Materials and Methods

Our device consists of twisted bilayer graphene (TBG) fully encapsulated in two hexagonal
boron nitride (hBN) cladding layers, each ~50 nm thick. The heterostructure was assembled
using a Poly(Bisphenol A carbonate) film/gel (Gel-Pak DGL-17-X8) stamp on a glass slide
heated to 60 °C (4, 65). The stamp was first used to pick up the top hBN flake. Then, to
stack two layers of graphene at a well defined twist angle, we used the van der Waals attraction
between hBN and an exfoliated monolayer graphene flake to tear and pick up a portion of
monolayer graphene from the larger flake. We then controllably rotated and picked up the
remaining portion of the monolayer graphene (4, 16). 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. The completed stack was transferred onto 300-nm-thick SiO, atop
a degenerately doped Si substrate which is used as a back gate.

A Ti/Au top gate was deposited onto the completed heterostructure, and was subsequently
used as a hard mask for a CHF3/O (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 (66)
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.

Using the Au top gate and the Si back gate, we can tune both the charge density in the TBG
and the displacement field applied to the device. We model our gates as parallel plate capacitors

such that the density under the top gated region is given by
n = Cpg(Vas — Vi) + Cra(Vic — Vi),

where BG (TG) indicates the back (top) gate, C' is the capacitance per unit area determined
from low-density Hall slope measurements, and (Vyg, V%) is the charge neutrality point (CNP)

of the top gated region at zero displacement field. We define the applied displacement field as
D = (Dgg — Drg)/2,

where the displacement field within a given dielectric D; = ¢;(V; — V}?)/d;, €; is the relative
dielectric constant, and d; is the thickness of each dielectric. We assume a relative dielectric
constant of erg = 3 for hBN. As we do not see any clear features to ascribe to a true zero in

displacement field, we assume that when both gates are at 0 V, D ~ 0. This is a reasonable



assumption given that the expected displacement field due to the work function difference be-
tween the top and back gate is small (—0.01 V /nm). We expect any nonzero displacement field
at zero gate voltages to simply yield a constant offset to our reported values of displacement
field.

The device was measured in a dilution refrigerator reaching a base temperature of 30 mK.
To obtain a low electron temperature in the device and to reduce high-frequency noise, the
measurement lines are equipped with electronic filtering at the mixing chamber stage. Passing
the wires through a cured mixture of epoxy and bronze powder filters GHz frequencies, while
MHz frequencies are attenuated by low-pass RC filters mounted on sapphire plates for thermal
anchoring. Four-terminal resistance measurements were performed with Stanford Research
Systems SR830 lock-in amplifiers with NF Corporation LI-75A voltage preamplifiers, using
a 1 G2 bias resistor to apply an AC bias current of 5 nA RMS at a frequency of 3.3373 Hz.
Keithley 2400 SourceMeters were used to apply voltages to the gates. All standard Hall con-
figuration measurements were performed using the same voltage probes. One voltage contact
behaved inconsistently and was not used in any of the measurements.

Hysteresis loops with respect to DC current bias were performed in zero magnetic field,
unless otherwise noted. The DC current was applied using a Yokogawa 7651 DC voltage source
with a 100 M2 bias resistor. The differential resistance was then determined by measuring the
response to an additional 5 nA AC current added to the DC current bias. The AC current was
sourced from the lock-in amplifier using a 1 G2 bias resistor as before, and both the AC and
DC current sources were connected to the source terminal on the sample using a tee. Since the
resistance from the source terminal to ground through the device was much smaller than either

of the two bias resistors, the currents were effectively added together.



Optical micrograph of the completed heterostructure

Figure S1: Micrograph of the TBG heterostructure. An 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 TBG while the arrow labeled ‘BN’ 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 TBG is consistent with the experimentally
measured angle of gy = 0.83° £ 0.02° (calculated based on the density corresponding to the
peak we associate with the hBN moiré pattern; see Fig. 1 of the main text). The bottom hBN is
far from rotational alignment with the bottom graphene layer of the TBG.



Variability of the displacement field dependence between cooldowns
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Figure S2: Displacement field dependence from separate cooldown. Longitudinal resistance
R, of the TBG 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 n, (bottom axis), and the applied perpendicular displacement field D (left axis). This
cooldown was separate from either of those described in the main text.

The dependence of the longitudinal resistance R,, on displacement field is not perfectly repro-
ducible between cooldowns. Fig. S2 shows a map of R, as a function n and D at 7" = 40 mK
for a cooldown of the device separate from either of those described in the main text. When
compared with Figure 1 of the main text, Fig. S2 appears to have an overall shift in D. In
addition to this shift, there is an offset in the gate voltage 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. 1 of the main text, this cooldown exhibits a broadening of the CNP re-
sistance 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. 1 of the main text
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 TBG,
which can be changed by thermal cycling the device. This variability between cooldowns did
not impact our ability to observe magnetic hysteresis, which was present in each cooldown of

the device in the dilution refrigerator.



Comparison with a second TBG device misaligned to hBN
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Figure S3: Displacement field dependence of TBG device misaligned to hBN. (A) An optical
micrograph of the completed device. The scale bar is 20 ym. (B) Longitudinal resistance 17,
of the misaligned TBG 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.

To explain the dependence of transport on the direction of the displacement field in the device
presented in the main text, we can compare it to the dependence in a second TBG device (with
a 1.05° £ 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 the TBG by screening the
effect of charges in the S10, (19). Also replacing the top metal gate with a second graphite gate
could lead to further improvement (6, 67).

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 device
of the main text. With the graphene misaligned with both hBN layers, the device is in an ap-
proximately 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 direction of the displacement field.

The stark contrast between the displacement field dependence of this misaligned device and
the device of the main text suggests that the vertical symmetry of the heterostructure is broken

in the latter. This could result from disorder, but as discussed in the main text, it appears that



the symmetry is broken by the alignment of one of the two hBN cladding layers with the TBG.
The device with misaligned hBN also did not show AH effect at any filling.

Repeatability of hysteresis loops
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Figure S4: Repeated hysteresis loops. Longitudinal resistance R, (top panel) and Hall resis-
tance I?,, (bottom panel) are shown as a function of magnetic field for twelve consecutive loops
of the field between 250 mT for n/ngs = 0.758 and D /ey = 0 V/nm (in the same cooldown as
that of Fig. S2). The solid and dashed lines correspond to measurements taken while sweeping
the magnetic field B up and down, respectively.

To check the repeatability of the magnetic field dependence of transport, we swept the ap-
plied magnetic field between £250 mT twelve times while maintaining a constant density and
displacement field (Fig. S4). The structure of the hysteresis loop is very consistent between
sweeps with many of the intermediate jumps appearing highly repeatable. These jumps likely
correspond to some magnetic domain structure with domains of varying coercivities, or to a
repeatable pattern of domain wall motion and pinning. As discussed in the main text, this be-

havior may result from inhomogeneity caused by local variations in effective gating or in the
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twist angle between the graphene sheets. 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.

Extracting anomalous and conventional components of Hall effect

To clearly separate the two components of the Hall effect, we define the anomalous component
as half the difference between B = 0 Hall signals on the up and down sweeps of applied field:
RM = |Rl, — RY.| /2, where RIY is the Hall resistance remaining at zero field after the
sample has been magnetized by an upward (downward) applied field. If we took R;(I“ 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
Rj,;“. 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.

Extended discussion of nonlocal measurements

For completeness, we elaborate here on the discussion in the main text of our expectations for
nonlocal measurements in different scenarios and how they compare to our results. Our primary
conclusion from the data presented in the main text is that the nonlocal measurements do not
correspond to either homogeneous conduction purely in the 2D bulk or the perfect chiral edge
transport of an ideal quantum anomalous Hall (QAH) state (the case of a homogeneous Chern
insulator). Instead, we argue that they are consistent with the existence of chiral edge states in
combination with another dissipative transport mechanism or chiral transport along a network
of domain walls. Below, we explain these scenarios in greater detail.

As introduced earlier, an 1deal QAH state is characterized by an insulating 2D bulk and
chiral edge states, which conduct without dissipation. Floating ohmic contacts equilibrate with
the chiral edge states that propagate into them (317), 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/ to the source-drain
conductance, is given by the Chern number C, leading to a source-drain resistance of h/C'e?.
As a result, when a current / flows from source to drain, floating terminals will have a voltage
of either hl/ 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. Three-terminal resistances (such as
Rs414 in Fig. 3 of the main text), therefore, will be either 2/C e? or 0 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. Four-terminal resistances, on the
other hand, should always be 0 if measured between two voltage contacts on the same side of
the perimeter relative to the source and drain, as is the case in the nonlocal configuration in
which we measured (the four-terminal resistance 5412 in Fig. 3).

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/ Pz ~ 0.1 or less (38)), 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 (32). 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
R} & (pge/7) exp(—nl/w), where | and w are the length and width of strip, respectively (32).

An additional possibility is that chiral edge states are present along with some other dissipa-
tive conduction 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 oppo-
site direction becomes possible through the additional channel, leading to nonzero four-terminal
resistances. One such scenario, analyzed in Ref. 33, is a QAH state with additional, non-chiral

edge states. Compared to the ideal QAH case, the presence of this channel allowing transmis-



sion 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 TBG 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 (34, 35) (due to the Chern number changing sign between
domains of opposite magnetization).

As discussed in the main text, our measurements appear to be best explained by this latter
situation, with both chiral edge channels and some other conduction mechanism like those de-
scribed above. The three-terminal resistance 25414 shown in Fig. 3 of the main text exhibits
significant hysteresis and differs by a large but non-quantized value between the two magneti-
zations 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 54 12 at this density, with a hysteresis loop saturating at approximately
42 € 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 homo-
geneous bulk transport, which would yield Rs4 12 ~ 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. 2 of the

main text).

10



Extended discussion on the nature of the observed AH effect

In this section, we further develop our discussion of the source of the AH effect we have ob-
served, and explore why it is not quantized. As mentioned in the main text, an AH effect can
either be intrinsic, arising from Berry curvature of the filled bands, or extrinsic, resulting from
scattering mechanisms.

One cause of an extrinsic AH effect, skew scattering, is associated with a linear relation-
ship 0,y o 04, (Where 0,, and o, are the Hall and longitudinal conductivities, respectively),
which is clearly inconsistent with our data: for datasets parameterized by either n/n, or temper-
ature, shown in Fig. S5 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 observed AH effect is compared with the theoretical expecta-
tion for the intrinsic contribution (23), but a clear theoretical consensus does not yet exist in the
literature in this case.

Instead, we have argued in the main text that the size of pgjﬂ 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 Hall angle measured in our device is p,,/p., = 1.4, whereas
previously reported (extrinsic or intrinsic) AH materials yield p,,/p.. S 0.2 (38), except for
the magnetic topological insulators exhibiting near-vanishing p,, in the QAH effect. Further,
we found p/y*;[ as large as 0.4h/e?, greater than in early magnetic topological insulators (39—
41). The corresponding longitudinal resistivity of 0.3h/e? is also comparable to that of the
first samples of those same materials to display near-quantization of p,, in zero field (p,, >
0.98N/€?) (24, 25).

We have also argued in the main text 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,, (23). 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 sign near the value of n at which p‘;f i1s maximized (see Fig. 2B of the main text).

A corresponding dip is seen in o, as a function of n/n,, shown in Fig. S5D.
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Figure S5: Behavior of the conductivity tensor. (A) The longitudinal conductivity o, is plot-
ted parametrically against the Hall conductivity o, for a series of measurements at different
temperatures with the density fixed at n/n; = 0.746 and D/¢y = —0.62 V/nm (shown in
Fig. 2C of the main text). All conductivity values in this figure have been extracted from resis-
tance measurements taken at 50 m'T 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 04x = pas/ (P2, + Pi) and 04y = pyo/ (P2, + pi,)- The relationship
between o, and o, is not consistent with an extrinsic AH effect resulting from skew scatter-
ing. (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 chan-
nel (data points shown in red are excluded from the fit), yielding an estimated activation scale
of T, = 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. 1, 3, and 4 of the main text. Again, the behavior appears inconsistent with skew
scattering. Moreover, it is qualitatively similar to the density dependence of the conductivity
in a magnetic topological insulator approaching a QAH effect shown in Ref. 25. (D) 0,, as a
function of n/n;, from the same data as in (C), showing the emergence of a dip in ¢, around
n/ns = 3/4 consistent with the approach to a Chern insulator state.
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In other studies of near-magic-angle TBG samples, a high-resistance state has also been
observed at n/ns; = 3/4 (6, 7). They did not report large AH effect. The difference may be due
to the alignment of the TBG with hBN in our experiment, as mentioned in the main text.

With nonlocal measurements also suggestive of edge state transport, we believe our col-
lection 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,, (39, 40).

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. S5B). 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. 2D of the main text), 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,, = ooe To/T 4 &, where Ty
is the thermal activation temperature scale, and oy and o, are constants. (In fact, o,, reaches
a minimum and then increases slightly as the temperature decreases, as can be seen in the
inset to Fig. S5B; 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 7, = 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 7j 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
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in nonzero p,, and non-quantized p,, even at zero temperature, and even if the magnitude of
the gap were uniform (see Refs. 34 and 35 for examples of very simple mixed domain con-
figurations 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 laid out in the main text and above
nonetheless point to the existence of a topologically nontrivial gap opened by interactions.

The mechanism for opening such a topological gap remains to be determined. As we have
discussed in the main text, interactions could spontaneously break the spin and valley symme-
tries, leaving 3 of the 4 flavors in the conduction miniband filled with the other empty (9). 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 (68). If the valley degeneracy is unbroken, a similar
insulating state in TBG 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 (69, 70). In such a state, as
T — 0, pgz — oo while p,,, remains finite and nonzero, corresponding to o, o< agx — 0. This
alternative might be plausible given that the peak in Rﬁf (Fig. 2 of the main text) occurs at a
peak in R, (Fig. 1 of the main text) 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 resis-
tivity measurements, their temperature dependence appears inconsistent with a Hall insulator:
with decreasing temperature, o, initially falls but then saturates (Fig. S5B), and o, increases
(Fig. SSA). 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.
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Stability of the magnetization
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Figure S6: Temporal stability of the magnetization. (A) Hall resistance R, at n/n, = 0.746
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 m'T' 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 R, 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.
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Additional density dependence of hysteresis loops and effect of displace-
ment field
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Figure S7: Density dependence near 3/4 with fixed displacement field at 2.1 K. (A) Zero-
field anomalous Hall resistance RQE (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. R} is peaked at
n/ns = 0.774, close to the position of the peak at 0.758 in Fig. 2B of the main text 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, = 0.774, the largest hysteresis loop of the
series shown in (A), with R)I = 10.4 k€.
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Figure S8: Displacement field dependence of hysteresis loops. Longitudinal resistance R,
(upper panel) and Hall resistance R, (lower panel) at n/n, = 0.749 for two different displace-
ment 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 TBG magnetic field dependence remains hysteretic.
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Additional characterization of current-driven switching

>
w

—

o
IN
T

aV,/dl (kQ)

102 |

Transition rate (Hz)

43 44 45 46
Ipc (nA)

Figure S9: 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. 4 of the main text) at three different static magnetic fields after
the sample was magnetized at 500 mT. These data were taken at 35 mK with n/n, = 0.749
and D /¢y = —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 /pc 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.

The dependence of the DC current hysteresis loop (shown at zero field at 7' = 2.1 K in Fig. 4 of
the main text) on applied field at 7" = 35 mK is shown in Fig. S9A. 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. 4 of the main text. 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
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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. S9B) 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.

Quantum oscillations
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Figure S10: Quantum oscillations of TBG at fixed displacement field. (A) Landau fan
diagram of the longitudinal resistance R?,, taken at 2.1 K for a fixed displacement field
D/ey = 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 = 2,4, from n/ns; = 3/4 of v = 1,4, and
the sequence from n/n; = —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 TBG
(Fig. S10A). The discernible quantum oscillations are represented schematically in Fig. S10B.
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 as one might expect the level sequence to reflect spin and valley degeneracies,
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and hence four-fold degenerate Landau levels, as has been seen previously in magic angle TBG
samples (6, 7). In the fan emerging from n/n, = 1/2, we see similar periodicity with signs
of v = 2 and 4. Additionally, there is a strong enhancement of the resistance at n/n, = 1/2
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. (5). The n/ns = 3/4 fan
exhibits a further reduction of the periodicity such that we only observe clear signatures of
v = 1 and 4. This reduction in symmetry at n/ns; = 3/4 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/n, = 1, but the presence of v = —8, —12, —16, and —20 levels originating

from n/n, = —1 is consistent with what has been seen in other TBG samples (6, 7).

Absence of anomalous Hall effect at 1/4 filling

The state at n/ns = 1/4 might be expected to behave similarly to the 3/4 state due to the pos-
sible breaking of spin and valley degeneracies. Although we see signatures of a correlated state
at 1/4 filling (see the resistance peak at 1/4 for positive displacement field in Fig. 1 of the main
text), we were unable to observe an AH effect near the 1/4 state. Theoretical calculations (9)
indicate that interactions modify the band dispersion differently at different commensurate fill-
ings. 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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