TLG is then encapsulated in exfoliated hBN crystals using dry transfer methods, where
we optically align apparent crystallographic edges of the hBN and ABC-TLG by eye to form the moiré
superlattice [34,84].

Figure 3.11: Schematic of dual gated device. Schematic of a dual-gated encapsulated graphene heterostruc-

ture Hall bar device and the typical measurement configuration.

The ABC-TLG/hBN heterostructures are fabricated into a dual-gated Hall bar geometry with one-dimensional
edge contacts [34], a metal top gate, and a degenerately doped silicon bottom gate (Fig. 3.11) following stan-
dard nanofabrication procedures [34]. The dual-gate configuration allows us to control the carrier concentra-
tion and miniband bandwidth of the ABC-TLG/hBN heterostructure independently [17,45, 85]: the doping
relative to the charge neutrality point is set by n = (Dyq — D) /e, and the miniband bandwidth and topology
are controlled by the applied vertical displacement field D = (Dyg+ D) /2. Here, Doy = €13(Vog— Vi) /dbg
and Dy, = —e1g(Vig — Vi9)/dyg are the vertical displacement field below and above the ABC-TLG/hBN
moiré€ superlattice, respectively, €,4(;q) and dyy(4) are the dielectric constant and thickness of the back (top)
dielectric layers, and Vb(;( tg) is the effective offset in the back (top) gate voltage caused by environment-
induced carrier doping. e is the charge on the electron. See Appx. B for an extended discussion on mapping
between gate voltages and (n, D). During fabrication, the ABC-TLG often relaxes to the lower energy ABA
state during either stacking or device fabrication. However, if the ABC orientation survives fabrication, we

find that the ABC stacking is stable over the course of many thermal cycles of the device.
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Figure 3.12: ABC-TLG/hBN devices. (A) Optical image of ABC-TLG/hBN device 1, the device that will be
discussed in Ch. 4. Scale bar is 3 ym. (B) Schematic cross-sectional view of device 1 shown in (A). The red
atoms represent on unit cell of ABC-TLG. Note that the top hBN is aligned in device 1. (C) Optical image of
ABC-TLG/hBN device 2, the device that will be discussed in Ch. 5 and 6. Scale bar is 5 ym. (D) Schematic
cross-sectional view of device 2 shown in (C). The red atoms represent on unit cell of ABC-TLG. Note that
the bottom hBN is aligned in device 2.

It is important to note that we have defined the displacement field relative to the sign of the gate voltages.
However, we really care about the energy difference between the graphene layer aligned to the hBN layer
and the graphene layer that is not aligned. The two ABC-TLG/hBN devices have different cladding hBN
layers aligned: device 1 (the main device discussed in Ch. 4) has its top hBN aligned with the TLG while
device 2 (the main device discussed in Ch. 5 and Ch. 6) has its bottom hBN aligned with the TLG (Fig. 3.12).
This difference leads to an overall sign difference between the two devices for the phenomena observed as
a function of the displacement field as defined above. Because of this, it will always be explicitly stated
whether the displacement field has tuned the bands to either be topologically trivial or non-trivial, which is

the primary difference between the signs of the displacement field as we will discuss in the following section.
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3.2.3 Band structure

Fig. 3.13 shows a schematic diagram of energetically stable ABA-stacked TLG and metastable ABC-stacked
TLG. The low-energy bandstructure of ABA-stacked TLG consists of overlapping linear and quadratic dis-
persing bands. The transport properties are therefore governed by monolayer-like massless and bilayer-like
massive quasiparticles (with a larger effective mass than in Bernal bilayer graphene) [79, 86—88]. Because
of its associated mirror symmetry, an applied electric field to ABA-stacked TLG cannot open a gap, rather it
leads to a tunable band overlap [17,17,79,86,89-100].

The ABC-stacking arrangement is the only arrangement in thicker N-layer graphene films (where N > 2)
that maintains the features that make Bernal-stacked bilayer graphene’s electronic structure interesting: (1)
there are two low-energy sublattice sites so a two-band model provides a useful description of the physics;
(2) these low-energy sublattice sites are localized in the outermost layers at sites Al and BIV; (3) these low-
energy sites can be separated energetically by the application of a perpendicular electric field, leading to the
formation of a gap [16,17,81,86,100]; (4) hopping between the low-energy sites is an [N-step process through
higher-energy states, resulting in a p’¥ dispersion for the conduction and valence bands, sublattice psuedospin
chirality /V, and a Berry phase of N7 [101]. Therefore, ABC-stacked TLG features an approximately cubic
energy dispersion with the conduction and valence bands touching at a point close to the K Q) points, and
therefore a large effective mass at low energy [16, 81, 86, 89, 100-102], making ABC-stacked TLG already
an interesting platform to explore strongly correlated physics. In fact, this cubic dispersion already yields
relatively flat band, giving rise to strong electronic correlations and a spontaneously broken symmetry state
in suspended ABC-TLG [45,79,81].
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Figure 3.13: ABC vs. ABA stacked TLG. (A) Schematic of the ABC-stacked trilayer lattice containing sic
sites in the unit cell, A (white circles) and B (black circles) on each layer, showing the Slonczewski-Weiss-
McClure parameterization [15] of relevant couplings 7o to v4. (B) Schematic of the hexagonal Brillouin zone
with two inequivalent valleys K" shwoing the momentum p measured from the center of the valley K. (C)
Schematic of the unit cell of ABC-stacked trilayer graphene, (D) ABA-stacked trilayer graphene, and (E)
bernal stacked bilayer graphene. In (C), 5 describes a vertical coupling between sites B3 and Al in different

unit cells. Figure from Ref. 16.
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Figure 3.14: Comparison of the bandstructure of ABA- and ABC-stacked TLG. (A) The predicted band-
structure of ABC trilayer graphene with (red) and without (green) the presence of a perpendicular electric
field, as calculated within the tight-binding model described in Ref. 17. Transitions 1 and 2 are the strongest
optical transitions near the K-point for electron doping. (B) The predicted bandstructure of ABA trilayer
graphene with (red) and without (green) a perpendicular electric field, as calculated within the tight-binding
model described in Ref. 17. The arrow indicates the transition responsible for the main absorption peak at
0.5-0.6 eV observed in Ref. 17. Figure from Ref. 17.

With the advances made in dry-transfer techniques, we can take this one step further. In an ABC-
TLG/hBN heterostructure in which the TLG is rotationally aligned to one of the hBN cladding layers, a moiré
superlattice with a period of 15 nm folds the pristine TLG electronic band into a series of moiré minibands
in the first moiré mini Brillouin zone [2,35,41-43,52]. The single-particle bandstructure of ABC-TLG/hBN
is described by the Hamiltonian H = Hagc + Vi, where Hapc is the Hamiltonian for ABC-TLG under a
weak vertical electric field and V},, describes the effective potential acting on the ABC-TLG from the moiré

superlattice. The ABC-TLG can be modeled using a six band model for the valley with index 41 [16,21,101],
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where v; = (v/3/2)avy;/h, a ~ 2.46 angstrom is the lattice constant, 7 = p, + ipy, and @ is the energy
difference between the top and bottom layer of the ABC-TLG. We have the following tight-binding param-
eters shown in Fig. 3.13: nearest-neighbor intralayer hopping -, nearest neighbor interlayer hopping 71,
direct hopping between trilayer low-energy sites -, hopping between lower-energy sites of the AB-stacked
bilayer ~3, and coupling between low- and high-energy sites located on different layers 4 [101]. We take
p = (pz,py) to be the momentum measured with respect to the center of the valley. The tight binding
parameters can be obtained from a local density approximation ab initio calculation [103] to have values
(vo, M1, 2, V3, v4) = (2676, 380, 8.3, 260, 104) meV.

0.1 D =0.5V/nm
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Figure 3.15: Single-particle bandstructure of ABC-TLG/hBN. (A, B, and C) Calculated single-particle
bandstructure of ABC-TLG/hBN in the K valley for displacement fields D /ey = 0.5, 0, and —0.5 V/nm.
At D/ey = 0.5 V/nm, a finite bandgap separates the conduction and valence minibands. The highest
energy valence miniband is topologically trivial with C' = 0. The bandgap closes at D/eg = 0 V/nm. At
D/ey = —0.5 V/nm, the miniband invert to generate a new bandgap. The highest energy valence miniband
becomes topologically nontrivial with a finite Chern number. The minibands of the K’ are time-reversed pairs

of the K valley minibands and have opposite Chern numbers.

Using the same model for the moiré hopping term as in Ref. 103, we can now calculate the single-particle
bandstructure of ABC-TLG/hBN (Fig. 3.15). Figs. 3.15C, D, and E display the calculated single-particle
bandstructure in ABC-TLG/hBN for the K valley at D/eg = 0.5 V/nm, 0 V/nm, —0.5 V/nm, respec-
tively [21]. A displacement field of D = +0.5 V/nm corresponds approximately to an energy difference
between the layers of ABC-TLG of & = £25 meV. Without an applied displacement field, the low energy
conduction and valence miniband overlap. However, with the application of a displacement field, the first

hole miniband becomes well isolated from other bands. In fact, the bandwidth and topology of the moiré
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minibands in ABC-TLG/hBN can be controlled by the vertical displacement field D. At D /ey = 0.5 V/nm,
a finite bandgap separates the conduction and valence miniband. The highest-energy valence miniband is flat
with a bandwidth as narrow as 20 meV, and it is topologically trivial with C' = 0. At D/ep = —0.5 V/nm,
a bandgap reopens, with band topology changed relative to positive D field. Specifically, the highest-energy
valence miniband becomes topologically nontrivial with a finite Chern number and a narrow bandwidth of
20 meV. This single-particle calculation will always predict that the valence miniband should have a Chern
number C' = 3 [4,20,21]. However, upon including interactions, this Chern number can become renormal-
ized as we will discuss in Ch. 5. The electronic states in the K’ valley are time reversed pairs of those in
the K valley, and the topological minibands have opposite Chern numbers. The valence miniband, because
it has a smaller bandwidth, should have stronger electron-electron interactions compared to the conduction
miniband [4, 20, 104-106]. The on-site Coulomb repulsion energy, on the other hand, can be estimated by
U = e?/(4mepe). For the moiré lattice constant A = 15 nm and an hBN dielectric constant € = 4, U is
around 25 meV, which is larger than the bandwidth of the valence miniband. This dominant on-site Coulomb
repulsion can lead to Mott insulator states in the flat and isolated hole miniband as we will discuss in the fol-
lowing section [2, 104, 107]. Recent theories suggest that correlated topological phenomena could emerge
in such graphene moiré superlattices, where a non-trivial band topology coexists with the nearly flat moiré
miniband [4,20, 104, 105].

3.2.4 Prior experimental work

Prior to the work that will be discussed in Ch. 4- 6, ABC-TLG/hBN had been shown to demonstrate strongly
correlated physics in Ref. 2. A ABC-TLG/hBN Hall bar was fabricated following a similar procedure as that
discussed in Sec. 3.2.2 (Fig. 3.16). Transport measurements can be used to check that the TLG retained its
rhombohedral stacking through fabrication of the device. One can look at how the resistance at the CNP
varies as the displacement field is changed. In an ABC-TLG device, the resistance increased from ~ 3 k)
to ~ 130 k2 as the displacement field was increased, indicating the formation of a bandgap. However, a
ABA-TLG device displays very little dependence on the displacement field: the resistance increased from
500 2 to 1 k2 with an applied displacement field of similar magnitude.

Another reliable indicator of the stacking is a Landau fan diagram (Fig. 3.18). The fan diagram for an
ABC-TLG sample shows quantum Hall states of v = 6, 10, 14, 18..., indicating a twelve-fold zeroth Landau
level, which is characteristic of ABC-TLG [102]. The Landau fan is more complicated for an ABA-TLG
sample. Such a device shows Landau levels for both the bilayer-like and monolayer-like subbands, allowing

for easy distinction from an ABC-TLG device.
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Figure 3.16: Optical image of previously studied ABC-TLG/hBN moiré superlattice device. Optical

image of a dual-gated ABC-TLG/hBN moiré superlattice device. The bottom hBN crystal is aligned with the
ABC-TLG in this device. Figure from Ref. 2.
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Figure 3.17: Gate-dependent resistivity of ABC- and ABA-TLG. (A) Resistivity of ABC-TLG as a func-

tion of V3, varying V4, from —50 V to 50 V. (B) Resistivity of ABA-TLG as a function of V4 varying Vi,
from —3 V to 3 V. Data were obtained at 7' = 50 K. Figure from Ref. 2.
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Figure 3.18: Landau fan of ABC- and ABA-TLG/hBN moiré superlattices. (A) Landau fan of ABC-
TLG/hBN showing well-resolved quantum Hall states at filling factors v = 6, 10, 14, 18..., unambiguously
confirming that the ABC-stacking has been retained in this device. (B) ABA-TLG is characterized by two
sets of Landau levels, one from the bilayer-like subband and the other from the monolayer-like subband.
The Landau levels of the bilayer-like and monolayer-like subbands are marked by solid and dashed lines,

respectively. Figure from Ref. 2.

Although one can clearly see that the ABC-TLG/hBN device is indeed a superlattice from the Landua
fan, let’s take a step back and look at the simplest way one can typically diagnose this. By looking at the
dependence of the longitudinal resistivity on carrier density, one can see if there are any additional peaks
besides the CNP (Fig. 3.19A). In such a measurement, there are a number of additional resistance peaks.
The resistance peaks that appear symmetrically about the CNP at —4.2 V and 3.6 V are the fully filled
points (FFP), which corresponds to four carriers per moiré unit cell. Treating the gates with a parallel plate
capacitance model, these peaks correspond to a density of ngep = 2.1 x 10'2 cm 2. As discussed in Sec. 1.2,
this density corresponds to a moiré superlattice period of A = 1/8/(v/3ngrp) = 15 nm. One can fit the
Landau levels for an independent and more accurate determination of nggp and A [2].

There is a surprising additional resistance peak at half filling of the valence miniband that is in contrasts
to a typical band insulator, where the resistance is close to a minimum at half filling. Such a resistance peak
is indicative of a strongly correlated electronic state. In this measurement, the back gate gate voltage (V34)
was setto 0 V.

One can strongly enhance these correlated states by suppressing the bandwidth of the valence miniband
through the application of a displacement field. This can be achieved by tuning V3, (Fig. 3.19B). At a much
larger displacement field, there are two well defined resistance peaks at 1/2 and 1/4 filling. One can then
measure p,, as a function of V4 and V;, ((Fig. 3.19C), and then take line cuts at constant density to see how

these resistance peaks depend on D (Fig. 3.19D). The resistivity at the CNP approximately monotonically
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increases with D, consistent with our expectation that D will open a bandgap at the CNP. For the two corre-
lated resistance states, there is similar dependence with D: a sharp increase in resistance followed by a slight
decrease with increasing magnitude of D. This behavior is consistent with theoretical calculations that show
an initial decrease and subsequent increase in the bandwidth of the valence miniband with increasing D [2].

These calculations even predict a slight asymmetry with the sign of D, as is seen in the data.
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Figure 3.19: Transport of gate-tunable Mott state. (A, B) Top-gate-dependent resistivity of ABC-
TLG/hBN moiré superlattice when (A) V4, = 0 V and (B) 20 V. (C) Resistance as a function of V;, and V.
The color scale is from 10 2 to 100 k2 in a logarithmic scale. The highlighted straight lines correspond to the
charge-neutrality point (CNP), 1/4 filling, 1/2 filling, fully-filled point (FFP) and 3/2 filling resistance peaks.
(D) Resistivity at the CNP (green), 1/4 filling on the hole side (red) and 1/2 filling on the hole side (blue) as
a function of the displacement field D. The insulating behavior at 1/4 and 1/2 fillings, corresponding to one

and two charges per lattice site, provide the defining signature of a Mott insulator. Figure from Ref. 2.
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Figure 3.20: Landau fan of ABC- and ABA-TLG/hBN moiré superlattices. R, and R, as a function of
n/ng and fixed D = 0.4 V/nm and B = 1 T. At fixed D, the band structure does not change while tuning
the carrier density. There are resistance peaks at 1/4, 1/2, and full fillings in R, and zero R, corresponding

to zero Hall density. ns corresponds to one electron per unit cell. Figure from Ref. 2.

Ref. 2 has clearly demonstrated that, through the ability to tune the bandwidth of the low energy bands by
applying a displacement field, one can tune ABC-TLG/hBN such that it exhibits strongly correlated electronic
states. While it has shown that the correlated states at 1/2 and 1/4 filling are potentially gapped, it has not
further explored the nature of the ground states at these fillings. We will explore the nature of these correlated
states in Ch. 4 and 5. Additionally, in Ch. 6, we will explore a correlated state occurring at non-integer filling

not seen in Ref. 2.



Chapter 4

Superconductivity in ABC-TLG/hBN

4.1 Introduction

It is often speculated that high-7 . superconductivity arises in a doped Mott insulator [77] as described by the
Hubbard model [78, 108, 109]. An exact solution of the Hubbard model, however, is extremely challenging
owing to the strong electron—electron correlations in Mott insulators. Therefore, it is highly desirable to study
a tunable Hubbard system, in which systematic investigations of the unconventional superconductivity and
its evolution with the Hubbard parameters can deepen our understanding of the Hubbard model.

As was discussed in the previous chapter, in addition to correlated insulating states, Ref. 3 found tBLG
to exhibit clear superconductivity proximate in density to the candidate Mott insulator at half filling of the
valence minibands. We have discussed the existence of similar correlated insulating states in the isolated
conduction miniband of ABC-TLG/hBN in Sec. 3.2.4. Unlike in tBLG, theoretical calculations show ABC-
TLG/hBN has the added benefit that the miniband bandwidth can be tuned by an applied displacement field
(as discussed in Sec. 3.2.3), making it an attractive platform to explore correlated behavior emerging in a
tunable triangular Hubbard model [2,4]. In this chapter (which is adapted from Ref. 110), we will discuss
signatures of tunable superconductivity in an ABC-TLG/hBN heterostructure around the 1/4-filling corre-
lated insulating state, corresponding to one hole per unit cell in the moiré superlattice, that emerge below 1 K.
Two apparent superconducting domes are observed with electron and hole doping relative to the 1/4-filling
correlated insulating state. We will discuss transitions between superconducting, insulating, and metallic

states in the ABC-TLG/hBN heterostructure which are readily controlled by the applied displacement field.

4.2 Basic characterization

Measurements were performed using ABC-TLG/hBN device 1 (shown in Fig. 3.12). The device was fabri-
cated according to the procedure described in Sec. 3.2.2. A schematic of the triangular ABC-TLG/hBN moiré

46
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superlattice is shown in Fig. 4.1B. Fig. 4.1C displays the calculated energy dispersion of the lowest electron
and hole minibands at the K point for an ABC-TLG/hBN heterostructure in which the moiré superlattice
is formed with the top hBN flake and the potential energy difference between the bottom and top graphene
layers is 2A = —20meV (corresponding to the vertical displacement field D /ey = —0.4 V/num [2]), where
the negative sign denotes that the displacement field is pointing downward). In the ABC-TLG/hBN moiré
superlattice, each miniband comprises a time-reversed pair of dispersions centred around the K and K’ val-
leys in the original graphene Brillouin zone, where Fx(p) = Ex/(—p), for a combined fourfold spin and
valley degeneracy. According to our theoretical calculations, strong asymmetry between an electron and a
hole exists in the ABC-TLG/hBN system. The first hole miniband (shown in red in Fig. 4.1C) is narrower
and better separated from the other bands than the first electron miniband (shown in blue in Fig. 4.1C). At
2A = —20 meV, the first hole miniband has a bandwidth W of 11.7 meV and is separated from other bands
by over 10 meV. The on-site Coulomb repulsion energy can be estimated by U ~ e?/(4mege)). For the
moiré lattice constant A = 15 nm and an hBN dielectric constant € = 4, U ~ 25 meV, which is larger than
the value of W. This dominant on-site Coulomb repulsion can lead to Mott insulator states in the flat and
isolated hole miniband [2, 104, 107].
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Figure 4.1: Trilayer graphene/hBN moiré superlattice. (A) Optical image of ABC-TLG/hBN device 1
with the top and bottom gates. Scale bar is 3 um. (B) A schematic of the triangular ABC-TLG/hBN moiré
superlattice and the 1/4-filling correlated insulating state, which corresponds to one hole per superlattice
unit cell. (C) The single-particle energy dispersion of the lowest electron and hole minibands in the ABC-
TLG/hBN superlattice with an effective potential energy difference between the bottom and top graphene
layers of 2A = —20 meV, which can be generated by a vertical displacement field of —0.4 V /nm. It features
a narrow and isolated hole miniband, shown highlighted in red. The first electron miniband is highlighted in
blue.

The gate-dependent four-probe longitudinal resistance (R,,) at a vertical displacement field of —0.4 V /nm
in ABC-TLG/hBN device 1 is shown in Fig. 4.2a for a temperature of 5 K. Prominent correlated insulating
states are observed at 1/4 and 1/2 fillings of the hole miniband, corresponding to one hole and two holes per
superlattice unit cell, respectively. 2., as a function of V;, and V, (Fig. 4.2¢) shows the evolution of the
charge neutral point (CNP), 1/4 filling, 1/2 filling, and full filling point (FFP) resistance peaks with the dis-
placement field D. For relatively large D, resistance peaks can be clearly identified at 1/4 and 1/2 fillings of
the valence miniband. As suggested above, the different behaviours of the positive and negative displacement

fields arises from the fact that the moiré superlattice exists only at the top hBN/TLG interface in device 1.



CHAPTER 4. SUPERCONDUCTIVITY IN ABC-TLG/HBN 49

A
40} CNP p=-04Vnm
30+ 1/4
—~ 1/2
g; 20+
MX
107 kep
o = . . . .
-2 -1 0 1 2

n (102cm2)

YW

Figure 4.2: Correlated insulators in trilayer graphene/hBN moiré superlattice. (A) R, as a function of
carrier density shows prominent correlated insulating states at 1/4 and 1/2 fillings with D = —0.4 V/nm at
T = 5 K. (B) Rz as a function of V4 and V;, at T' = 5 K. The resistance peaks at 1/4 and 1/2 fillings of

the first hole miniband can be clearly identified for relatively large D.

4.3 Signatures of superconductivity.

We first focus on a state close to the well-developed 1/4-filling correlated insulator with D = —0.54 V/nm
and n = —5.4 x 10! cm™2 (The carrier density at full filling is 4n, = —2.24 x 10'?2 cm™2). The first
signature of superconductivity is a sharp drop of R, from about 5 k{2 to about 300 {2 within the narrow
temperature range of 2 K to 0.2 K. The resistance then remains nearly constant from 0.2 K down to 0.04 K.
An empirical fit to the Aslamazov—Larkin formula [111] of the R,, — T curve, shown as the solid line in
Fig. 4.3A, yields an estimated superconducting 7. of 0.65 K. Non-zero residual resistance can appear in
measurements of microscopic superconducting samples with poor electrical contacts, as reported in some
magic-angle twisted bilayer graphene samples [14] and other two-dimensional superconductors [112, 113].
The residual resistance may also have a contribution from non-equilibrium quasiparticles in microscopic
devices [114].
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Figure 4.3: Signatures of superconductivity in ABC-TLG/hBN. (A) The R,, — T curve at D =
—0.54 V/nm and n = —5.4 x 10* ecm~2 shows characteristic behavior of a superconducting transition.
An empirical fit to the Aslamazov-Larkin formula (red line) yields an estimated superconducting transition
temperature of 0.65 K. (B) I — V curves at different temperatures show a plateau below the critical current
at about 10 nA for temperatures below 0.3 K. This plateau region tilts and becomes close to linear at higher
temperature, characteristic of a superconducting transition. (C) dV,.,,/dI — I curves at different temperatures.

A critical current of about 10 nA is observed at the lowest temperatures.

A second signature of superconductivity comes from measurements of the current—voltage relationship
(I — V curves), as displayed in Fig.4.3b. At the lowest temperatures, the I — V' curves show a plateau
below a critical current of about 10 nA. The plateau region tilts and exhibits nearly linear behaviour at higher
temperature. Fig.4.3c shows the differential resistance dV/dI as a function of driving current, which provides
a better visualization of the critical current of about 10 nA below 0.3 K and the evolution to a normal metal

behaviour above about 1 K.

4.4 Searching for coherent oscillations

Zero resistance is not a sufficient criteria to label a material a superconductor. The material must additionally
demonstrate either the Meissner effect or coherent transport. However, two-dimensional superconductors
cannot generate sufficient screening field to exhibit a Meissner effect: we expect a screening field Bycreen ~
Bwt/\? where ) is the London penetration depth, w is the sample width, and ¢ is the thickness of the
material [115-117]. With the assumption of any reasonable London penetration depth, Bseen << B; any
external magnetic field approximately uniformly penetrates the sample. However, this penetration does not
prevent such a sample from exhibiting coherent oscillations when a Josephson junction is formed [115-117].
Given that we have not explicitly fabricated the sample in an explicit Josephson junction geometry, we will
rely on inhomogeneity within the sample to provide a superconducting weak link. Coherent oscillations with
periodicities of ~ 5 — 10 mT were observed in a tBLG sample under the same circumstances [3].

Fig. 4.4a displays the critical current behaviour in dV//dI — I curves as a function of the perpendicular
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magnetic field B at a base temperature of 40 mK. There is a clear suppression of the apparent superconduc-
tivity by the magnetic field, where the superconductivity almost disappears at B} ~ 0.7 T. Between 0.7 T
and 2 T, the differential resistance at low bias is relatively small and it exhibits a weak nonlinear  — V' be-

haviour (Fig. 4.4b). This field scale is many times larger than that of the oscillations of tBLG and is unlikely

resulting from phase coherent transport.
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Figure 4.4: Searching for coherent oscillations. (A) The dV,.,./dI color plot as a function of direct current
(DC) bias and perpendicular magnetic field at 7" = 0.04 K (B) Line cuts of (A)at B; =0T,0.4 T, 0.7 T,
and 2 T. (C) The dV,,/dI color plot as a function of direct current (DC) bias and in-plane magnetic field
at T = 0.04 K (D) Line cuts of (C) at B = 0T, 0.4 T, 0.8 T, and 1.2 T. A symmetrized V,,(B) =
Vi (B) + Vaz(—B)]/2 is presented to removed any possible V;,, component in all panels

Fig. 4.4c further displays the in-plane magnetic field dependence of the critical supercurrent behaviour at
40 mK. Fig. 4.4c displays the dV/dI — I curves as a function of the in-plane magnetic field, By, at 40 mK.
The apparent superconductivity in the device is suppressed by B, with the plateau vanishing above 0.7 T. At
the same time, we observe an anomalous resistance peak close to zero current bias at large in-plane magnetic

field. We do not know its origin and further experimental and theoretical studies will be needed to fully

understand this in-plane magnetic field dependence.
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4.5 Mapping the phase diagram

Next, we examine the superconductivity phase diagram as a function of 7" and n. We fix D at two different
values: D = —0.54 V /nm, where both the 1/2- and 1/4-filling Mott states appear (Fig. 4.5a); and D /ey =
—0.17 V/nm, where only the 1/2-filling Mott state appears (Fig. 4.5b).
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Figure 4.5: Carrier-density-dependent phase diagram. R, as a function of carrier density and temper-
ature at (A) D = —0.54 V/nm and (B) D = —0.17 V/nm. The superconducting phase emerges at low
temperature near the 1/4-filling Mott state for D = —0.54 V/nm. Only the 1/2-filling Mott state exists for
D = —0.17 V/nm, and no superconductivity exits at base temperature. Both the superconducting phase and
the metallic phase show very small resistance values at base temperature, but they can be distinguished by
the supercurent behaviour in the I — V' and dI — dV curves and by the R — T dependence (Fig. 4.6b vs.
Fig. 4.6d). Ry = 380 (.

At D/ey = —0.54 V/nm, two apparent superconducting domes emerge at low temperature near the
1/4-filling Mott state: superconductivity appears to exist for both electron and hole doping relative to the
1/4-filling Mott state, analogous to the behaviour seen in high-7. copper oxides [109]. This also resembles
the behaviour observed in magic-angle twisted bilayer graphene around 1/2 hole filling [3], although more
recent work suggests that lower disorder produces only one dome, at slight hole doping relative to the Mott
insulator [14]. The presence of superconductivity even at 1/4-filling in our measurements may be attributed
to the charge inhomogeneity in the trilayer graphene devices, that can lead to patches of superconductivity
when the average filling corresponds to a Mott insulator, as seen at higher temperatures [110] .

The behaviour around the 1/2-filling Mott state is less clear, perhaps reflecting a weaker superconducting
state. The resistance remains rather high on the electron-doping side of the 1/2-filling point. The R — T
curve for hole doping relative to the 1/2-filling Mott state is consistent with a phase transition, but the I — V'
and dI/dV — V are not consistent with a superconducting state [110]. Further studies will be required to

establish the nature of this state.
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At D/ey = —0.17 V/nm, where only the 1/2-filling Mott state exists, the phase diagram shows no
superconductivity even at base temperature. The metal phases show very small resistance values at base
temperature, but they can be distinguished from superconducting phases by their R — 7" dependencies and
the lack of nonlinear behaviour in the I — V' and dV/dI curves.

The ABC-TLG/hBN system offers a platform with which to investigate the evolution of superconductivity
where the bandstructure of the miniband can be continuously tuned by D. We fix the carrier concentration at a
constant n = —5.2 x 10!! cm~2, which corresponds to a small electron doping relative to the 1/4-filling Mott
states, and examine the electronic phases at different D. The four-probe resistance R, as a function of D
and T is displayed as a two-dimensional color plot in Fig. 4.6a. At small D where the miniband bandwidth
is relatively broad, the system exhibits a metallic phase. Fig. 4.6b shows the R,, — T plot at D/eg =
0 V/nm, where the resistance is low and constant, suggesting that impurity scattering dominates at very low
temperature. When D is increased to a positive value, we observe a phase transition from the metallic state
to a correlated insulating state caused by the field-induced narrowing of the hole miniband [2]. A line cut
at D/eg = 0.45 V/nm of Fig. 4.6a shows the insulating R, — T behaviour of such a correlated insulating
state (Fig. 4.6c). Superconductivity, however, never appears for positive D at this n. As D is decreased, we
observe an evolution from the metallic phase (D /ey > —0.28 V/nm) to a candidate superconducting phase
(D/ey < —0.53 V/nm) (we limited |D| to 0.6 V/nm to avoid possible damage to the gate dielectrics).
The transition region between D /ey = —0.28 V/nm and —0.53 V/nm exhibits complex behaviour, and we
refer to it as a “correlated resistive state” because the overall resistance is relatively high compared with the

metallic region. Fig. 4.6e shows several R — T curves with different behaviours in this transition region.
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Figure 4.6: Tunable electronic phases with the displacement field. (A) R, as a function of D and T at
fixed doping n = —5.2 x 10'? cm~2 relative to the CNP, corresponding to slight electron doping relative
to 1/4-hole filling. D modifies the band structure of the minibands in ABC-TLG/hBN, and therefore the
charge correlations. As a function of D, the system can be tuned across four different electronic states from
left to right: superconducting, correlated resistive state, metal, and correlated insulating state. (B-E) Vertical
line cuts of (A) at selected D values to illustrate the K., — T behavior of different electronic states. (B)
The metallic state at D = 0 V/nm shows a low and constant resistance owing to the dominating impurity
scattering. (C) The correlated insulating state at D = 0.45 V/nm shows an increased resistance at lower
temperature. (D) The superconducting state at D = —0.59 V/nm shows a rapidly decreasing resistance to
a constant residual value at lower temperature. (E) The transition region between D = —0.28 V/nm and
D = —0.53 V/nm exhibits rather complex behavior, and we refer to it as a “correlated resistive state” because
the overall resistance is relatively high compared with the metallic region. The state at D = —0.32 V/nm
shows a weak insulator-like behavior with increased reistance at the lowest temperatures, the state at D =
—0.4 V/nm show an almost constant but relatively large resistance value, and the state at D = —0.45 V/nm

displace a strange-metal-like behavior with an almost linear decrease of resistance at low temperature.

4.6 Discussion

The ABC-TLG/hBN superlattice thus provides a unique model system with which to study the triangular
Hubbard model with fourfold onsite degeneracy, associated with an isolated and electrically controllable
nearly flat fourfold-degenerate miniband. In this system, we experimentally find tunable Mott insulator states

and signatures of tunable superconductivity. Further studies of such a tunable quantum system may shed
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light on the longstanding question of high-7. superconductivity’s relationship to the Hubbard model. ABC-
TLG/hBN systems may also reveal new types of electronic states—such as spin liquid phases [104], elec-
trically tunable Chern bands [4,20], and topological triplet superconductivity [107, 118]—all of which have
been recently predicted for a triangular Hubbard model based on ABC-TLG/hBN superlattices.

We have used the term superconductivity somewhat liberally in this chapter while the sample has not
quite been rigorously demonstrated to be a superconductor. In Ch. 7, we will revisit the results of this chapter
and possible explanations for the observed behavior. The main points of concern are that: (1) while R, fell
precipitously with decreasing temperature (Fig.4.3A), the resistance never fell to zero, (2) non-linear behavior
was observed in both V' — I and dV/dI — I (Fig.4.3B and C) but neither clearly show a superconducting gap

with a well defined critical current, and (3) the field scale of the oscillations observed (Fig.4.4).



Chapter 5

Magnetism at integer filling in moiré

systems

5.1 Ferromagnetism in Twisted Bilayer Graphene

5.1.1 Introduction

This section is adapted from Ref. 18.

In weakly dispersing bands, electron-electron interactions dominate over kinetic energy, often leading
to interesting correlated phases. Graphene has emerged as a preeminent platform for investigating such flat
bands because of the control of the band structure enabled by stacking multiple layers and the tunability of the
band filling via electrostatic gating. In particular, the moiré superlattice of so-called “magic-angle” twisted
bilayer graphene (tBLG), in which one monolayer graphene sheet is stacked on top of another with a relative
angle of rotation between the two crystal lattices of near one degree, is predicted to host nearly flat bands of
~10 meV width [11,80,119].

In the single-particle picture, the flat bands are four-fold degenerate because of spin and valley symme-
tries [46]. However, magic-angle tBLG has recently been shown to exhibit high-resistance states at half (1,/2)
and three-quarter (3/4) filling of the conduction and valence bands [1, 14] and at one-quarter (1/4) filling of
the conduction band [14], all cases where metallic behavior would be expected in the absence of interactions.
Surprisingly, magic-angle tBLG can become superconducting when doping slightly away from 1/2 filling of
either the conduction or valence band [3, 14].

Theoretical calculations have raised the possibility of magnetic order as a result of interactions lifting spin
and valley degeneracies [66, 120-126]. Here, we present unambiguous experimental evidence of emergent
ferromagnetism at 3/4 filling of the conduction band in tBLG: a giant anomalous Hall (AH) effect that

displays hysteresis in magnetic field. We also find evidence of chiral edge conduction. Our results suggest

56
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that the 3/4-filling state is a correlated Chern insulator.

5.1.2 Fabrication and basic device characterization

The device we will discuss was fabricated from a heterostructure assembled using a “tear-and-stack” dry-
transfer method [46,47] with a target twist angle § = 1.17°, as discussed in Sec. 3.1.3. The graphene is
encapsulated in two 50 nm thick hBN cladding layers that both protect the channel from disorder and serve as
a dielectric for electrostatic gating. The completed heterostructure was transferred onto a 300-nm-thick SiO4
atop a degenerately doped Si substrate that serves as a back gate. The heterostructure was then fabricated into
a Hall bar geometry using standard lithographic techniques (Fig. 5.1, inset). During fabrication, a Ti/Au top
gate was deposited onto the completed heterostructure. In such a dual gated geometry, we can independently
tune both the charge carrier density n in the tBLG and an applied perpendicular displacement field D [18,127]

(see Appx. B for details on mapping between voltages applied to the gates and these parameters).
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Figure 5.1: Correlated states in near-magic-angle tBLG. (Upper panel) Longitudinal resistance R, of the
tBLG device (measured between contacts separated by 2.15 squares) as a function of carrier density n (shown
on the top axis) and perpendicular displacement field D (left axis), which are tuned by the top- and back-gate
voltages, at 2.1 K. n is mapped to a filling factor relative to the superlattice density ns, corresponding to one
electrons per moiré unit cell, shown on the bottom axis. (Inset) Optical micrograph of the completed device.
The scale bar is 5 um. (Lower panel) Line cut of R,, with respect to n taken at D/eg = —0.22 V/nm
showing the resistance peaks at full filling of the superlattice, and additional peaks likely corresponding to

correlated states emerging at intermediate fillings. Figure replicated from Ref. 18.
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As an initial search for signatures of correlated effects in the device, we measured the dependence of
the longitudinal resistance on n and D using standard lock-in techniques with a 5 nA RMS AC bias current
(Fig. 5.1, upper panel). We observe a number of resistance peaks at different carrier densities. Namely,
we observe a strong resistance peaks at the charge neutrality point (CNP) and at densities +4n, = 3.37 X
102 cm~2 corresponding to full filling of the mini-Brillouin zone (mBZ) of the tBLG superlattice (four
electrons or holes per superlattice unit cell). As discussed in Sec. 1.2, this value of ns corresponds to a twist
angle 6 = 1.20° = 0.01° in the tBLG heterostructure [35], very near the target angle of 1.17°.

In addition to these peaks that are expected from a single-particle picture of the tBLG band structure,
there are additional high resistance states at 1/4, 1/2, and 3/4 fillings of the conduction mini-band. Such
fillings correspond to one, two, and three electrons per superlattice unit cell. At the time of this study, such
features had previously been attributed to correlated insulating states [3, 14].

We observe another unexpected peak at n/n; = —4.6 and a corresponding shoulder on the full filling
peak of the electron side (seen in Fig. 5.1, lower panel). These features do not obviously correspond to some
integer number of charge carriers per superlattice unit cell. It was claimed in Ref. 18, that such a feature likely
results from the lattice alignment of the top graphene sheet with the top hexagonal boron nitride layer. The
density 4.6n corresponding to an angle § = 0.81° + 0.02° [35]. It is the case that for this heterostructure,
such near-alignment with the top hBN layer is borne out by optical images of the heterostructure (Fig. 5.2);
the bottom hBN is far from aligned with the bottom graphene sheet. However, it may be the case that such
features are common in tBLG devices; this behavior is present in other tBLG samples where it is not reported
whether or not the hBN is well aligned with the graphene [14, 128]. Despite this, alignment of one of the
hBN cladding layers seems plausible in this device and is one obvious explanation to the phenomena seen
within this device, as we will discuss shortly. Vertical asymmetry in the heterostructure from the alignment
of the hBN may play a role in the strong dependence of the peak structure on the sign and magnitude of the

displacement field.
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Figure 5.2: Micrograph of the tBLG heterostructure. A false color optical micrograph of the completed
heterostructure (before lithography) demonstrates the rotational alignment of the top hBN layer and graphene.
The arrow labeled ‘G’ indicates a crystallographic edge of the top graphene layer of the tBLG while the
arrow labeled ‘hBN’ indicates a crystallographic edge of the top encapsulating hBN crystal. Based on this
micrograph, the alignment of the crystallographic edge of the top hBN to that of top graphene of the tBLG is
consistent with the experimentally measured angle of f,pn = 0.83° £ 0.02° (calculated based on the density
corresponding to the peak we associate with the hBN moiré pattern; see Fig. 5.1). The bottom hBN is far
from rotational alignment with the bottom graphene layer of the tBLG.
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Figure 5.3: Displacement field dependence from separate cooldown. Longitudinal resistance R,, of the
tBLG device (measured between contacts separated by 2.15 squares at 40 mK) as a function of carrier density
n (shown on the top axis), filling factor relative to the superlattice density ns (bottom axis), and the applied

perpendicular displacement field D (left axis).
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The dependence of the longitudinal resistance R,, on displacement field is not perfectly reproducible
between cooldowns. Fig. 5.3 shows a map of R, as a function n and D at T = 40 mK for a separate
cooldown of the device. When compared with Fig. 5.1, Fig. 5.3 appears to have an overall shift in D. In
addition to this shift, there is an offset in the gate voltages corresponding to the resistance peak at the CNP
that varies between cooldowns. We have accounted for this in calculating n and D. Comparing to Fig. 5.1,
this cooldown exhibits a shift of the CNP resistance peak centered near 0.05 V/nm. Additionally, the position
of the CNP resistance peak in the calculated density n does not appear to exhibit a significant change with
D, aside from asymmetric broadening near D = 0 that disappears at larger |D| (cf. Fig. 5.1 where the line
traced by the peak in the 2D map appears to have a small kink). The differences between cooldowns are likely
caused by variations in the disorder landscape seen by the tBLG, which can be changed by thermal cycling
the device. This variability between cooldowns did not impact our ability to observe the basic phenomena we

will shortly discuss.

5.1.3 Comparison to a superconducting tBLG device with misaligned hBN
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Figure 5.4: Displacement field dependence of superconducting tBLG device with misaligned hBN. (A)
An optical micrograph of the completed device. The scale bar is 20 ym. (B) Longitudinal resistance R, of
the misaligned tBLG device (measured between contacts separated by 1.25 squares at 1.5 K) as a function of
carrier density n (shown on the top axis, or as a filling factor relative to the superlattice density shown on the
bottom axis) and perpendicular displacement field D. We do not observe zero resistance as we are above the

superconducting transition temperature, for a better comparison with Fig. 5.1.

To explain the dependence of transport on the sign of the displacement field in the main device of this section,
we can compare it to the dependence in a second tBLG device (with a 1.05° 4 0.02° twist angle) where the
graphene has been intentionally misaligned with each of the hBN cladding layers. This second device has an

additional graphite back gate that should help to drastically reduce disorder of the potential landscape within



CHAPTER 5. MAGNETISM AT INTEGER FILLING IN MOIRE SYSTEMS 61

the tBLG by screening the effect of charges in the SiO, [35]. Also replacing the top metal gate with a second
graphite gate could lead to further improvement [14, 129].

When the longitudinal resistance is measured as a function of the applied gate voltages, this device shows
drastically different dependence on the applied displacement field than the main device. With the graphene
misaligned with both hBN layers, the device is in an approximately symmetric dielectric environment (up to
differences in disorder, hBN thicknesses, and gate materials). As a result, the longitudinal resistance has no
features that strongly depend on the sign of the displacement field.

The stark contrast between the displacement field dependence of this misaligned device and the main
device suggests that the vertical symmetry of the heterostructure is broken in the latter. This could result
from disorder, but as previously, it appears that the symmetry could be broken by the alignment of one of
the two hBN cladding layers with the tBLG. While the device with misaligned hBN did not show any of the

phenomena discussed in the following sections, it did superconduct with cooled to lower temperatures.

5.1.4 Magnetic field response

Magnetotransport in graphene-based heterostructures typically does not depend on the history of the applied
field. Surprisingly, we find in our main device that in a narrow range of n near n/ns = 3, transport is hys-
teretic with respect to an applied out-of-plane magnetic field B (Fig. 5.5A). When the applied field is swept
to zero from a large negative value, a large AH resistance R,, ~ £6 k{2 remains, with the sign depending
on the direction of the field sweep, indicating that the sample has a remnant magnetization. This large AH
signal is especially striking given the absence of both transition metals (typically associated with magnetism)
and heavy elements (to give spin-orbit coupling) in tBLG. If the field is left at zero, the magnetization is very
stable, with no significant change in the Hall resistance observed over the course of six hours (Fig. 5.6). As
the field is increased beyond a coercive field of order 100 mT opposite to the direction of the training field,

the Hall signal changes sign, pointing to a reversal of the magnetization.
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Figure 5.5: Emergent ferromagnetism near three-quarters filling. (A) Magnetic field dependence of the
longitudinal resistance R, (upper panel) and Hall resistance R, (lower panel) with n/n; = 2.984 and
D/ey = —0.62 V/nm at 30 mK, demonstrating a hysteretic anomalous Hall effect resulting from emergent
magnetic order. The solid and dashed lines correspond to measurements taken while sweeping the magnetic
field B up and down, respectively. (B) Zero-field anomalous Hall resistance R’;;I (red) and ordinary Hall
slope Ry (blue) as a function of n/n, for D/eg = —0.6 V/nm. R} is peaked sharply with a maximum
around n/ns = 3.032, coincident with Ry changing sign. These parameters are extracted from line fits of
Ry, versus B on the upward and downward sweeping traces in a region where the B-dependence appears
dominated by the ordinary Hall effect. The error bars reflect fitting parameter uncertainty along with the effect
of varying the fitting window, and are omitted when smaller than the marker. (C) Temperature dependence of
R, versus B at D/e¢p = —0.62 V/nm and n/n, = 2.984 between 46 mK and 5.0 K, showing the hysteresis
loop closing with increasing temperature. Successive curves are offset vertically by 20 k€ for clarity. (D)
Coercive field and anomalous Hall resistance (extracted using the same fitting procedure as above) plotted
as a function of temperature from the same data partially shown in (C). Data in Fig. 5.5 were taken during a

separate cooldown from that of the data in the rest of the figures, but show representative behavior [18]
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Figure 5.6: Temporal stability of the magnetization. (A) Hall resistance R,, at n/n, = 2.984 and
D/ey = —0.52 V/nm as a function of time over the course of 6 hours in zero field, after first magnetizing
the sample by applying —500 mT and then returning the field to 0 T. (B) A full hysteresis loop taken prior
to the measurement shown in (A) is displayed in red. The blue trace shows the behavior of I, as the field
is swept from 0 to 500 mT following the measurement in (A). A clear anomalous Hall jump in the blue trace
is comparable to those in the continuous red loop, indicating that the magnetization was stable through the

6 hour pause.

Multiple intermediate jumps appear near the coercive field. To check the repeatability of the hysteresis
loop structure, we swept the applied magnetic field between £250 mT twelve times while maintaining a
constant density and displacement field (Fig. 5.7). The structure of the hysteresis loop is very consistent
between sweeps with many of the intermediate jumps appearing highly repeatable. These jumps likely corre-
spond to some magnetic domain structure with domains of varying coercivities, or to a repeatable pattern of
domain wall motion and pinning. This behavior may result from inhomogeneity caused by local variations
in the twist angle between the graphene sheets, which has recently been directly imaged using transmission
electron microscopy [13], or by local variations in electrostatic potential [130]. Additionally, we see a dip (of

unknown origin) in the Hall resistance on the advanced side of zero field for both directions of the hysteresis
loop.
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Figure 5.7: Repeated hysteresis loops. Longitudinal resistance R, (top panel) and Hall resistance R,
(bottom panel) are shown as a function of magnetic field for twelve consecutive loops of the field between
4250 mT for n/ns, = 3.032 and D/ey = 0 V/nm (in the same cooldown as that of Fig. 5.3). The solid
and dashed lines correspond to measurements taken while sweeping the magnetic field B up and down,

respectively.

Hysteresis loops of R, and R, would ideally be antisymmetric and symmetric, respectively (in the
sense that R;;(B) = iﬁij(—B), where R;; and Eij are measured with the field sweeping in opposite
directions). We find that R, hysteresis loops are roughly antisymmetric but offset vertically by —1 k2. R,
is nearly flat with field, but has an antisymmetric component, presumably because of mixing in of the large
changes in R,

We define the coercive field as half the difference between the fields where the largest jumps in R, occur
on the upward and downward sweeps. With increasing temperature 7', the coercive field steadily decreases
before vanishing at 3.9 K (Fig. 5.5, C and D). This monotonic dependence could be expected, since flipping
individual domains or moving domain walls in a magnet is usually thermally activated [131].

The Hall signal appears to be the sum of two parts: an anomalous component that reflects the sample
magnetization [132], and a conventional component linear in field with a Hall slope Ry (Fig. 5.5B). To

clearly separate the two components of the Hall effect, we define the anomalous component as half the
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difference between B = ( Hall signals on the up and down sweeps of applied field: Rg;' = ]R;C — Rim‘ /2,
where R;g“ is the Hall resistance remaining at zero field after the sample has been magnetized by an upward
(downward) applied field. If we took R;%) to equal the raw values of R, (B = 0) under the two sweep
directions, our reported parameters would be affected by small jumps in the resistance close to zero field.
Instead, in analyzing the data, we examine a sweep toward zero field from a positive (negative) field higher
than the coercive field; starting at a chosen high field cutoff, we include data until the first significant jump
in R,,. We fit a line to this subset and extrapolate or interpolate the value at B = 0 to estimate R;&U. By
varying the high field cutoff, we can estimate the uncertainty in the fitting parameters. We use the slope

of these same linear fits as a measure of the conventional component of the Hall signal, Ry. Unlike the

AH

coercive field, the magnitude of the residual anomalous Hall resistance at zero field, Ryw,

AH
yx

does not vary
monotonically with temperature: R
zero by 5 K (Fig. 5.5, C and D).

Although the hysteresis is observable over a wide range of displacement fields (Fig. 5.8), it only emerges

rises slightly with increasing T" up to 2.8 K, before rapidly falling to

in a narrow range of densities near 3/4 filling of the mBZ. R;\E displays a sharp peak as a function of n/n,
reaching 6.6 k(2 for n/ns = 3.032 with a full width at half maximum of 0.16n (Fig. 5.5B). It is interesting
to note the asymmetry R?;I as a function of n: namely there is a very sharp onset from zero as n/n, increases
towards 3 but as n/n; is increased further, Rgﬂ falls rapidly but then remains above zero at the measured
densities. It appears that the system remains magnetic at higher densities (this will be discussed further
in Ch.6). These measurements were made along a trajectory for which D changes by approximately 10%
coincident with the primary intended change in n [18]. In a separate measurement, we observed hysteresis
loops with ROH up to 10.4 kQ (Fig. 5.9).

The gate-voltage dependence of the conventional linear Hall slope Ry [18] appears typical for a transition
from p-type- to n-type-dominated conduction in a semimetal or small-gap semiconductor, with | Ry| rising
when approaching the transition from either side, then turning over and crossing through zero (Fig. 5.5B).
Recent studies of near-magic-angle tBLG have reported high resistance at 3/4 filling [3,14] (cf. our Fig. 5.1),
suggesting that spin and valley symmetries are spontaneously broken, resulting in a low density of states (or a
gap) at this filling. Our results similarly indicate a possible correlated insulating state, here with an AH effect

in a narrow range of densities around this same filling.
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Figure 5.8: Displacement field dependence of hysteresis loops. Longitudinal resistance R, (upper panel)
and Hall resistance R, (lower panel) at n/n, = 2.996 for two different displacement fields as labeled in the
figure. Although tuning the displacement field from a large negative field to near zero causes a slight change
in the longitudinal resistance and the hysteresis loop structure, the tBLG magnetic field dependence remains

hysteretic.
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Figure 5.9: Density dependence near 3 /4 with fixed displacement field at 2.1 K. (A) Zero-field anoma-
lous Hall resistance R‘;‘g (red) and ordinary Hall slope Ry (blue) as a function of n/n, while maintaining a
constant displacement field D /ey = —0.22 V /nm. RjH is peaked at n/n, = 3.096, close to the position of
the peak at 0.758 in Fig. 5.5B and again coincident with a sign change in Ry. The full width at half maximum
is slightly increased, at 0.07 instead of 0.04. (B) Magnetic field dependence of the longitudinal resistance
R, (upper panel) and Hall resistance R, (lower panel) at n/ns = 3.096, the largest hysteresis loop of the
series shown in (A), with R’y*g =10.4 kQ.

The state at 1/4 filling might be expected to behave similarly to the 3/4 state due to the possible breaking
of spin and valley degeneracies. Although we see signatures of a correlated state at 1/4 filling (Fig. 5.1), we
were unable to observe an AH effect near the 1/4 state. Theoretical calculations [66] indicate that interactions
modify the band dispersion differently at different commensurate fillings. Empirically, it is clear that the
prominence of the resistance peaks and the displacement field dependence differs significantly between 1/4

and 3/4, suggesting that the correlated states at the two fillings are not equivalent.
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5.1.5 Nonlocal transport

The presence of a giant AH effect in an apparent insulator is reminiscent of a ferromagnetic topological
insulator approaching a Chern insulator state [19, 133, 134], where it would exhibit a quantum anomalous
Hall (QAH) effect. An ideal QAH state is characterized by an insulating 2D bulk and chiral edge state,
which conduct without dissipation. This implies p,, approaches zero and Hall resistivity py, is quantized to
h/ Ce? [135,136], where h is Planck’s constant, e is the electron charge, and C is the Chern number arising
from the Berry curvature of the filled bands (C' = %1 in presently available QAH materials). Chiral edge
modes associated with a quantized Hall system manifest in nonlocal transport measurements [137, 138]. In
an ideal QAH system described by the Biittiker edge state model [139], floating metallic contacts equilibrate
with the chiral edge states that propagate into them, and therefore take on the potential of either the source
or the drain contact (in the absence of non-ideal contact resistances), depending on the chirality of the edge
states. In a ferromagnetic QAH insulator, this chirality is determined by the direction of the magnetization,
leading to hysteresis in the Hall resistance as a function of applied magnetic field. The number of edge
modes, each contributing €2 /h to the source-drain conductance, is given by C, leading to a source-drain
resistance of h/ Ce?. As aresult, when a current I flows from source to drain, floating terminals will have a
voltage of either hI/Ce? or 0, referenced to the drain, if the contact is forward along the edge state direction
of flow from the source or drain, respectively. Clearly our results are not those of an ideal QAH system.
Dissipation can cause deviations from the ideal behavior, while still giving results differing from classical
diffusive transport. Below we present and analyze our experimental evidence for nonlocal transport in the

magnetic state.
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Figure 5.10: Nonlocal resistances providing evidence of chiral edge states. Three- and four- terminal

nonlocal resistances Rs4 14 and Rpy 12, measured at 2.1 K with D/¢y = —0.22 V/nm, are shown in the

AH

upper and lower panels, respectively. For n/n, = 2.9 (blue) away from the peak in AH resistance Ry,

the nonlocal resistances are consistent with diffusive bulk transport. However, with n/n, = 2.996 (red) in
the magnetic regime where RﬁzH is maximal, large, hysteretic nonlocal resistances suggest chiral edge states
are present. The inset schematics display the respective measurement configurations. Green arrows in the
upper inset represent the apparent edge state chirality for positive magnetization, while in the lower inset they

reflect negative magnetization.

The three-terminal resistance Rs4 14, Where R;j e = Vie/I;; with Vi, the voltage between terminals
k and ¢ when a current I;; flows from terminal ¢ to j, is shown in Fig. 5.10 (upper panel) for two values
of n/n,. When the density is tuned away from the center of the magnetic regime, R4 14 is ~5 k(2 and
nearly independent of applied field. We ascribe this behavior to diffusive bulk transport and a finite contact
resistance to ground. By contrast, at the center of the magnetic regime we observe a hysteresis loop with
R§4,1 4 = 3.3kQand R;m 4 = 9.1k, where R;.(i)e are the remnant resistances at zero field after the sample

has been magnetized by an upward (downward) applied field. The difference |Rg4,1 4= Ré4,1 4| 1s largest
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near the peak in R;j;* shown in Fig. 5.5B. For an ideal QAH effect, we would expect 54,14 to be either
0 or h/Ce? (25.813 k) for C' = 1) and will alternate between the two if the chirality is reversed. With
non-ideal contacts, three-terminal resistances will also be offset by an additional contact resistance from the
drain. While the difference |Rg4’1 4= Rém 4| = 5.8 kQ is smaller than the ideal C' = 1 QAH case by a factor
of 4, it could be consistent with a QAH state in combination with other dissipative transport mechanisms or
a complex network of domain walls (in addition to contact resistance). These three-terminal measurements
alone cannot rule out diffusive bulk transport with a very large (anomalous) Hall coefficient, but, as we will
see, four-terminal measurements suggest this is unlikely.

In contrast to the three-terminal case, four-terminal nonlocal resistances where the voltage is measured
far from the current path are exponentially small in the case of homogeneous diffusive conduction [140]. For
an ideal QAH system, four-terminal resistances should always be 0 if measured between two voltage contacts
on the same side of the perimeter relative to the source and drain, which is the case for the measurements
we will present here. For n/ns; = 2.9, away from the peak in Rggf[, the measured Ry5,12 = 10 Q (Fig. 5.10,
lower panel) is indeed small. In the magnetic regime at n/ns = 3.0, however, the four-terminal resistance is
two orders of magnitude larger than the 3 2 expected from homogeneous bulk conduction, with a hysteresis
loop yielding Ré4’12 =42 Q and Rg4’12 = 240 Q. Although, in an ideal QAH state with pure chiral edge
conduction this four-terminal resistance would be zero, the presence of additional conduction paths, such as
extra non-chiral edge states [9], parallel bulk conduction, or transport along magnetic domain walls [141,142],
can result in large, hysteretic nonlocal resistances.

The case of transport via the 2D bulk in the absence of edge states is different in large part because of
the nonzero longitudinal resistivity p,,. The voltage of floating contacts will depend not only on the Hall
resistivity p,., but will also pick up a contribution from p,, times a geometrical factor (in addition to an
offset from the drain contact resistance) that may be a significant fraction of the two-terminal source-drain
resistance. For bulk transport with a relatively small Hall angle (the common case for an anomalous Hall
effect, where typically pyz/pzz ~ 0.1 or less [143]), three-terminal resistances in a geometry like that of
our nonlocal measurement configuration should differ between opposite magnetizations by a relatively small
amount compared to their average value since the contribution from p,, dominates, though this difference
could be significant if the Hall angle is instead large. As in the QAH case, four-terminal resistances between
contacts on the same side of the perimeter should not depend on the sign of the magnetization [140]. Although
nonzero, the four-terminal resistance in a nonlocal configuration similar to ours will be exponentially small:
if current is passed between two contacts on one end of a long, thin strip while the voltage difference is
measured between two contacts on the opposite end, the resulting nonlocal resistance from bulk conduction
alone is Ry = (pyz /) exp(—ml/w), where [ and w are the length and width of strip, respectively [140].

An additional possibility is that chiral edge states are present along with some other dissipative conduc-
tion channels. While carriers are only transmitted in one direction between adjacent pairs of contacts in an
ideal QAH state, in this case backscattering between contacts in the opposite direction becomes possible

through the additional channel, leading to nonzero four-terminal resistances. One such scenario, analyzed
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in Ref. 9, is a QAH state with additional, non-chiral edge states. Compared to the ideal QAH case, the
presence of this channel allowing transmission of carriers in the opposite direction of the chiral edge states
leads to a reduced difference in the three-terminal resistances between opposite chiralities. Four-terminal
nonlocal resistances are also expected to be relatively large in comparison to those in either a pure QAH
effect or the case of bulk conduction without edge states, and can differ between opposite magnetizations;
this phenomenon results from the combination of nonlocal transport from the chiral edge states along with
dissipation due to backscattering. Similar effects can occur from the combination of chiral edge states and
any conduction mechanism allowing such backscattering, including others that could be present in the tBLG
system: nonzero bulk conductivity due to a small or spatially varying gap, or additional one-dimensional
conduction paths through the bulk along a network of magnetic domain walls [141, 142] (due to the Chern
number changing sign between domains of opposite magnetization).

Our measurements appear to be best explained by this latter situation, with both chiral edge channels
and some other conduction mechanism like those described above. The three-terminal resistance Rs4,14
shown in Fig. 5.10 exhibits significant hysteresis and differs by a large but non-quantized value between
the two magnetizations for the density where the AH effect is strongest. This measurement rules out an
ideal QAH effect but is still suggestive of nonlocal transport along edge channels. The behavior of the four-
terminal resistance Rs4 12 at this density, with a hysteresis loop saturating at approximately 42 Q2 and 240 (2
for upward and downward magnetization, respectively, is likewise inconsistent with a homogeneous Chern
insulator state. However, it also excludes the possibility of homogeneous bulk transport, which would yield
Rsa12 =~ 3 (). Both of these nonlocal measurements are instead consistent with chiral edge transport in
combination with another conduction path giving rise to dissipation, which is also likely the explanation for
the large but non-quantized AH effect we observed in transport in a typical Hall measurement configuration
(Fig. 5.5).

5.1.6 Response to DC bias current

Surprisingly, we find that the n/n, = 3 state is extremely sensitive to an applied DC current. All of the
measurements described above were performed with a 5 nA RMS AC bias current, but we observed curious
behavior when we added a DC bias Ipc to this small AC signal. Sweeping Ipc between £50 nA with B = 0
(Fig. 5.11), we found that the differential Hall resistance dV,,,/dI follows a hysteresis loop reminiscent of
its magnetic field dependence. This loop was very repeatable after a slight deviation from the first trace
(black trace, Fig. 5.11), for which Ipc was ramped from O to —50 nA after first magnetizing the sample in a
—500 mT field.
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Figure 5.11: Current-driven switching of the magnetization. Differential Hall resistance dV,,/dI mea-
sured with a 5 nA AC bias as a function of an applied DC current Ipc at 2.1 K with D/eg = —0.22 V/nm
and n/n, = 2.996. Note that dV/,, /dI is plotted against —Ipc for better comparison with magnetic field hys-
teresis loops. After magnetizing the sample in a —500 mT field and returning to B = 0, Ipc was swept from
0 to —50 nA (black trace), resulting in dV,,, /dI changing sign. Successive loops in Ipc between 50 nA
demonstrate reversible and repeatable switching of the differential Hall resistance (red and blue, with solid

and dashed traces corresponding to opposite sweep directions).
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Figure 5.12: Current-driven switching in nonzero magnetic field, and characterization of the transition.
(A) Hysteresis loops of the differential Hall resistance dV,, /dI with respect to DC current (plotted as —Ipc
as in Fig. 5.11) at three different static magnetic fields after the sample was magnetized at 500 mT. These
data were taken at 35 mK with n/n, = 2.996 and D /ey = —0.22 V/nm during the same cooldown as for
the data of Fig. 4. (B) Transition rate of the apparent magnetization switching at a fixed current Ipc after
magnetizing the sample with a —75 nA current (at 7' = 2.1 K and zero field). The transition appears to be a

memoryless process.
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The dependence of the DC current hysteresis loop on applied field at 7" = 35 mK is shown in Fig. 5.12A.
For each loop, the magnetic field was first increased to 500 mT and then decreased to the target field before
cycling the DC current Ipc. Evidently, the applied field shifts the critical current required to switch the
differential Hall resistance dV,,/dI. Consistent with our expectation, when a nonzero field is applied, the
magnitude of the current required to switch the apparent magnetization to the direction opposite (aligned)
to the field is increased (decreased). It also appears from the loop at 100 mT that with sufficient field
in the direction in which the sample has been magnetized, the DC current cannot completely reverse the
magnetization, since dV},,/dI remains significantly lower after switching than it does in the loops at 0 or
—100 mT.

We further attempted to study the dynamics of the switching transition by measuring the time dependence
of the differential Hall signal when Ipc was close to a value at which we observe large jumps in the loop
shown in Fig. 5.11. With the current fixed near the jump at ~45 nA, dV,,,/dI appears stable for a short time
before rapidly switching (we did not measure the switching time itself since our lock-in measurements could
not resolve changes on a time scale faster than ~1 s). By repeatedly bringing Ipc to —75 nA and back to
a target current near the jump (at a rate of 0.7 nA/s), then measuring dV,,, /dI as a function of time, we
were able to investigate the statistics of this time lapse before the transition occurred. We find that the delay
time before the switch appears to be exponentially distributed, indicating that the transition is a memoryless
process that does not depend on the total charge transported. The corresponding transition rate (Fig. 5.12B)
rapidly increases with Ipc near the currents at which we observe jumps in the full hysteresis loops, which
were obtained by sweeping Ipc slowly at an average rate of 0.15 nA /s.

The switching of dV,./dI is clear evidence that, like the external magnetic field, the applied DC current
bias modifies the magnetization. This phenomenon might be similar to switching in other ferromagnetic
materials, in which spin-transfer or spin-orbit torques can influence the magnetization. However, the current
necessary to flip the moment appears to be very small [144]. It may be the case that the bulk current can either
redistribute electrons [145] or directly generate a net orbital magnetization [146] due to the reduced lattice
symmetry of tBLG aligned to hBN. It has also been proposed that a current could efficiently drive domain

wall motion in a QAH system due to quantum interference effects from the edge states [147].

5.1.7 Evidence for orbital Chern insulator

At large positive displacement fields, a dip in longitudinal resistance forms near n = 3n, (Fig. 5.13). Char-
acterizing the anomalous Hall across this dip in R,, at a displacement field of D/ey = 0.59 V/nm, we
see that the anomalous Hall resistance changes sign as the density crosses 3.12n, (Fig. 5.14). This change
in the sign of the anomalous Hall perhaps indicates the existence of two different ferromagnetic states that
can be stabilized in different regions of parameter space (as we will also discuss in Ch. 6). The sign of the
magnetic field controls the preferred magnetization direction, as the magnetic moment wants to align with
the field. However, the magnetization of an orbital Chern insulator reverses sign as the chemical potential

passes through the gap [148]. Therefore, the magnetization of each valley, and hence the magnetization for a
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Chern insulator of each Chern number, reverses as a function of carrier density for an orbital Chern insulator.

This reversal of the sign of the anomalous Hall at a large displacement field is perhaps indicating that

the 3/4 state is an orbital Chern insulator. It is unclear, however, why this behavior is only observed at large

displacement fields. Displacement field appears to enhance the gap at 3/4 filling, given that the resistance

peak at 3/4 filling increases with increasing D. If this reversal of the sign of the anomalous Hall is due to an

orbital Chern insulator, then the chemical potential has to be more homogeneously residing within the gap

despite the inhomogeneity of the sample.
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Figure 5.13: Displacement field dependence near n = 3n,. (A) Longitudinal resistance R, as a function
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Figure 5.14: Hysteresis loops at large a positive displacement field. Magnetic field dependence of R, for
a displacement field of D /ey = 0.59 V/nm and charge densities of (A) 3.04n,, (B) 3.12ny, (C) 3.16n, and
(D) 3.24ns. Measurements are performed at 2.16 K.
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5.1.8 Discussion

Our observation of a large hysteretic AH effect establishes a ferromagnetic moment associated with the
apparent 3/4 correlated insulating state. Specifically, we suggest that this state is a Chern insulator, with the
AH effect arising intrinsically from Berry curvature in the band structure. Extrinsic mechanisms for AH,
based on scattering rather than band topology, cannot contribute to the Hall resistance of an insulator [132],
yet the measured R;‘E is largest at an apparent insulating state. Furthermore, our measurements yield a ratio
of resistivities py, /pez up to 1.4, almost an order of magnitude larger than any other reported AH [143] apart
from magnetic topological insulators exhibiting a QAH effect (here we convert our measured resistances to
resistivities which we approximate as spatially homogeneous). With p,, < 0.4h/e? and p,, ~ 0.3h/e? the
present device is clearly not an ideal Chern insulator. Yet after early magnetically doped topological insulators
showed comparable values [149-151], growth improvements in those materials soon yielded QAH [19, 133,
134]. If the present device is a nascent Chern insulator, the largest measured R‘y*;'l ~ h/2.5¢? limits the
possible Chern number to C' = 1 or 2.

In combination with nonlocal transport that appears incompatible with homogeneous bulk conduction,
the sheer magnitudes of the Hall and longitudinal resistances suggest a picture of chiral edge modes in com-
bination with a poorly conducting bulk or a network of magnetic domain walls resulting from inhomogeneity.
These possibilities can be directly explored in future experiments using spatially resolved magnetometry to
search for domains and transport in a Corbino geometry to measure bulk conduction independent of chiral
edge modes if domain walls can be removed.

Achieving a Chern insulator state by definition requires opening a topologically nontrivial gap. The low
energy flat minibands in magic-angle tBLG are empirically isolated from higher order bands [46], which
is expected when taking into account mutual relaxation of the two layers’ lattices [80]. The low energy
conduction and valence minibands have been variously predicted to meet at Dirac points at the CNP, which
may [62,63] or may not [67,68] be symmetry protected. The rotational alignment of the tBLG to one of the
hBN cladding layers in our device could thus be key to the observed AH effect: the associated periodic moiré
potential should on average break A-B sublattice symmetry, opening or enhancing a gap at the mini-Dirac
points. A gap associated with such symmetry breaking has been seen [35, 152, 153] and explained [51, 154,
155] in heterostructures of monolayer or Bernal-stacked bilayer graphene aligned with hBN. At 3/4 filling
of the conduction band of thus-gapped magic angle tBLG, spin and valley symmetry may be spontaneously
broken, and 3 of the 4 flavors filled with the other empty. This scenario could account for our observation of
an apparent Chern insulator. Indeed, Ref. 66 predicts a QAH effect arising in tBLG (without aligned hBN)
at 3/4 filling from such a mechanism (see Ref. 20 for a prediction of a similar situation in graphene-based
moiré systems).

Aside from the topological aspect, the appearance of magnetism in this system is striking. Unlike previ-
ous studies of graphitic carbon exhibiting magnetism due to adsorbed impurities [156] or defects [157, 158]
(including Ref. 159, where the magnetism observed in bulk graphite has since been attributed to defects [160,

161]), the order in the present device appears to emerge because of interactions in a clean graphene-based
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system; the anomalous Hall signal appears only in a narrow range of densities around a state that may be
spin and valley polarized. Such intrinsic magnetism also stands in contrast to the magnetic topological in-
sulators, where exchange coupling is induced through doping with transition metals [133, 136, 138]. Further
experiment and theory will be needed to elucidate the order parameter, which may have both spin and orbital
components or break spatial symmetry (cf. Ref. 162 for a model in which an antiferromagnet is a Chern
insulator).

The discovery of a possible new platform for QAH physics, less disordered than the familiar magnetic
chalcogenide alloys, may offer hope for more robust quantization, with applications in metrology [135], quan-
tum computation [163—165], or low-power-consumption electronics. The ability to switch the magnetization
in tBLG with an applied DC current might have practical applications in extremely low-power magnetic
memory architectures, given the orders-of-magnitude smaller critical current density required for flipping the
magnetization compared to prior devices [144]. More broadly, understanding the magnetic order and topo-
logical character of the correlated insulating states will be crucial to unraveling the rich phase diagram of
tBLG.

An AH effect can either be intrinsic, arising from Berry curvature of the filled bands, or extrinsic, result-
ing from scattering mechanisms. One cause of an extrinsic AH effect, skew scattering, is associated with a
linear relationship o, o 0., (Where 04, and o, are the Hall and longitudinal conductivities, respectively),
which is clearly inconsistent with our data: for datasets parameterized by either n/n, or temperature, shown
in Fig. 5.15 A and C, this relationship is highly nonlinear. However, distinguishing between intrinsic Berry
curvature and the other extrinsic mechanism, side jump scattering, is more challenging. Generally, the ob-
served AH effect is compared with the theoretical expectation for the intrinsic contribution [132], but a clear
theoretical consensus does not yet exist in the literature in this case.

Instead, we have argued that the size of p‘y*f: compared to that in other AH materials is evidence that
its source is intrinsic. We reiterate and expand on this comparison here. As mentioned, the largest ratio of
resistivities measured in our device is pg, /pzz = 1.4, whereas previously reported (extrinsic or intrinsic)

< 0.2 [143], except for the magnetic topological insulators exhibiting near-

~

AH materials yield pgy/pus
vanishing p,, in the QAH effect. Further, we found p‘;f: as large as 0.4h/e?, greater than in early magnetic
topological insulators [133, 149, 151]. The corresponding longitudinal resistivity of 0.3h/e? is also compa-
rable to that of the first samples of those same materials to display near-quantization of p,, in zero field
(pyz > 0.98h/€?) [19,150].

We have also argued that the origin is topological based on the appearance of the AH effect in an apparent
insulating state. When the Fermi level is in a gap at zero temperature, the extrinsic mechanisms cannot
contribute to o, [132]. In these conditions, the system is in a Chern insulating state if the occupied bands
carry a net Chern number, or in a trivial insulating state with o, = 0 otherwise. As we have discussed, the
state at three-quarters filling is evidently not a single-domain, ideal Chern insulator given that p,, does not
vanish. However, we believe that our data could be consistent with the presence of a small, topologically

nontrivial gap. One piece of evidence for this is that the ordinary Hall slope passes through zero and changes
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sign near the value of n at which pgﬂ is maximized (see Fig. 5.5B). A corresponding dip is seen in o,, as a

function of n/ng, shown in Fig. 5.15D.
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Figure 5.15: Behavior of the conductivity tensor. (A) The longitudinal conductivity o, is plotted para-
metrically against the Hall conductivity o, for a series of measurements at different temperatures with the
density fixed at n/ns = 2.984 and D/eqg = —0.62 V/nm (shown in Fig. 5.5C). All conductivity values in
this figure have been extracted from resistance measurements taken at 50 mT when sweeping the applied
field downward from a value larger than the coercive field (so the sample has been magnetized by an upward
field). The resistivity is derived from the measurements by assuming a homogeneous sample, and the con-
ductivities are given by 0ue = paa/ (P2, + p2,) and 04y = pya/ (P2, + p5.). The relationship between
04y and o, is not consistent with an extrinsic AH effect resulting from skew scattering. (B). Arrhenius plot
of 0., on a log scale versus 1/7, with the same data shown in (A). The blue curve shows a fit of the data
for 4.9 K > T > 2.5 K (the points shown in blue) to a model of activated conductivity with an additional,
temperature-independent conduction channel (data points shown in red are excluded from the fit), yielding
an estimated activation scale of Ty = 43 K. (Inset) o, is plotted on a linear scale against temperature. (C)
04z 1s plotted parametrically against o, for a series of measurements at different densities at T' = 2.1 K,
with D /ey = —0.22 V /nm. These data were obtained during the same cooldown as that of the data shown in
Figs. 5.1, 5.10, and 5.11. Again, the behavior appears inconsistent with skew scattering. Moreover, it is quali-
tatively similar to the density dependence of the conductivity in a magnetic topological insulator approaching
a QAH effect shown in Ref. 19. (D) 0., as a function of n/n, from the same data as in (C), showing the

emergence of a dip in o, around n/ns; = 3 consistent with the approach to a Chern insulator state.
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In other studies of near-magic-angle tBLG samples, a high-resistance state has also been observed at
n/ns = 3/4 [3, 14]. They did not report large AH effect. The difference may be due to the alignment of the
tBLG with hBN in our experiment.

With nonlocal measurements also suggestive of edge state transport, we believe our collection of evidence
suggests the system is approaching a Chern insulating state, but it remains to explain why it is non-ideal.
There could be several reasons p,, is not quantized and p,, is nonzero, contrary to the expectation for a
QAH effect. For one, the 2D bulk may not be strongly insulating, leading to both a nonzero p,, and a
reduction in the measured value of p,, [133,149].

Exploring the possibility of bulk conduction via the temperature dependence of o,, we find that below
3 K some conduction mechanism persists, relatively insensitive to temperature (Fig. 5.15B). Between 3 K
and 5 K, conductivity rises with increasing temperature, but this is not a large enough range to allow us
to conclusively identify possible activated behavior in parallel with the temperature-insensitive conduction.
Above 5 K, where the AH signal vanishes (see Fig. 5.5), the conductance stops rising. We speculate that a
substantial gap may only exist at lower temperatures in the magnetic phase. For the purpose of estimating a
possible gap size, we can fit these data for 7' < 4.9 K to a model of activated conductivity with a parallel,
temperature-independent conduction channel: o, = Joe’TO/ T 4+ o1, where T} is the thermal activation tem-
perature scale, and g and o are constants. (In fact, 0, reaches a minimum and then increases slightly as the
temperature decreases, as can be seen in the inset to Fig. 5.15B; we do not know the origin of this minimum,
but we speculate that it could result from increasing mobility in a parallel channel at low temperature. To best
estimate the possible gap size while avoiding complications from this behavior at the lowest temperatures,
we also limit the fit range to exclude data at temperatures lower than 2.5 K, where o,, is minimized.) This
fit yields an activation scale Ty = 43 K, corresponding to an estimated gap of A = 2kgTy = 7.5 meV
(including data at temperatures below 2.5 K makes the fit substantially worse but only modestly changes
the fitted T to 51 K). Although with a gap of this size, we might expect a well-quantized AH effect in our
measurements at low temperature, the presence of an apparent additional conduction mechanism prevents
this.

The low temperature residual conduction may be explained by inhomogeneity, which may result from
local variations in twist angle or density, as we have noted elsewhere. Because of spatial variations in the
density or gap size, it may be impossible to achieve a state in this sample with the Fermi level uniformly in
the gap. Additionally, if such inhomogeneity results in a mixed domain state, edge states at domain walls
could form a complex network resulting in nonzero p,, and non-quantized p,, even at zero temperature, and
even if the magnitude of the gap were uniform (see Refs. 141 and 142 for examples of very simple mixed
domain configurations yielding significant p,,). Given the signs of inhomogeneity we have observed, we
suspect at least one of these scenarios may be realized in our sample. Even though such effects prevent the
observation of a clear QAH effect, our results nonetheless point to the existence of a topologically nontrivial

gap opened by interactions.
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The mechanism for opening such a topological gap remains to be determined. Interactions could spon-
taneously break the spin and valley symmetries, leaving 3 of the 4 flavors in the conduction miniband filled
with the other empty [66]. With a topological gap opened between the conduction and valence minibands,
perhaps resulting from sublattice symmetry breaking due to the aligned hBN cladding layer, a Chern insulator
state could thus exist at 3/4 filling. Alternatively, it could instead be the case that the 3/4 state is not both
spin and valley polarized. For example, it is predicted that noncoplanar chiral magnetic order can give rise
to a C' = 1 Chern insulator state at 3/4 filling of a single (spinful) band in a Hubbard model on a triangular
lattice [166]. If the valley degeneracy is unbroken, a similar insulating state in tBLG at 3/4 filling might have
Chern number C' = 2 from the contribution of each valley. Further study will be needed to clarify the exact
nature of the apparent insulating state we have observed.

To be clear: the experimental data we present do not unambiguously demonstrate that the three-quarters
state is a Chern insulator. A non-quantized AH effect could result from Berry curvature even if the Fermi
level is not in a gap, though, as discussed above, the magnitude of the Hall angle observed here far exceeds
that of any reported AH system not known to host a Chern insulator state.

Another possibility is an AH analogue to the Hall insulator [167, 168]. In such a state, as ' — 0,
pzz — 00 while p,,, remains finite and nonzero, corresponding to o, o< o2, — 0. This alternative might be
plausible given that the peak in Rgg (Fig. 5.5) occurs at a peak in R,, (Fig. 5.1) rather than at a minimum of
R, as would be expected for a Chern insulating state. However, when we attempt to extract conductivities
from our resistivity measurements, their temperature dependence appears inconsistent with a Hall insulator:
with decreasing temperature, o, initially falls but then saturates (Fig. 5.15B), and o, increases (Fig. 5.15A).
Furthermore, the Hall insulator state is not known to host topologically protected edge states, the presence of

which is suggested by our nonlocal transport measurements.

5.2 Angular dependence of magnetisation in tBLG

5.2.1 Introduction

The previous section, tBLG was shown to be ferromagnetic in a narrow range of carrier densities strongly
peaked near 3/4 filling of the flat conduction band, [18] where full filling corresponds to four electrons per
moiré unit cell accounting for spin and valley degeneracies [46]. The magnetism was revealed by a large
hysteretic anomalous Hall effect as large as 10.4 k) [18]. Evidence of chiral edge states from nonlocal
transport [ 18] has indicated that the magnetic state may be an incipient Chern insulator.

However, the precise nature of the ferromagnetic ground state is an open question. In ferromagnetic
materials, exchange interactions break time reversal symmetry favoring long-range order of electron spins.
Though the motion of electrons can generate an orbital magnetic dipole moment, we are unaware of any
magnetic material where the magnetism is dominated by the orbital magnetic moment independent of spin.
This is precisely the prediction for tBLG of Refs. 64,65, 148, 169-172. Despite these predictions, there are
competing theories in which spin plays a role in the magnetism [66, 120, 121, 126, 162, 172]. The response
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of the magnetic state to out-of-plane or in-plane magnetic fields will directly elucidate any anisotropy of
the magnetism. In this section, I will show that the magnetism in tBLG is highly anisotropic, and therefore

dominated by the orbital magnetic moment, given that spin-orbit coupling in graphene is weak [5].

5.2.2 Measuring magnetic anisotropy

To control the orientation of the device relative to the field from the solenoid, we mounted the sample’s
chip carrier in an attocube atto3DR two-axis piezoelectric rotator. The atto3DR combines two rotators: one
to control the tilt angle # of the sample relative to the field to tune the relative magnitudes of the out-of-
plane and in-plane components of the field (see Fig. 5.16A inset) and one to rotate about the normal of
the stage to control the direction of the in-plane component of the field relative to the sample. Rotation is
eucentric: the sample location in the solenoid is fixed as its orientation is changed. The rotator is equipped
with a resistive readout for each axis for determining the angular position of the stage. We calibrated this
readout using the Hall resistance 2, of the device in a regime where the (ordinary) Hall effect is a measure
of the out-of-plane field (n = 0.04ng, where no anomalous Hall is present). All the data we present are
accompanied by estimates of the angular position and error bounds based on this calibration. A precise
calibration is particularly important when the field is nearly in-plane to avoid a significant unintended out-
of-plane component when the magnitude of the total field is large. For all our nominally in-plane field
measurements, the out-of-plane component remained smaller than the out-of-plane coercivity of the sample.
We define the tilt angle 6 such that 90° corresponds to a nominally out-of-plane field while 0° corresponds
to a nominally in-plane field as seen by the device. The in-plane component and out-of-plane component of
the field are then B = Bcos(f) and B, = B'sin(f), respectively, where B is the magnitude of the applied
field and € is the tilt angle.

We have measured hysteresis loops of 12, for different tilt angles of the device with the device tuned to
be ferromagnetic (n/ns = 2.984 and D /ey = —0.30 V/nm). The coercive field, identified by the dominant
jump in the Hall signal, increases as the sample is rotated so that the field is in the plane of the sample
(Fig. 5.16A). When the hysteresis loops at the various angles are plotted as a function of the out-of-plane
component of the magnetic field, B , the most prominent jump in 12, consistently occurs at 122+ 1 mT for
each tilt angle down to a tilt angle of 4.71° 4 0.10° (Fig. 5.16B), indicating that the magnetization is indeed

highly anisotropic and likely dominated by the orbital magnetic moment.
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Figure 5.16: Angular dependence of magnetic hysteresis loops. Magnetic field dependence of the Hall
resistance Ry, with n/ns = 2.984 and D/ey = —0.30 V/nm at 29 mK as a function of the angle of
the device relative to the field direction; 0° corresponds to field in the plane of the sample. The hysteresis
loops are plotted as a function of (a) the applied field and (b) the component of the field perpendicular to the
plane of the sample. The solid and dashed lines correspond to sweeping the magnetic field B up and down,

respectively.

5.2.3 Affects of large in-plane field

The increased magnitude of the in-plane field as we lower the tilt angle does not significantly affect the
hysteresis loops down to a tilt angle of 4.71° £ 0.10° (plotted vs. B, in Fig. 5.16B and B in Fig. 5.17A),
where the in-plane field reaches B = 0.69 T. However, as the sample is tilted closer to perfectly in-plane,
this uniaxial behavior begins to break down. At 1.82° 4 0.10°, the measured Hall resistance is significantly
reduced compared to the hysteresis loops with a nearly out-of-plane field (Fig. 5.17B). As the tilt angle is
further reduced, any semblance of the initial hysteresis loops for angles closer to a nearly out-of-plane field
is lost (Fig. 5.17C and D).
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Figure 5.17: Hysteresis loops for nearly in-plane fields. Angular dependence of R, vs B with n/n, =
2.984 and D/eg = —30 V /nm for angles of the field relative to the plane of the sample: (a) 4.71° £ 0.10°,
(b) 1.82° £ 0.10°, (c) 0.85° + 0.10°, (d) +0.223° £+ 0.049°, and —0.171° 4+ 0.025°. All traces were taken at
27 mK except for the trace with tilt angle +0.223° 4 0.049°, which was taken at 1.35 K.

To explore whether the effects seen when the field is nearly in-plane are the results of a small residual
out-of-plane field, we compare hysteresis loops performed at small angles of similar magnitude but opposite
sign (Fig. 5.17D). The two R, vs. B curves are very similar despite magnetic field angle deviating from
in-plane in opposite directions, so the out-of-plane components are opposite for the two curves (see Fig D.3D
in Appx. D for corresponding R, curves.) It is unlikely that this behavior results from a significant B : a
tilt angle of more than 700 mdeg would be needed to exceed the nominal coercive field of 100 mT at 8 T.
Such misalignment is well outside our expected experimental error so that for the data presented in Fig. 5.17,
the coercive field is exceeded in every hysteresis loop except the traces in Fig. 5.17D. Furthermore, were
significant misalignment the source of the residual Hall signal, we would expect 2, to be antisymmetric
in field and the device would likely recover some portion of its initial magnetization upon cycling the field,
as is the case for larger tilt angles. While the 1.82° and 0.85° hysteresis loops differ significantly from
the out-of-plane field hysteresis loop, both recover a large proportion of their initial polarization (depending
on the sign of the field). These results strongly suggest that the hysteresis loop seen at very small angles

results from the in-plane field. It should be noted that these hysteresis loops are not performed with the
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sample initially in a maximally polarized state. Additionally, the two traces in Fig. 5.17D were performed
at different temperatures. (A similar comparison shown in Fig. D.7 of Appx. D is performed at a constant
temperature with the sample at a different in-plane angle, yielding similar results.)

To further explore this change in behavior when the field is nearly in the plane, we start with the sample
initially magnetized by a primarily out-of-plane magnetic field. The applied field is returned to zero, and the
sample is then rotated to as close to in-plane as possible in zero magnetic field (for this measurement, the
resultant tilt angle is —57 & 21 mdeg). Once rotated, a magnetic field is applied at this very small angle
to the sample (red trace in Fig. 5.18). When B exceeds 5 T, we observe no hysteresis or jumps in the
Hall resistance indicating an apparent transition from the Chern insulating state to a different state: above
5 T, both R;, and R,, show repeatable oscillations of order 2 K{2 in size that appear to depend only on
the magnitude of B (see Appx. D). The accessible range of field is insufficient to say whether or not these
oscillations are periodic in B) or 1/B). The high field state may or may not be polarized in spin and/or
orbit. If it does have an orbital polarization, it is no longer set by the out-of-plane field component. The
high-in-plane-field state also does not show a strong anomalous Hall signal. Were the Hall signal arising
primarily from coupling to the magnetization, one would expect Ry, (M) = —R,,(—M), where M is the
magnetization of the sample. If high field were indeed fixing the orbital polarization, its direction and thus
the Hall component of the signal should reverse with field direction. Any such signal is swamped by a large
longitudinal signal mixed in (which is symmetric in B, see Appx. D), so either this high-in-plane-field state
lacks orbital polarization or the large in-plane field changes the topological character of bands so there’s no

net Chern number.
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Figure 5.18: Erasing the initial magnetic state. In-plane hysteresis loops of R,, with n/ns = 2.984 and
D/ey = —30 V/nm at 26 mK. The sample is initially polarized with an out-of-plane field. The sample is
then rotated to —57 & 21 mdeg in zero magnetic field. The field B) is then increased from zero (red trace)

before completing a hysteresis loop (blue traces).
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Under 5 T, orbital polarization is being modified by in-plane field somehow, not by the small out of
plane component. Upon decreasing B, R, shows evidence of recovered magnetic behavior in R, but
never recovers its initial value which nominally corresponds to a maximally polarized state (blue traces in
Fig. 5.18). This behavior below 5 T may result from a repeatable pattern of out-of-plane orbital domains that
is set by an in-plane field: Fig. 5.17D and Fig. 5.18 share the same direction of in-plane field and bear similar
structure in their hysteresis loops despite slight differences in tilt angles. Fig. D.7 is similar to Fig. 5.17D
but with the sample having been rotated in-the-plane by 20° so that the direction of the in-plane field relative
to the device is different. Again, Fig. D.7 displays a somewhat repeatable hysteresis loop as a function of
a predominately in-plane field, albeit of different structure presumably due to the different direction of the

in-plane field.

5.2.4 Discussion

While this device does not exhibit quantized Hall resistance or zero longitudinal resistance, it does exhibit
what appears to be incipient Chern insulating behavior [18], which would suggest the ground state at low in-
plane fields is spin and valley polarized [64,65]. Given that spin-orbit coupling is extremely weak in graphene,
there should not be significant anisotropy in the direction spins prefer unless higher order bands are mixed in.
In fact, there might be no relation between the direction of spin polarization and valley polarization. Starting
in the out-of-plane orbitally polarized state, 2, rises with an applied in-plane field (red trace in Fig. 5.18, up
to 2T), possibly indicating that the spin is oriented by the external field, widening the gap to charge-carrying
spin excitations. Alternatively, if the low-field QAH state results from a state that is valley-polarized and
spin-unpolarized, then polarizing spin could destroy any QAH through the removal of valley-polarization or
mixing with higher-order bands [64, 120]; the lack of quantization in our measurements does open the door
for the low-field ground state being metallic with strong anomalous Hall rather than a Chern insulator. On the
other hand, because of the finite thickness of tBLG, it is also possible that an in-plane field directly couples
to the orbital moments [173]. A sufficiently large in-plane field could then drive the sample into a valley
unpolarized state.

Regardless of the dominant mechanism of how in-plane field couples to the device, it seems that either
the bands are losing their topological character by the mixing in of higher bands [174], or the in-plane field
is driving a repopulation of the bands. Thus far, no evidence of magnetism has been observed at n/n, =
1 [18, 175], which should nominally be similar to n/ns; = 3. Therefore there may be a competing ground
state which does not have a net Chern number and would not exhibit a QAHE.

We have observed that the magnetization of tBLG is sensitive primarily to the out-of-plane component
of the field, requiring a threshold coercive field to flip the magnetization. A single value of B, required to
switch the measured anomalous Hall resistance is consistent with an uniaxial nature of the magnetization. It
is unlikely that this uniaxial behavior is related to the electron spin because of the extremely low spin-orbit
coupling in graphene. Rather, it is likely that the 3/4 state is an orbital ferromagnet. Because the electrons

are effectively confined to the plane, this would provide the high degree of anisotropy observed.
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5.3 Chern insulating state in ABC-TLG/hBN moiré superlattice

5.3.1 Introduction

This section is adapted from Ref. 21.

The ABC-trilayer graphene/hBN (ABC-TLG/hBN) moiré superlattice provides an attractive platform
with which to explore Chern insulators because it features nearly flat moiré minibands with a valley-dependent,
electrically tunable Chern number [4,20]. Here we report the experimental observation of a correlated Chern
insulator in an ABC-TLG/hBN moiré superlattice. We show that reversing the direction of the applied ver-
tical electric field switches the moiré minibands of ABC-TLG/hBN between zero and finite Chern numbers,
as revealed by large changes in magneto-transport behaviour. For topological hole minibands tuned to have
a finite Chern number, we focus on quarter filling, corresponding to one hole per moiré unit cell. A corre-
lated Chern insulator with C' = 2 quantum anomalous Hall effect [133] emerges around 1/4 filling of the
topological hole miniband when the bandwidth is sufficiently narrowed by applying a displacement field in
one direction. The correlated Chern insulator spontaneously breaks time-reversal symmetry, exhibiting strong
ferromagnetic hysteresis and a zero-field anomalous Hall resistance over 8 k(). For magnetic fields exceeding
0.4 T, the Hall resistance is well quantized at h/2e? (where h is Planck’s constant and e is the charge on the
electron), which implies C' = 2. Our discovery of a C' = 2 Chern insulator at zero magnetic field should open
up opportunities for discovering correlated topological states, possibly with topological excitations [176], in

nearly flat and topologically nontrivial moiré minibands

5.3.2 Basic characterization

This section focuses on a device separate from the device discussed in Chapter 4, but both device exhibit
similar phenomenology.

As the voltages applied to the gates are tuned, measurements of p,, reveal several resistance peaks
(Fig. 5.19) in the ABC-TLG/hBN device across the parameter space controlled by V; and V;. In addition
to the peaks corresponding to band insulating states at the charge neutrality point and fully filled point, tun-
able correlated insulator states emerge at 1/4 filling and 1/2 filling of the hole miniband (that is, one and
two holes per moiré unit cell) when a finite displacement field |D| narrows the moiré minibands. There are
two apparent asymmetries of the correlated insulator states in ABC-TLG/hBN at 1/4 and 1/2 charge fillings:
between the electron and hole minibands, and between positive and negative D. Prominent correlated insu-
lator states are observed in the hole minibands but not in the electron minibands because the hole miniband
has a much smaller bandwidth for finite |D| (Ref. 2). The asymmetry between the positive and negative D
fields arises from the fact that the moiré superlattice exists only between the ABC-TLG and the bottom hBN
in this device (this is opposite to the case of the device discussed in Ch. 4). Interestingly, the direction of
the displacement field has been predicted to determine not only the relative bandwidth but also the topology
of the hole miniband. For a device with moiré superlattice between ABC-TLG and the bottom (top) hBN, a

positive (negative) D leads to a trivial hole miniband with C' = 0 and smaller bandwidth, while a negative
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(positive) D leads to a topological hole miniband with C' # 0 and larger bandwidth [4,20]. The difference in
bandwidth and topology is reflected in the electrical transport behaviour: in the device with the moiré super-
lattice at the bottom hBN, we observe stronger correlated insulators in the trivial hole miniband with positive
D, because holes are easier to localize in the narrower trivial band than in the broader topological band with
negative D (Ref. 104). Our previous studies have shown that superconductivity can emerge when we dope

the 1/4 filling correlated insulator state in selected parameter spaces of the trivial hole miniband [110].
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Figure 5.19: Tunable Chern bands in ABC-TLG/hBN moiré superlattice. Color plot of the longitudinal
resistivity p,, as a function of V; and V, at T' = 1.5 K. The arrows show the direction of changing doping
n and displacement field D, respectively. In addition to the band insulating states (characterized by the
resistance peaks) at the charge neutral point (CNP) and fully filled point (FFP), tunable correlated insulator
states also emerge at 1/4 and 1/2 filling of the hole minibands at large displacement field |D|. It has been
predicted theoretically [4,20] that the hole miniband is topical (that is, Chern number C' # 0) for D < 0 and
trivial (C' = 0) for D > 0. The inset shows the optical image of the device. In this device, the graphene
is aligned with the bottom hBN (this is opposite to the device discussed in Ch. 4, which leads to an overall
flipping of the gate map with respect to the sign of D). The Hall bar is 1 ym wide.

5.3.3 Magnetic field response

To better probe the topological aspects of the moiré minibands, we turn to magneto-transport studies. At
D = 0, the correlation effect in the system is relatively weak, and the magneto-transport data exhibit well de-

fined quantum Hall states and a Landau fan diagram at low magnetic fields (see Fig. 5.20), demonstrating the
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very high quality of our sample. With large displacement field, the moiré miniband bandwidth becomes nar-
rower, and the dominant electron—electron interaction dramatically changes the magneto-transport behaviour.
Fig. 5.21A, B displays the color plot of p,, as a function of the hole doping and the vertical magnetic field B
for D/ep = —0.5V/nm (at T = 0.06 K) and D /ey = 0.4 V/nm (at T = 1.5 K), respectively. Fig. 5.21C,
shows the corresponding Hall resistivity p,, data. Experimental data for D/ey = —0.5 V/nm at 1.5 K
exhibit qualitatively similar behaviour to those at 0.06 K [21]. We have used n, = 5.25 x 10'! cm~2 as
the unit of carrier density, which corresponds to one hole per moiré lattice site (that is, 1/4 filling). The
magneto-transport data exhibit distinct behaviours for the topological moiré miniband at negative D and the
trivial miniband at positive D (Refs. 4 and 20). Specifically, a strong quantum Hall state emerges from the
1/4 filling point for D /ey = —0.5 V/nm but not for D/e¢y = 0.4 V/nm. The dashed line in Fig. 5.21A
traces the minimum in p,, following the relation n = veB/h for v = 2. This quantum Hall state is well
developed at very low magnetic fields, and originates from the 1/4 filling resistive state at zero magnetic field
(Fig. 5.21A). At the same time, p,, is very large at weak magnetic fields and exhibits a jump in value when
the magnetic field switches sign across B = 0 T (Fig. 5.21C). By contrast, stronger correlated insulator states
are observed for D /ey = 0.4 V/nm, but no signatures of quantum oscillations or quantum Hall effects are
present (Fig. 5.21B). In addition, Fig. 5.21D shows that the Hall resistivity signal tends to be rather small for
all hole doping at D /ey = 0.4 V/nm. (The relatively large p,, signals at 1/4 and 1/2 fillings are artifacts
caused by crosstalk from the large p,, of the correlated insulator states, and they do not change sign when

the magnetic field is reversed.)
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Figure 5.20: Landau fan at D = 0 V /nm. Longitudinal resistivity p, as a function of carrier density and
magnetic field at displacement field D = 0 V/nm. Clear Landau levels develop from the charge neutrality
point and fully filled points, which is direct evidence of the high quality of the encapsulated ABC-TLG
device. The first resolved quantum Hall state of the charge neutrality point is ¥ = 6. This Landau fan
diagram establishes conclusively that we have ABC trilayer graphene in the hBN encapsulated device; it is

completely different from the Landau fan diagram of ABA trilayer graphene (see Ref. 2).
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Figure 5.21: Quantum Hall effect from the correlated C = 2 Chern insulator. (A, C) Color plot of
(A) pzo and (C) py, as a function of carrier density and magnetic field for the topological hole miniband at
D = —0.5V/nm and T = 0.06 K. The experimental data at T = 1.5 K are qualitatively similar. (B, D)
Corresponding (B) pg, and (D) py, plots for the trivial hole miniband at D = 0.4 V/nm and T' = 1.5 K.
ng corresponds to the carrier density of the 1/4 filling of the first miniband. No quantum Hall signatures are
present in the trivial hole miniband, whereas a v = 2 quantum Hall effect characterized by a minimum of p,,,
and a quantized p,,,, emerges from 1/4 filling of the topological hole miniband. (E, F) Horizontal line cuts of
(A) and (C), respectively. (E) shows that p,, is well quantized beyond B = 0.4 T. An offset of 2.5 k(2 is
applied for each trace in (F) (G) Line cut of p;, and p,, along the quantum Hall state (denoted by the dashed
lines in (A) and (E)) shows that p,, reaches a quantized value of v = 2 at 0.4 T, and a large p,, persists
down to zero magnetic field. It represents a quantum anomalous Hall state for the C' = 2 correlated Chern

insulator at 1/4 filling. The inset shows a zoomed-in plot of p,,; at small magnetic field.
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Fig. 5.21E, F shows p,, and p,,. as a function of density for a few representative magnetic field values,
corresponding to horizontal line cuts in Fig. 5.21C and A, respectively. p,, is well quantized for magnetic
field larger than 0.4 T at the value of 13.0+0.2 k€, that is, the expected quantized value of h/2e? = 12.9 k)
is within the empirical uncertainty. p., exhibits a corresponding minimum in the quantum Hall state, with
a minimum resistivity less than 60 © at 2 T. Fig. 5.21G further displays p,, and p,, as a function of the
magnetic field along the quantum Hall state following the dashed line in Fig. 5.21C, with the inset showing a
zoomed-in plot of p,, between 0 to 0.2 T. p,, smoothly reaches the quantized value at 0.4 T. p,, maintains
a large though not quantized value all the way to zero magnetic field, and a large jump of p,, is observed
when the magnetic field changes sign.

The v = 2 quantum Hall state at 1/4 filling at D/e; = —0.5 V /nm cannot be explained by a conventional
integer quantum Hall effect from single-particle Landau levels. Instead, we argue that it represents a quantum
anomalous Hall state from a correlated Chern insulator. First, this quantum Hall state only exists at negative
D, where the miniband is predicted to have a non-trivial Chern number, and is absent at the positive D, where
the band is predicted to be trivial. Second, it is well established that the lowest single-particle Landau level in
ABC-TLG should be a v = 3 state owing to a winding number of 3 close to the valence band maximum [102].
Third, only one quantum Hall state is observed anywhere, and the quantized Hall resistivity appears to start
at very low magnetic field. If the observed quantum Hall state of 1/4 filling at D/eg = —0.5 V/nm is from
the lowest single-particle Landau level, similar Landau levels should also exist close to the charge neutrality
point and the 1/2 filling correlated insulators, and higher Landau levels should be observable. (See Fig. 5.20
for a single-particle Landau fan diagram in the same device, where D = 0 and the electron correlation is
weak.) Finally, an apparent non-zero quantum Hall-like gap was observed for the 1/4 filling Chern insulator
state down to B = 0 T the size of the gap continuously increases with increasing B (Fig. 5.22). All our data
can be naturally explained by a ¥ = 2 Chern insulator state at 1/4 filling. Such a C' = 2 correlated Chern
insulator should feature quantized Hall resistivity p,.. and a corresponding magnetic field dependent carrier
density based on the Streda formula [177]. This Chern insulator at 1/4 filling is a strongly correlated state
that breaks the valley degeneracy and fills only the C' = 2 electronic band in one valley. The nearly flat and
tunable moiré minibands in the ABC-TLG/hBN moiré heterostructure are critical for the realization of such

a correlated topological state.
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Figure 5.22: Anomalous Hall effect and ferromagnetism. (A-C) Arrhenius plot of the (A) longitudinal
resistivity pg., (B) longitudinal conductivity o, and (C) the estimated gap at different magnetic field A. A
manual offset of —0.15 is applied between each curve in (A) and (B). The gap size in (C) is extracted from
the linear fit of 0, o e~2/28T (red line) in (B). We note that the Arrhenius plot is only valid for a limited
temperature range, suggesting deviation from the thermal activated behavior at low temperatures. Therefore,
the estimated gaps have relatively large uncertainty. However, the qualitative behavior is robust: insulating
behavior is observed at all magnetic fields, and the quantized Hall insulator at finite magnetic field connects
smoothly with the anomalous Hall insulator at zero magnetic field, supporting the identification of the state

as a Chern insulator.

The correlated Chern insulator, persisting to zero magnetic field, spontaneously breaks the time-reversal
symmetry and can generate valley-flavor ferromagnetism at 1/4 filling. Indeed, ferromagnetism and strong
anomalous Hall signals emerge from the Chern insulator state at zero magnetic field. Fig. 5.23A shows the
temperature-dependent Hall resistivity when a small perpendicular B is swept between —0.1 T and 0.1 T.
The Hall resistivity displays a clear anomalous Hall signal with strong ferromagnetic hysteresis. At B =0T,
Pyz 1s non-zero and depends on the magnetic field sweep direction, a defining ferromagnetic feature. At the

base temperature of 7' = 0.06 K, the anomalous Hall signal reaches a maximum of pﬁf = 8 k2 and a

AH

coercive field as large as B. = 30 mT. The inset in Fig. 5.23A shows the temperature dependence of p,;

and B.: both signals decrease monotonically with increasing temperature, reaching zero at 7' = 3.5 K. The
zero magnetic field pf,’f is already close to 12.9 k). An almost perfect quantization of the C = 2 quantum

anomalous Hall [105] Chern insulator appears at a magnetic field as low as 0.4 T.



CHAPTER 5. MAGNETISM AT INTEGER FILLING IN MOIRE SYSTEMS 93

A1
——T=0.06K
—0.14K —— 143K
gl — 033K — 173K
—— 057K —— 241K
—0.85K —— 3.08K
— 113K — 351K
g
X
<0 L 8
—
16
-4 14 8
ESY
2o
-8 . Ho
-0.10 -0.05 .10
B
3+ D=-0.5vnm?! A n=1/4 filling././'\
~—~ . ~—~ 2 B
g7 /N el
% — X 1F m-—
< 1t / '\.\._._._._ S 1 = —,
| g—u" \.
O 1 1 1 0 1 1 = 1 1
30 m— 30 ~
/T -~ .
£ 20+ " —a_ = 201 "
= o | AN
@’ 10} " " |10 / '\.
—a
0 _/ \.7 OF = u
8F r 8F N
_ o N _ 6t /\
A N
<§ ok / \ <§ 5L / \
ola—m—n—n—" ~E—m—a—n] of} =—m-= .\I\._.
1 1 1 1 1 1 1
-1.2 -1.0 -0.8 -0.6 -0.5 -04 -0.3
n/n, D (V nm)

Figure 5.23: Anomalous Hall effect and ferromagnetism. (A) Magnetic-field-dependent p,, at 1/4 filling
and D = —0.5 V/nm at different temperatures. The Hall resistivity displace a clear anomalous Hall signal
with strong ferromagnetic hysteresis. At the base temperature of 7' = 0.06 K, the anomalous Hall signal can
be as large as p’;}j = 8 k(2 and the coercive field is B, = 30 mT. The inset shows the extracted coercive
field B, and anomalous Hall signal pj!! as a function of temperature. (B) The evolution of p,, B, and py}
as a function of hole doping at D = —0.5 V/nm and 7' = 0.06 K. The strongest anomalous Hall signal is
observed close to n = ng. (C) The evolution of p,,., B., and p’;ﬂ as a function of the displacement field D at
n = ng and T' = 0.06 K. The strongest anomalous Hall signal is observed when the device is most insulating

(that is, largest py,.).

The ferromagnetism is tunable by n and D and appears only in a limited parameter space of n and

D. In Fig. 5.21E, py, near n = n, presents different signs at B = —4 mT and 6 mT, which is much
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smaller than B.. For this measurement, the magnetic field is fixed and carrier density is swept from a non-
ferromagnetic state to a ferromagnetic state, which leads to p,, with different signs even in small positive
and negative magnetic fields. A clearer n-dependence of p,,, B. and pﬁf at D/eg = —0.5 V/nm at the
base temperature is shown in Fig. 5.23B by sweeping the magnetic field at different fixed n. B, and pyAf
both have maximum values close to n = ns. However, pﬁ‘f shows a stronger carrier doping dependence
and decreases to almost zero at n = ng £ 0.2n,, while B, decreases to zero at n = ng £ 0.35ns. pPry
displays an unusual behaviour with both a resistance peak and a resistance dip close to n = ng, the origin of
which requires further experimental and theoretical study. Fig. 5.23C shows the D-dependence of p,., B,
and ) at n = ng. py, shows a maximum at D/ey = —0.5 V/nm, which might be due to the narrowest
bandwidth and strongest correlation effects at this displacement field [2]. pﬁf also shows a maximum at
D/eg = —0.5 V/nm, suggesting the importance of electron—electron correlations to the observed anomalous
Hall signal. A finite p?/jf can be observed with D/¢g between —0.3 V/nm and —0.57 V/nm. A non-zero

B, is present in the same D range, although the maximum B, appears at D /ey = —0.45 V/nm.

5.3.4 Hartree-Fock calculations

The observed C' = 2 correlated Chern insulator can be understood theoretically from the topological moiré
minibands when the electron—electron interactions are considered. Previous theoretical calculations predict
a valley Chern number C = 3 for the single-particle hole miniband for negative D (Refs. 4 and 20), but our
results suggest that interaction effects can renormalize the valley Chern number. Fig. 5.24A, B shows the
single-particle band structures of the lowest few moiré minibands in ABC-TLG/hBN moiré superlattices for
positive and negative displacement fields. For the negative D values (supporting a non-zero valley Chern
number), the valence band overlaps with the remote lower band (see Fig. 5.24A). We incorporate the interac-
tion effects in Hartree—Fock theory. When the valence band is close to the band below (at large | D|) or when
the interaction strength is sufficiently strong (with small dielectric constant), the self-energy corrections mix
the valence band and the lower band, leading to reduction of the Chern number to C' = 2. As shown in
Fig. 5.24C, when the dielectric constant is around 4 (effective screening from the dielectric constant of hBN),

the valley Chern number is expected to be 2 for a large range of displacement field values.
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Figure 5.24: Calculated Chern number including the electron-electron interaction effects. (A, B) Cal-
culated single-particle band structure of the ABC-TLG/hBN moiré superlattice for & = —25 meV and
25 meV, respectively. Here ® is the energy difference between the top and bottom layers of the ABC-TLG,
and & = —25 meV corresponds to the vertical displacement field around D = —0.5 V/nm. The red line
highlights the topological hole miniband for & = —25 meV. (C) Calculated Chern number of the hole mini-
band as a function of the energy difference ® and the effective dielectric constant e;pn after including the
electron-electron interaction effects using the Hartree-Fock approximation. The resulting band Chern number

can be 2 for parameters close to the experimental device where ® ~ —25 meV and ¢,pn ~ 4.

5.3.5 Discussion

Our observation of a tunable C' = 2 Chern insulator in ABC-TLG/hBN moiré superlattice provides an op-
portunity to explore correlated topological states in van der Waals moiré heterostructures. For example,
fractional Chern insulators and non-Abelian states could emerge from strong correlations in nearly flat topo-
logical minibands once the quality of moiré heterostructures is further improved. In particular, the flat C' = 2
Chern band has the potential to host novel fractional Chern insulator states beyond the fractional quantum

Hall paradigm [178, 179], that we will discuss in the following chapter.



Chapter 6

Magnetism at non-integer filling in

moiré systems

6.1 Magnetism at non-integer filling in ABC-TLG/hBN

6.1.1 Introduction

The flat bands resulting from moiré superlattices in magic-angle twisted bilayer graphene (MATBG) and
ABC-trilayer graphene aligned with hexagonal boron nitride (ABC-TLG/hBN) have been shown to give
rise to orbital magnetism associated with correlated Chern insulators centered at integer multiples of ng,
the density corresponding to one electron per moiré superlattice unit cell [18, 21, 175]. In this section we
will discuss the experimental observation of ferromagnetism at fractional filling of the moiré superlattice in
ABC-TLG/hBN. We perform magneto-transport measurements to map out the phase diagram of an ABC-
TLG/hBN heterostructure as a function of the carrier density n, the vertical displacement field D, and the
vertical magnetic field B. The ferromagnetic state exhibits prominent ferromagnetic hysteresis behavior with
large anomalous Hall resistivity in the region when the topological Chern band is partially filled between
n = —2.1ng and —2.7ns and D/eq ranges from —0.45 V/nm to —0.55 V/nm. The ferromagnetic state
exhibits hysteresis and shows a zero-field anomalous Hall (AH) signal as large as —4.8 kQ) at n = —2.3n,
and D /ey = —0.48 V/nm. The large AH signal is accompanied by a peak in the longitudinal resistivity as a
function of n. In addition, the longitudinal resistivity of the magnetic states increase slightly when reducing
temperature, suggesting that the states showing ferromagnetism are insulating.

We will also see that this ferromagnetism depends very sensitively on the control parameters in the moiré
system: not only the magnitude of the anomalous Hall signal, but also the sign of the hysteretic ferromagnetic
response can be modulated by tuning the carrier density and displacement field. Our discovery of electrically

tunable ferromagnetism in a moiré Chern band at non-integer filling highlights the opportunities for exploring

96
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new correlated ferromagnetic states in moiré heterostructures.

Ry (kQ) (w40

D (VInm)

Figure 6.1: Longitudinal resistance of ABC-TLG/hBN. Longitudinal resistance R, = V., /I as a function
of band filling factor n/n, and vertical displacement field D at T' = 1.5 K. In addition to the band insulating
states at the charge neutrality point (n = 0) and the fulling filled point (n = —4n), correlated insulator states

emerge at 1/4 filling (n = —n;) and 1/2 filling (n = —2n;) at finite |D|.

6.1.2 Basic and magneto-transport characterization

This electronic bandstructure of the moiré minibands can be conveniently tuned by the D field in ABC-
TLG/hBN heterostructure. Fig. 6.1 displays the longitudinal resistance R, as a function of band filling n/n
and displacement field D in the device. In addition to the band insulating states (characterized by resistance
peaks) at the charge neutral point (n = 0) and the fully filled point (n = —4n), correlated insulator states
also emerge at 1/4 filling (n = —ng) and 1/2 filling (n = —2ny) of the hole minibands (i.e. one and two
holes per moiré unit cell, respectively) [2]. These correlated states appear at finite displacement field | D),
presumably because they require narrowing of the moiré minibands. All measurements in this section are
performed at 0.07 K and with an AC excitation current / = 0.5 nA RMS unless otherwise noted.

To explore ferromagnetism and evidence for band topology, we turn to magneto-transport measurements.
Fig. 6.2A and B show the longitudinal resistance at B = 0 T as a function of the band filling of topologically
trivial and non-trivial valence minibands at D /ey = 0.4 V/nm and —0.47 V /nm, respectively. In the trivial
flat band (at D /ey = 0.4 V/nm), strong Mott insulator states are present at n = —ng and n = —2n,. In
the topological flat band (at D/eg = —0.47 V/nm), weaker resistance peaks are observed at n = —ng,

n = —2ng, and n = —2.3n,. Fig. 6.2C and D display the corresponding two-dimensional plots of the Hall
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resistance I, as a function of the hole doping and the perpendicular magnetic field B (normal to ABC-
TLG/hBN layers). In the trivial flat band (at D/ey = 0.4 V/nm), the Hall resistance signal tends to be
rather small for all hole doping (Fig. 6.2C) and no ferromagnetic signature is observed. (The large signals
atn = —ng and n = —2n; fillings are artifacts coming from crosstalk from the large R, of the correlated
insulator states; they do not change sign when the magnetic field is reversed.) With the displacement field
reversed D /ey = —0.47 V/nm, the behavior is strikingly different: at carrier densities around n = —ny
and n = —2.3n,, the Hall resistance R, is very large at weak magnetic fields and persists down to zero
magnetic field. R, switches sign abruptly at a magnetic field close to, but away from, zero (Fig. 6.2D;
field is swept from positive to negative). Such behavior is characteristic of a ferromagnetic state. Indeed,
the state at n = —ng has been previously [21] shown to be a C' = 2 Chern insulator state. The Chern
insulating state at n = n is characterized by orbital ferromagnetism with a quantized AH signal of h/2¢? at
0.5 T. We note that the magnetic field required to quantize the AH effect is larger here than in [21] because
D/eg = —0.47 V /nm is different from D = —0.5 V/nm, which produced the strongest Chern insulator The
Chern insulator at n = —n, can be understood as arising from a single fully-filled valley-polarized Chern
band [106]. The state around n = —2.3n;, in contrast, is a completely new magnetic state that has not been

predicted and emerges, surprisingly, at non-integer filling of the moiré miniband.
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Figure 6.2: Longitudinal and Hall resistances at selected values of D. (A and B) Longitudinal resistance
R, as a function of band filling at D = 0.4 V/nm and —0.47 V /nm, respectively. (C and D) Corresponding
color plots of the Hall resistance as a function of band filling and perpendicular magnetic field. For (C)
D = 0.4 V/nm, the Hall resistance tends to be small for all doping and no ferromagnetic signature is
observed (the relatively large signals at n = —ng and n = —2ng in (C) are artifacts coming from crosstalk
from the large R,,, evinced by the observation that they do not change sign when the magnetic field is
reversed). For (D) D = —0.47 V/nm, the Hall resistance is very large at weak magnetic fields and can
persist down to zero magnetic field at n = —ng and n = —2.3n, (denoted by the two dashed vertical lines).
The non-zero values of Ry, at B = 0 represents AH signals from ferromagnetic states at n = —n, and
n = —2.3ns. The state at n = —ng has been identified as a C' = 2 Chern insulator state (two oblique
solid lines) with orbital ferromagnetism [21]. The AH at n = —2.3n, results from a new magnetic state that

emerges at non-integer filling of the topological hole miniband.

To establish the region of parameter space where the new magnetic state exists, we applied B = 0.2 T
to favor polarization, and track 2, as a function of n and D (Fig. 6.3A). In an oval region of parameter
space centered around n = —2.3n, and D/eg = —0.48 V/nm (outlined by the dashed line in Fig. 6.3A,
which is discussed in more detail below), 12, is large and negative. Fig. 6.3B shows the corresponding two-
dimensional plots of R, as a function of n/n, and D at a weak magnetic field B = 0.2 T. This oval region
also shows enhanced R, compared with the surrounding region, as shown in Fig. 6.3B. This suggests that

the ferromagnetic phase in this range of parameters is always insulating.
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Figure 6.3: Anomalous Hall effect at non-integer filling. (A and B) R, and R,, as functions of band
filling and displacement field, respectively, for the valence miniband at B = 0.2 T and 7' = 0.07 K. The
dashed oval outlines a region with large I, signals at very small field between n = —2.1n, and 2.6n, and
between D = —0.4 and —0.53 V/nm (more detail is given in Fig. 6.4). The oval region also shows enhanced
R, in (B), suggesting that the ferromagnetic phase is insulating (C and D) Magnetic-field dependent anti-
symmetrized p,, and symmetrized p,, ad different temperatures for the ferromagnetic state with largest AH
at the center of the oval region (n = —2.3n, and D = —0.48 V/nm). The AH signal shows clear ferromag-
netic hysteresis in (C), reaching p’;;I = —4.8 kQand a coercive field of B, = 0.04 T at T = 0.07 K. (E and

F) The evolution of p’;‘; and o, as a function of temperature at n = —2.3n; and D = —0.48 V/nm. The
amplitude of pﬁ? decreases with increasing 7', vanishing around 1.6 K, while o, increases with increasing

T.

6.1.3 Characterizing the magnetic state

Next we examine in detail the B field and temperature dependence of the new magnetic state at which the
AH has the largest magnitude (n = —2.3n; and D/eg = —0.48 V/nm). We measure the anti-symmetrized
Hall resistivity py.(B,up) = (Ryz(B,up) — Rys(—B,down))/2, py.(B,down) = (Ry,(B,down) —
Ry, (—B,up))/2 and symmetrized longitudinal resistivity p, (B, up) = (Rys (B, up)+Ryy(—B, down))/2-
W/L, pgr(B,down) = (Ry. (B, down)+ R, (—B,up))/2- W/ L, where up/down indicates the direction in
which the magnetic field was being swept, the channel width W = 1 pm, and the channel length L = 4 pym
(we use p,, when presenting AH signals as functions of the magnetic field to eliminate longitudinal resis-

tance contributions, but we use the directly measured R, when presenting color maps of the dependence of
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Hall resistance on n and D). When B is swept over the narrow range between —0.1 to 0.1 T, the Hall resis-
tivity p,, shows a clear AH signal with strong ferromagnetic hysteresis (Fig. 6.3C). The AH signal reaches
p/;f = —4.8 k) with a coercive field of B, = 0.04 T at the base temperature of 7' = 0.07 K. pﬁf decreases
monotonically with increasing temperature, reaching almost zero at ' = 1.6 K (Fig. 6.3E). We note that pyAf
atn = —2.3n, exhibits the opposite sign compared to that of the Chern insulator at n = —n (see Ch.5).

Fig. 6.3D shows that the overall longitudinal resistivity of the magnetic state increases as temperature
is lowered. Fig. 6.3E and F display the AH signal pﬁf and longitudinal conductivity o,, (derived from
the measured resistivities) as functions of the temperature at B = 0 T. As the temperature is lowered,
the ferromagnetic state strengthens, as evinced by increasing pfy*f and the conductivity o, decreases. The
temperature dependencies of p,, and o,, suggest that the ferromagnetic state is insulating. However, we do
not observe well-defined Arrhenius behavior (see plot of log o, versus 1/T in Fig. 6.6C).

Next we examine the evolution of the AH signal as a function of D and n. We sweep the field up and
down over a small range of magnetic fields and measure p,,. Fig 6.4A shows the D-dependence at fixed
doping of n = —2.5n,. Beginning at D/eg = —0.49 V/nm, where there is no nonlinearity, the hallmark of
AH, the AH grows with less negative D as one approaches the center of the oval. Upon tuning away from the
center of the oval, the AH signal decreases quickly and becomes zero at D /ep = —0.38 V/nm. Surprisingly,
the AH reappears at D = —0.37 V/nm, accompanied by a switch in sign of the hysteresis loop. It then

decreases and becomes very small again for D < —0.35 V/nm.
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Figure 6.4: Tunable anomalous Hall effect at non-integer filling. (A) The D-dependent ferromagnetism
at n = —2.5ns. The AH resistance is maximal at D = —0.48 V /nm, becomes zero at D = —0.38 V/nm,
and then reappears with a sign change at D = —0.37 V/nm. The p,, signals at D = —0.49, —0.48, and
—0.43 V/nm are manually multiplied by a factor of 0.1 for clarity. (B) The n-dependent ferromagnetism

at fixed D = —0.39 V/nm. The AH signal reaches a maximum at n = —2.48n, becomes nearly zero
atn = —2.38n,, and reappears with a sign change at n = —2.31ngs. Although the hysteresis is gone at
n = —2.2ng, the strongly nonlinear dependence indicates a large AH; AH vanishes at less negative n. Each

curve in (A and B) is offset for clarity, and the dashed lines denote zero p,.. (C) The individual squares
represent measured AH resistance, with color scale shown in the lower left corner. The circles represent data

with no measurable AH.
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Figure 6.5: Additional hysteresis loops. R, as a function of magnetic field at (A) fixed n = —2.3n; for
various D, (B) at fixed n = —2.5n; for various D, (C) at fixed D = —0.39 V /nm for various n, and (D) at
fixed D = —0.46 V /nm for various n. Each curve is offset for clarity, with the dashed line of the same color
denoting R, = 0 for that data set. The dashed line is often not located at the center of the corresponding
AH loop due to cross-talk of R, because of inhomogeneity. The traces annotated with an adjacent ‘x0.1°

are manually multiplied by a factor of 0.1.

The magnitude and sign of the ferromagnetic hysteresis also depends sensitively on the carrier density
n for a fixed D/eyp = —0.39 V/nm (Fig. 6.4B). At this displacement field, the AH signal reaches a first
maximum at n = —2.48n,. With less negative n, the AH signal decreases quickly. Then the AH signal
changes sign, and although the hysteresis disappears near n = —2.31ng, the non-linear component, which is
the best measure of the AH signal, continues to grow as n is made less negative.

To visualize the dramatic change of the ferromagnetic state with n and D, we indicate the parameter space
with negative and positive pyAf in Fig. 6.4C with blue and red squares, respectively, where the intensity of the
color indicates the magnitude of the anomalous Hall signal. Values of (n, D) where AH is zero are indicated
by circles. A variety of additional magnetic field sweeps for various values of n and D are shown in Fig. 6.5
for the same sample studied in Fig. 6.4. We note that the hysteresis loops of the magnetic state can be rather
complicated close to the oval boundaries, at which the AH vanishes. Some hysteresis loops show multiple
intermediate jumps in p,,; (R, ), and some hysteresis loops appear at non-zero magnetic fields (Fig. 6.4 and
Fig. 6.5).
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6.1.4 Behavior of the conductivity tensor

The behavior of the conductivity tensors o, and o,, can yield insights into the mechanism of the observed
AH at non-integer filling. The AH effect can either be intrinsic, arising from Berry curvature of the filled
bands, or extrinsic, resulting from a scattering mechanism. We suggest AH at the non-integer filling is
intrinsic. First, the AH is only observed for the sign of the D field which leads to the Chern band according
to our band structure calculation, and not at the other sign which is predicted to lead to a topological trivial
band. Second, skew scattering, one of the extrinsic mechanisms leading to AH in magnetic metals, gives rise
to a linear relationship between o, and o,. Fig 6.6A and B clearly show nonlinear relationships between
04y and 0., when either density or temperature are varied [132]. It is more challenging to rule out side
jump scattering, another extrinsic mechanism. Both of these mechanisms, however, can be effective only
in metallic materials and, as shown in Fig. 6.2B, the AH occurs where the longitudinal resistance is quite
high, perhaps indicating that the device is insulating. Furthermore the longitudinal conductivity demonstrates
insulating temperature dependence, increases with increasing temperature, as shown in Fig. 6.6C. Third,
the largest anomalous Hall angle 0, /0., is close to unity, which is much larger than previously reported
extrinsic or intrinsic AH materials (< 0.2) [132, 143] except for Chern insulators [18, 19,21, 133,134, 175],
which also suggests the intrinsic mechanism.

Fig. 6.6D shows o, and o, as functions of n at D = —0.48 V/nm at B = 0 T. The large Oy
is accompanied with a drop of o,, which is one would expect for a Chern insulator. We believe that the
absence of quantization of the former and non-zero value of the latter probably results from the presence of

domains.
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Figure 6.6: Behavior of the conductivity tensor at B = 0 T. (A) The longitudinal conductivity o, is
plotted parametrically against the Hall conductivity o, for a series of measurements at different temperatures
with the density and displacement field fixed at n = —2.3ns and D = —0.48 V/nm. (B) o, is plotted
parametrically against o, for a series of measurements at different densities for fixed temperature T =
0.07 K and displacement field D = —0.48 V/nm. (C) Arrhenius plot of o, on a log scale versus 1/7". (D)
04 and o, as functions of carrier density, from the same data as in (B), showing the emergence of a dip in

04z accompanied by the o, maximum around n = —2.3n,.

6.1.5 Discussion

We have shown that ferromagnetism can emerge not only at integer filling of a miniband in an ABC-TLG/hBN
moiré superlattice [21] but also in a region centered about non-integer filling, behavior which is currently
unique among the reported magnetic states in moiré systems. As with AH in other moiré systems, the system
appears to be insulating at zero field and the magnitude of the AH is large, indicating that it is unlikely
that the AH arises from some scattering mechanism as in ferromagnetic metals. We therefore assume that,
while the ferromagnetic state at non-integer filling in ABC-TLG/hBN as yet exhibits significant longitudinal
resistance and no quantization of AH, the large AH arises, as it does in the other systems, from a combination
of band topology and electron-electron interactions. Interactions break valley/spin degeneracy, and give a
gap between the bands with opposite Chern numbers. The observed magnetic state appears only when the

valence miniband has been tuned by the applied displacement field to be topologically non-trivial, suggesting
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the importance of band topology for realizing the magnetic state.

The ferromagnetic hysteresis in Hall resistance at non-integer filling can change sign with field effect
control of D and n, perhaps indicating that different ferromagnetic states can be stabilized in different regions
of parameter space [148]. This reversal of the sign of AH as a function of carrier density is similar to that
recently reported for ferromagnetism centered at n = 3ng in twisted monolayer-bilayer graphene [180].
These authors report that the Hall resistance saturates near h/2e? on both sides of the sign reversal, while
the longitudinal resistance R,, < 1 k(), suggesting that on the two sides of the sign reversal there are Chern
insulators with Chern numbers C' = +2. The sign reversal of the AH with carrier density reported here can
then be explained as follows: with an applied external magnetic field, we control the preferred magnetization
direction, as the magnetic moment wants to align with the field. But Chern number is not simply related
to magnetization: the magnetization of an orbital Chern insulator reverses as the chemical potential passes
through the gap [148]. Therefore, the magnetization of each valley, and hence the magnetization for a Chern
insulator of each Chern number, reverses as a function of carrier density, yielding the measured reversal
of AH resistance. The sign of the AH is not reported to be sensitive to D in twisted monolayer-bilayer
graphene [180] as it is for the non-integer filling ferromagnetic state in the present work. However, it is
predicted that the sign of the magnetization of an orbital Chern insulator of a given Chern number also
depends on gap size, the bandwidth of the bands, and the valley splitting [148]. Tuning D strongly affects
these parameters in ABC-TLG/hBN, therefore it is perhaps not surprising that, for fixed chemical potential,
we see a sign flip in the measured AH resistance as a function of D, as well. Twisted monolayer-bilayer
graphene has also been found to be magnetic in a region centered near n = ng but this state does not exhibit
a sign change of AH as a function of carrier density [76, 180].

Thus both the large AH and its sign reversal likely arise from a correlation-induced gap between bands
with opposite Chern numbers. Whereas it is straightforward to understand such a gap in twisted monolayer-
bilayer graphene at integer filling as caused by electron-electron interactions simply by symmetry break-
ing of the spin/valley degrees of freedom [76, 148, 180], a gap at non-integer filling as in the ABC-trilayer

graphene/hBN moiré system suggests a more complicated ground state.

6.2 Evidence for magnetism at non-integer filling in tBLG

While we were able to clearly observe signatures of magnetism at non-integer filling repeatably across mul-
tiple ABC-TLG/hBN devices, here we will discuss more sporadic signatures of a similar state in tBLG. In all
cooldowns of the device discussed in Sec. 5.1, we observed that the anomalous Hall, although small, remains
non-zero in approximately the region n ~ 0.72n, to ~ 0.9n, (as shown previously in Fig. 5.5). However,
on several cooldowns of the same device, we see strikingly different behavior: in addition to the appearance
of small non-zero anomalous Hall far above n = 3ng, we see an isolated secondary peak centered near
n = 3.5ng (Fig. 6.7). This peak exhibits a maximum value of slightly more than 1/3 that of the main peak;
RN =310 kQatn = 3.5n, and Ry} = 9.04 kQ at n = 3.08n,.
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Figure 6.7: Peak in anomalous Hall at non-integer filling. Zero-field anomalous Hall resistance R‘;\f (red)
and ordinary Hall slope Ry (black) as a function of n/n, for D/eg = —0.22 V/nm. R is peaked with
a maximum around n/ns = 3.08, coincident with Ry changing sign. Additionally, we observe a second
peak in Rgg at n/ns = 3.5 that is approximately 1/3 the height of the main peak. This secondary peak is

coincident with a strong dip in Ry.

It is somewhat surprising that a feature that is so prominent on one cooldown is totally absent on others.
However, as we discussed in Sec. 5.1, there was significant variation between cooldowns for the zero field
R, gate maps shown in Figs. 5.1 and 5.3; there appears to be a significant shift in the intrinsic displacement
field between cooldowns (there was no clear feature to ascribe to zero displacement field so the gate maps
are really plotted against the additional applied displacement field). Perhaps the state is simply more fragile
than the state at n = 3ns and only exists in a particular range of D. It could also be the case that the
state is particularly sensitive to the frozen background disorder potential seen by the device during a given
cooldown, which is a potential explanation for the shift in D between cooldowns. Without the ability to assign
a particular feature to a known displacement field, we cannot orient ourselves absolutely and say definitively
where this feature exists in the parameter space.

This secondary peak in anomalous Hall at n = 3.5n4 could be consistent with a fractional Chern insu-
lating state at half-filling of a single spin-valley flavor band [171]. The main piece of evidence in favor of
this explanation at this point is that the Hall resistance is centered at and exists only in a narrow region near
n = 3.5ng. Evidence of a well quantized Hall signal will be needed before we can definitively declare this as
the explanation. An alternative explanation, given that the device has been shown to be quite inhomogeneous
as previously discussed, is that this secondary peak corresponds to doping some island that is heavily doped
relative to the rest of the device to n = 3ng. This would neatly explain why the state is sporadically observed
but seems somewhat unlikely; most forms of disorder would simply blur a feature, not create a separated, well
isolated domain in the device. For example, twist angle disorder, which is potentially the dominant disorder

in the device, has been directly observed to vary smoothly [13].



Chapter 7

Outlook

7.1 Superconductivity in ABC-TLG/hBN

At this point, superconductivity in tBLG has been clearly demonstrated and replicated by many groups (see
Refs. 75 and 181 for a characterization of transition temperature as a function of twist angle). However,
the phase diagram is far from clear, and many devices behave quite differently. It is possible to achieve
superconductivity in devices with either weak or no signatures of correlated insulating states [75, 182, 183],
likely indicating that the superconducting phase competes with the proximate correlated insulating states. An
even stranger tBLG device displayed multiple pockets of superconductivity [128], showing that it is perhaps
possible to achieve superconductivity at any filling within the flat bands.

Beyond ABC-TLG/hBN, there are many other moiré based systems that show signatures of supercon-
ductivity but fall short in some way [180, 184—187]. Recent measurements in tBLG may provide a potential
explanation for the phenomena observed in these systems. A number of different Chern insulating states
can be induced with the application of a small magnetic field in tBLG [188—191], indicating that there are
competing phases that are not far apart in energy. Subsequently, it was found that such a transition could be
driven by either the application of an in-plane magnetic field or by increasing temperature [192,193]. As the
new phase is favored by a magnetic field, it is likely spin/valley polarized in some way. Therefore, we are
likely seeing a Pomeranchuk like phase transition: a transition from a disordered state at low temperature to a
entropically favored ordered state at high temperature. For this to be an entropically favored ordered state, it
needs to have a very small stiffness in its order parameter, allowing for strong fluctuations. These fluctuations
manifest as a large change in the resistivity across the phase transition.

A similar effect could explain the phenomena that have been previously ascribed to superconductivity
in these other flat band moiré systems. In a flat band system, symmetry broken states are likely going to
be competitive if the bandwidth is small enough. If the order parameter also has a small stiffness, it could
drive such a Pomeranchuk like phase transition, leading to the precipitous drop in resistivity as a function of

temperature that was ascribed to a superconducting phase transition.
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7.2 Ferromagnetism at integer filling

While the tBLG device discussed in Ch. 5 does not exhibit quantized Hall resistance or zero longitudinal
resistance, it does exhibit what appears to be incipient Chern insulating behavior, that would suggest the
ground state at low in-plane fields is spin and valley polarized [64, 65]. In fact, subsequent measurements
of tBLG have revealed precise quantization of the Hall resistivity coincident with small longitudinal resis-
tivity [175], conclusively demonstrating that the 3/4 state is a Chern insulator with Chern number C' = 1.
The highly anisotropic response of the magnetic state to the direction of applied field demonstrated by the
rotator measurements shown in Ch. 5 suggests that because spin-orbit coupling in graphene is weak [5], the
ferromagnetic state is dominated by a orbital magnetic moment. These measurements are consistent with
recent measurements using a superconducting quantum interference device that found the magnetization to
be approximately 2-4 Bohr magneton per moiré unit cell [194]. The measurements were performed near
the 3/4-filling state, which corresponds to a single hole per moiré unit cell. As the measured magnetization
significantly exceeds the expected 1 Bohr magneton per moiré unit cell for a single spin, these measurements
also suggest that the magnetism is dominated by the orbital component. Though the motion of electrons can
generate an orbital magnetic dipole moment, we are unaware of any magnetic material where the magnetism
is dominated by the orbital magnetic moment independent of spin. However for tBLG, this is precisely the
prediction of Refs. 64,65, 148, 169-172. Despite these predictions, there are competing theories in which
spin plays a role in the magnetism [66, 120, 121, 126, 162, 172].

In such an orbital magnetic state, the role of electron spin is an open question. Given that spin-orbit
coupling is extremely weak in graphene, there should not be significant anisotropy in the direction spins prefer
unless higher order bands are mixed in. Alternatively, if the low-field QAH state results from a state that is
valley-polarized and spin-unpolarized, then polarizing spin could destroy any QAH through the removal of
valley-polarization or mixing with higher-order bands [64, 120]; the lack of quantization in our measurements
does open the door for the low-field ground state being metallic with strong anomalous Hall rather than a
Chern insulator. On the other hand, because of the finite thickness of tBLG, it is also possible that an in-plane
field directly couples to the orbital moments [173]. A sufficiently large in-plane field could then drive the
sample into a valley unpolarized state.

We have observed a phase transition into a different state when the in-plane field exceeds 5 T. Regardless
of the dominant mechanism of how in-plane field couples to the device, it seems that either the bands are
losing their topological character by higher order bands mixing in [174], or the in-plane field is driving a
repopulation of the bands. Thus far, no evidence of magnetism has been observed at n/ns = 1 [18,175], that
should nominally be similar to n/ns = 3. Therefore, there may be a competing ground state that does not
have a net Chern number and would not exhibit a QAHE.

The lack of magnetic tBLG samples is of particular note. A Chern insulator requires nontrivial band topol-
ogy and a gap between bands of different Chern numbers. The Dirac-like band touchings of the flat bands
may [63,195] or may not [67,68] be symmetry protected. The tBLG samples are encapsulated in hexagonal

boron nitride (hBN) flakes to protect the device from disorder and serve as a dielectric for electrostatic gating.
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Such a gap could be opened by the apparent alignment of the tBLG crystal axis to that of one of the cladding
hBN layers, which breaks the in-plane two-fold rotation symmetry [64, 65, 148, 196], thus gapping the bands.
Both tBLG samples that exhibit ferromagnetism appear to have this alignment [18, 175], while this align-
ment has been typically intentionally avoided when fabricating other samples. Alternatively, self-consistent
Hartree-Fock calculations show that in-plane two-fold rotation symmetry may be broken spontaneously [66].
More devices are required to determine if alignment with hBN is required for tBLG to become magnetic.
Finally, we have reported in Ch. 5 that the magnetization of the sample can be manipulated by applying
an extremely small DC current of order 10 nA, demonstrating that this magnetic state may be potentially
useful for extremely low-power magnetic memory. This sensitivity to DC current is also reported in Ref. 175.
The current required is, to our knowledge, the lowest of any memory system capable of in-situ readout and
manipulation [144,197,198]. However, the precise mechanism behind this sensitivity in tBLG is not known.
It may be possible that current in the bulk, while not present in the QAHE limit, may either redistribute
electrons [145] or directly generate a net orbital magnetization due to the reduced lattice symmetry of tBLG
aligned to hBN [146] allowing for switching of the valley polarization. While finite longitudinal resistance
indicates the existence of dissipitive transport, in the QAHE limit, current flows only along the edge of the
device. It has been proposed that charge current could efficiently drive reciprocal domain wall motion in
a QAH system owing to quantum interference effects from the chiral edge states [147]. An interplay of
edge-state physics and antisymmetric between the edges of the device may lead to a given current direction
favoring a specific sign of the magnetization [175]. The orbital nature of the magnetism may prove to be key

in understanding the sensitivity to an applied current.

7.3 Ferromagnetism at non-integer filling

The observed evidence of potential fractional quantum anomalous Hall (FQAH) is quite exciting. Previ-
ously, FQAH states at zero magnetic field have not been clearly observed in experiment. In Ch. 6, we
discussed evidence of such a FQAH state in two ABC-TLG/hBN devices. While the state seems to arise
from a combination of band topology and electron-electron interactions, we cannot conclusively say the state
is a FQAH insulator without quantized Hall resistance and zero longitudinal resistance. This may be a matter
of increasing the strength of electron-electron interactions. The simplest approach that might yield a mod-
est improvement would be to use graphite gates at a larger distance away from the ABC-TLG. The use of
graphite would hopefully yield improved device quality. Using a thicker dielectric would hopefully reduce
any residual screening effects of the gates that were previously making the state weaker [75]. Another route
would be to increase interlayer coupling by applying hydrostatic pressure [14, 199].

The path forward is less clear for the search of FQAH in tBLG. Both of the tBLG devices that have
exhibited ferromagnetism at 3/4 filling exhibit non-zero anomalous Hall in the approximate density range
3ns < n < 3.7ns (Ch. 5 and Ref. 175). However, a secondary peak in the AH was only observed in a

single cooldown near n = 3.5ns (Ch. 6). This inconsistency may be due to the sensitivity of the state to
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charge disorder or displacement field. Unfortunately the only magnetic tBLG device clean enough to display
quantization [175] is singly-gated. While the role of displacement field is less clear in tBLG than in ABC-
TLG/hBN, it does appear important in magnetic tBLG: while non-zero hysteresis does exist in a large range
of displacement fields, displacement field does tune the anomalous Hall in a non-trivial way. It may be the
case that the state at 3.5n, only exists in a narrow range of displacement field which we were able to achieve
on one particular cooldown (there is significant evidence that the displacement field in the device changed
significantly between cooldowns, see Ch. 5). Hopefully a dual-gated heterostructure which is clean enough

to display quantization will elucidate what may be happening at 3.5n.



Appendix A

Designing a vdWs transfer station

In this appendix, we will discuss a transfer station I designed with fabricating twisted vdWs heterostructures
in mind. Thanks to Yuan Cao and Pablo Jarillo-Herrero for showing me their setup and teaching me their
procedure for fabricating tBLG heterostructures. From their advice, I was able to build a transfer setup that
has worked very well for fabricating twisted vdWs heterostructures.

The transfer station consists of two micromanipulator assembly: a sample assembly and a stamp assem-
blies. The sample assembly is based on an XY-translation stage (Newport 462-XY-M) with manual actua-
tors (DM-25L). These actuators provide 25 mm of travel with an additional ultra-fine positioner that allows
0.2 mm of travel with 0.1 pm of sensitivity. This level of sensitivity is nice to have in one pair of the two
XY-translation stages in the system, but one could get away with slightly less sensitivity. On top of this stage
is a very precise rotation stage (Newport CONEX-URS50BCC) which has an absolute guaranteed accuracy
of 20 mdeg but can do much better if one accounts for backlash. Finally, we mount the sample stage on
top of the rotation stage. The sample stage comes with a vacuum feed-through for holding down samples, a
slot for a heater cartridge (Omega HDCO00001), and a mount for a thermocouple (Omega WTK-8-60). The
thermoetry is controlled using a PID controller (Omega 16DPT-225-C24). The sample stage is separated
from the rotation stage by glass to hopefully help prevent excessive heating of the rotation stage. The screws
holding down the sample stage are stainless steel, but could be replaced with a less thermally conductive
material.

The stamp assembly is based on an XYZ-translation stage (Newport 562-XYZ-LH). The X and Y axes are
equipped with manual actuators (Newport HR-13) that have 0.5 pm sensitivity. The Z axis is equipped with a
motorized actuator (Newport CONEX-TRB12CC). Newport offers motorized actuators based on both servo
motors and piezoelectric steppers. I opted to use the servo motor option. The servo motors do not seem to have
any issues with overshooting that impact transfers. The piezoelectric steppers are based on using microsteps
which may cause a small amount of jitter. This motorized actuator has a minimum incremental step size
of 100 nm which is small enough for successful transfers. A dual-axis goniometer (Thorlabs GNL20) is

mounted on the XYZ-translation stage, allowing to control the tilt of the stamp relative to the sample stage.
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Finally, the stamp stage is mounted on the goniometer. The stamp stage has a vacuum feed-through for

holding the stamp.

Figure A.1: vdWs transfer station. Sample side (left) and stamp side (right) micromanipulator assembly

that comprise the vdWs transfer station. The base is a 1 in optical breadboard.

The vacuum system is built with a small diaphragm pump (Gast DOA-P701-AA). Vibrations from the
pump can couple to the transfer stage via the vacuum lines. This can be alleviated by running the vacuum
line through some sort of vibration reduction system. For the current setup, I run the line through a 5 gallon
bucket filled with sand (Fig. A.2). For additional isolation, the transfer station is placed on a bench top
vibration isolation platform (Minus K 50BM-4).
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Figure A.2: Isolating transfer station from pump vibrations. Without any isolation, the vibrations of the
diaphragm pump (shown on the left) would couple through the vacuum line to the transfer station, negatively
impacting transfer quality. To mitigate this, the vacuum line is run through a 5 gallon bucket filled with sand

(shown on the right).

Finally, the optics are built around a Mitutoyo FS70 turret with Periplan eye pieces (GW 10x/26). In
such a setup, it is crucial to have long working distance objectives. The transfer station is equiped with three
Mitutoyo M Plan Apo objectives (2X/0.055, 10X/0.28, 50X/0.55). The 10X is the workhorse objective most
often used during transfers. Finally, the turret is equipped with a Flea3 color camera (FL3-U3-20E4C-C) for

computer monitoring of the transfer.



Appendix B

Gate voltages to charge density and

displacement field

In a dual gated heterostructure with a back and top gate, the gates control both the charge density n in
and apply a displacement field D to the gated heterostructure. We will model both gates are parallel plate
capacitors with capacitance per unit area ¢; = C;/A; = €;/d;, where ¢; and d; are the dielectric constant and
thickness of the dielectric layer separating the gate from the semiconducting layer. Then the carrier density

in the gated layer is simply the sum of the two carrier densities accrued by both gates

n= 2 (Vig = Vi) + 2 (Vi ~ Vi) B.1)

e

where V(1) is the voltage applied to the back (top) gate, (V,2, V,2 ) is the charge neutrality point, and e is the

bg’ "tg
charge of an electron. The displacement field D is related to the net electric field crossing the semiconducting
layer. This is somewhat complicated as there should be screening effects at play but it is standard practice in

the field to take the following definition:

1 1 [ erg(Vog —V2)  €1g(Vig — VO
D= *(Engbg +€thtg) _ (]( g bg) . tg( tg tg
2 dbg dtg

B )> = %(cbg(vbg*Vb%)*ctg(vtg*vtg))-

(B.2)
We will typically consider the quantity D /eq, such that we are working in units of V/nm. Given that the gates
are working in tandem, we can fit a line to particular features. We will do so for the charge neutrality point.

We then get

Vig = —mVyg + b, (B.3)
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where m = c¢p4/c4q is the ratio of the gate capacitances. We will assume that D = 0 when (V44, Vz4) = (0,0).
In the case of a Si back gate and a metallic top gate, one can check that the expected displacement field due to
the work function difference between the gates is small (~ —0.01 V/nm). Any non-zero displacement field
at zero gate voltages due to other effects will then yield a constant offset in the calculated displacement field.

Under this assumption, we obtain the relation that

0 = —cugVyy + crgVig- (B.4)
Plugging this into the linear relation, we obtain
Vo =mVy,. (B.5)

We now want to find the point on our line fit to the charge neutrality point where D = 0. We can substitute

this relation into equation B.1:

0 = cug (Vg — Vig) + crg (Vig — Vi) (B.6)
= m(Vog — Viy) — mVipg + b —mVy) (B.7)
=b—2mVy. (B.8)
Solving for the offsets:
b b
0 _ 0 _
by T 9 Vtg =5 (B.9)

We can now transform to this new coordinate space based on our fit to the charge neutrality point following

the prescription that

n = (mVh, + Vig — ), (B.10)
e

D - Ctg

% = QTO(meg_Vtg)- (B.11)

We can also invert this transformation:

1 2¢0D

Vag = = b+ % — 202 (B.12)

Ctg Ctg

2
1 20D
‘/tg_<b+m+ i ) (B.13)



Appendix C

Simulating ballistic electrons

This section is adapted from Ref. 200. A maintained repository of the code used to perform simulations like
those of Ref. 200 and Ch. 2 can be found at Ref. 201

As we have previously discussed in Ch. 2, in ultra-clean 2D materials, transport is ballistic over large
length scales at sufficiently low temperatures. We aim to semi-classically model ballistic transport for a
generic Fermi surface in a given 2D geometry. By modeling the ballistic trajectories in a magnetic field,
on can gain an effective map of the current density within the device. Additionally, by monitoring the in-
teractions of the charge carriers with the edges of the device, one can gain qualitative predictions for the
field-dependence of the voltage at a given ohmic contact. We model the electrons trajectories according to
their semiclassical equations of motion for an out-of-plane magnetic field B = Bz:

hivg = @, hk = —eE + eB% x v (C.1)
ok
where £ is the reduced Planck’s constant, e is the charge of an electron, vy is the Fermi velocity, and F is the
electric field experienced by the electron. In the ballistic regime, there is negligible electric field in the bulk,
therefore we assume that £ = 0. Because we are not concerned with transit times of the electrons, we can
ignore the Fermi velocity vp.

We need either a numerical or analytical model for the Fermi surface (FS) we want to simulate that we
will discretize into a series of state labeled by an index n. For an electron propagating in a magnetic field,
the equations of motion yield that the real space trajectory is a 90° rotation of the FS scaled by a factor of
h/eB [6]. By following their calculated real space trajectory, we can model the electron transport in the bulk

of the device.
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Figure C.1: Simulating a two-terminal bar. Electrons propagate along a bar of length L and width w. The
injector (left) and ground (right) are assumed to be perfect ohmic contacts. A virtual line placed a distance
several times thew width of the bar away from the injection point is used to calculate backward scattered

electrons.

One of the simplest devices we can simulate is a two terminal bar, where carriers are injected into a two-
dimensional bar of width w and length L. Ohmic contacts are created at two ends of the bar which will serve
as an injector and a ground. When injecting an electron into the system or scattering from an edge of the

device, the probability of injecting into a state n of the discretized Fermi surface is

p(n) = cos (6 (n) - ¢), (C2)

where 6 (n) = tan(v,/v;) is the direction of propagation of the state n and ¢ is the angle of the normal to
the edge. The Fermi surface is numerically discretized into states separated by constant arc length to remove
the probability distribution’s dependence on Fermi velocity [8]. Carriers follow their semi-classical path,
ignoring bulk scattering, until interacting with either an edge or ohmic contact of the device. In the case of
a non-ohmic edge, a carrier is either specularly reflected into the appropriate momentum conserving state
or scattered into a new randomly state chosen according to the probability distribution for that edge. For
ohmic contacts, one has the additional parameter of the probability a carrier is absorbed by the contact. To
ensure detailed-balance, if a floating contact or the injecting contact absorbs an incident carrier, the carrier is
reemitted at a random position along the lead in a randomly chosen allowed state for that edge.

The magnetic field is not modeled in the injecting ohmic contact; electrons are injected uniformly across
the edge of the contact into states chosen according to the probability distribution for the contact. At high
magnetic fields (cyclotron diameter smaller than the width of the bar), there is a significant chance than
an injected carrier will not interact with the side walls of the device before returning to the injector. We
can estimate the two-terminal resistance of the bar in this regime by calculating the number of backward-
propagating carriers through a line perpendicular to the channel several times the bars width from the injecting
contact. By measuring the transport properties far from the injector, we are not susceptible to the issue of

carriers that do not interact with the side walls of the device.
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Additional tBLG data

D.1 Quantum oscillations
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Figure D.1: Quantum oscillations of tBL.G at fixed displacement field. (A) Landau fan diagram of the
longitudinal resistance R, taken at 2.1 K for a fixed displacement field D/ep = 0 V/nm. Emerging from
the CNP, we observe the Landau levels v = +2, +4. We further observe Landau levels from n/n; = 1/2 of
v =24, fromn/ns, = 3/4 of v = 1,4, and the sequence from n/ns, = —1 of v = —8, —12, —16, —20. (B)

Schematic of the Landau levels observed in (A).

We observe several sets of Landau fans emerging from the high resistance states of the tBLG (Fig. D.1A).
The discernible quantum oscillations are represented schematically in Fig. D.1B. The degeneracy of Landau
levels is representative of the symmetries of the electronic band structure and may yield information about
where spin, valley, or layer symmetry may be broken.

Emerging from the CNP, the v = £2 and +4 Landau levels are clearly visible. This is slightly surprising
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as one might expect the level sequence to reflect spin and valley degeneracies, and hence four-fold degenerate
Landau levels, as has been seen previously in magic angle tBLG samples [3, 14]. In the fan emerging from
n/ns = 2, we see similar periodicity with signs of v = 2 and 4. Additionally, there is a strong enhancement of
the resistance at n/ns = 2 with the applied out-of-plane magnetic field, peaking at roughly 6 T, in contrast to
the behavior of the apparent correlated insulating state observed by Cao et al. [1]. The n/ns = 3 fan exhibits
a further reduction of the periodicity such that we only observe clear signatures of v = 4 and 4. This reduction
in symmetry at n/ns = 3 could reflect interaction-driven lifting of the degeneracies: if the conduction bands
for three spin-valley flavors are fully filled, we may be observing the quantum oscillations of a single flavor.
No clear quantum oscillations emerge from n/ns = 4, but the presence of v = —8, —12, —16, and —20

levels originating from n/ns = —4 is consistent with what has been seen in other tBLG samples [3, 14].

D.2 Longitudinal resistance data

In this section, we provide the corresponding longitudinal resistance data for the figures of Sec. 5.2. Fig. D.2
shows the longitudinal resistance R, corresponding to the Hall resistance data of Fig. 5.16. As was seen
previously with this device [18], R, displays visible hysteresis, presumably due to mixing in of the Hall
signal from inhomogeneity in the device. When plotted as a function of the perpendicular field component
(Fig. D.2B), we see that the longitudinal resistance depends mostly on the perpendicular field component
with some small variations from angle to angle, perhaps due to an effect of the in-plane magnetic field.

Fig. D.3 shows the longitudinal resistance IR, corresponding to the Hall resistance data of Fig. 5.17.
As the angle of the sample is tuned closer and closer to a purely in-plane magnetic field, the variations in
the longitudinal resistance become smaller. As the field becomes perfectly in-plane, the hysteresis loop seen
at larger tile angles is diminished. We see jumps in the longitudinal resistance that likely correspond to the
flipping of magnetic domains.

Finally, Fig. D.4 shows the (A) longitudinal and (B) Hall response of a state magnetized out-of-plane
to a purely in-plane field. Panel B is reproduced from Fig. 5.18. As was previously discussed, applying an
in-plane magnetic field erases the initial magnetic state and goes through a phase transition to a different state
above 5 T in-plane field. Below this critical field, the magnetic state is recovered but the full polarization of

the system is not. This leads to a reduction in the longitudinal and magnitude of the Hall resistance.
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Figure D.2: Angular dependence of longitudinal Resistance in magnetic hysteresis loops. Magnetic field
dependence of the longitudinal resistance R, corresponding to the data shown in Fig. 5.16, with n/ng =
2.984 and D/eyp = —0.30 V/nm at 29 mK as a function of the angle of the device relative to the field
direction; 0° corresponds to field in the plane of the sample. The hysteresis loops are plotted as a function of
(a) the applied field and (b) the component of the field perpendicular to the plane of the sample. The solid

and dashed lines correspond to sweeping the magnetic field B up and down, respectively.
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Figure D.3: Hysteresis loops for nearly in-plane fields. Angular dependence of the longitudinal resistance
R.. vs B corresponding to the data shown in Fig. 5.17 with n/ns = 2.984 and D/eg = —30 V/nm for
angles of the field relative to the plane of the sample: (a) 4.71° £0.10°, (b) 1.82° +0.10°, (c) 0.85° £0.10°,
(d) +0.223° +0.049°, and —0.171° + 0.025°. All traces were taken at 27 mK except for the trace with tilt
angle +0.223° £ 0.049°, which was taken at 1.35 K.
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Figure D.4: Erasing the initial magnetic state. In-plane hysteresis loops of the longitudinal resistance R,
corresponding to the data shown in Fig. 5.18 with n/n; = 2.984 and D/ey = —30 V/nm at 26 mK. The
sample is initially polarized with an out-of-plane field. The sample is then rotated to —57 4+ 21mdeg in zero
magnetic field. The field B) is then increased from zero (red trace) before completing a hysteresis loop (blue

traces).



APPENDIX D. ADDITIONAL TBLG DATA 123

D.3 Antisymmetric components and dependence on magnitude of in-

plane field

When the antisymmetric component of the data presented in Fig. 5.18 is extracted (shown in Fig. D.5), we see
that for small in-plane fields, the system is strongly hysteretic. Although a typical ferromagnetic hysteretic
loop is not observed as a function of in-plane field, we do see that there is a large discrepancy between the
up and down sweeps. Above an in-plane field of 5 T, the two traces are largely similar, with much smaller
deviations between the two. Additionally, the antisymmetric component of the Hall remains quite small,

staying below ~ 0.5 k(.
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Figure D.5: Antisymmetric component of in-plane hysteresis loop. Antisymmetric component of the Hall
resistance RSESYM corresponding to the Hall data shown in Fig. 5.18 with n/ns; = 2.984 and D/ey =

—30 V/nm at 26 mK. The initial up sweep has been omitted in this figure.

When the data from Fig. D.4 is plotted against the magnitude of the field (shown in Fig. D.6 for fields
above 6 T), we again see that those parts of the data outside of +6 T are remarkably similar. For large in-plane
fields, the longitudinal and Hall resistances are qualitatively similar with an offset of 0.5 k{2 between the
respective signs of field. This likely indicates that the sample is no longer orbitally polarized. The similarity
of the longitudinal and Hall resistance suggests that the Hall signal results from mixing in of the longitudinal

signal.
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Figure D.6: Dependence on the magnitude of the in-plane field. In-plane hysteresis loops of corresponding
longitudinal resistance R, to the data shown in Fig. 5.18 with n/n; = 2.984 and D/e; = —30 V/nm at
26 mK. The sample is initially polarized with an out-of-plane field. The sample is then rotated to —57 +
21mdeg in zero magnetic field. The field B is then increased from zero (red trace) before completing a

hysteresis loop (blue traces). The range of resistance shown in both panels is the same.

D.4 Effect of out-of-plane at small tilt angles

In this section we present additional data similar to those in Fig. 5.17D where we investigate the effect of the
sign of a small out-of-plane field in the background of a large in-plane field at small tilt angles (Fig. D.7). Note
that for the presented data, the sample has been rotated in the plane by 20° relative to the traces performed
in Fig. 5.17D so that the sample is oriented in a different direction relative to the in-plane component of the
field. Between the two traces, there are numerous jumps in R, some which occur at similar values of B
and some which are slightly shifted between the two traces. However, these shifts are not consistent with
the change in out of plane field component, as there is an order of magnitude difference in the magnitude of
the out-of-plane field between the two traces. This suggests that the features in Fig. 5.17D and Fig. D.7 are

primarily a response to the in-plane field.



APPENDIX D. ADDITIONAL TBLG DATA 125

+172 +29 mdeg
—17 =+ 22 mdeg

Ryx (kQ)

B (T)

Figure D.7: Flipping a small out-of-plane field at small angles. Magnetic field hysteresis loops where R,
is measured at two small angles of opposite sign: +172 £ 29 mdeg in red and —17 & 22 mdeg in blue. Both
traces were taken at 28 mK with n/n, = 2.984 and D/ep = —30 V /nm. The sample has been rotated in the

plane by an angle of 20° relative the measurements performed in Fig. 5.17.

D.5 Effect of in-plane field on longitudinal resistivity

For completeness, we have examined the effect of an in-plane field at other carrier densities. The longitudinal
resistivity p,, does not depended significantly on B except in the range of densities n/n, = 0.1 to 0.65,
where p,, increases with increasing B (Fig. D.8). This behavior is counter to the superconducting device

presented in Ref. 14.
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Figure D.8: In-plane field dependence of longitudinal resistivity. Longitudinal resistivity p,, as a function

of carrier density n for several different in-plane magnetic fields at a fixed displacement field of D/eqg =
—0.30 V/nm and 1.2 K for a tilt angle of —62 & 23mdeg.
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