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Magnetism typically arises from the joint effect of Fermi statistics and repulsive
Coulomb interactions, which favours ground states with non-zero electron spin. As a
result, controlling spin magnetism with electric fields—a longstanding technological

goalin spintronics and multiferroics"?—can be achieved only indirectly. Here we
experimentally demonstrate direct electric-field control of magnetic statesin an
orbital Cherninsulator®®, a magnetic system in which non-trivial band topology
favours long-range order of orbital angular momentum but the spins are thought to
remain disordered’*. We use van der Waals heterostructures consisting of agraphene
monolayer rotationally faulted with respect to a Bernal-stacked bilayer to realize
narrow and topologically non-trivial valley-projected moiré minibands . At fillings
of one and three electrons per moiré unit cell within these bands, we observe
quantized anomalous Hall effects’® with transverse resistance approximately equal to
h/2e* (where his Planck’s constant and eis the charge on the electron), which is
indicative of spontaneous polarization of the systeminto a single-valley-projected
band with a Chern number equal to two. At afilling of three electrons per moiré unit
cell, we find that the sign of the quantum anomalous Hall effect can be reversed via
field-effect control of the chemical potential; moreover, this transition is hysteretic,
which we use to demonstrate non-volatile electric-field-induced reversal of the
magnetic state. A theoretical analysis” indicates that the effect arises from the
topological edge states, which drive a change in sign of the magnetization and thus a
reversalin the favoured magnetic state. Voltage control of magnetic states can be
used to electrically pattern non-volatile magnetic-domain structures hosting chiral
edge states, with applications ranging from reconfigurable microwave circuit
elements to ultralow-power magnetic memories.

The quantized anomalous Hall effect?® occurs in two-dimensional
insulators whose filled bands have a finite net Chern number, and
requires broken time-reversal symmetry. Chern bands arise naturally
in graphene systems when the Dirac spectrum acquires a mass, for
instance, owing to the breaking of sublattice symmetry in monolayer
graphene by a hexagonal boron nitride (hBN) substrate”. In the absence
of electron-electroninteractions, bandslocated inthe twoinequivalent
valleys at opposite corners of graphene’s hexagonal Brillouin zone are
constrained by time-reversal symmetry to acquire equal and opposite
Chern numbers. In some graphene systems, a periodic moiré super-
lattice can be used to engineer superlattice bands that generically
preserve the non-zero Chern numbers that arise from the incipient
Berry curvature of the monolayer graphene Dirac points?*?*, When the
bandwidth of the superlattice bands is sufficiently small, the impor-
tance of electron-electron interactions is enhanced, leading to sym-
metry breaking that manifests primarily as resistivity peaks atinteger
filling of normally fourfold degenerate superlattice bands* . Among

the states potentially favoured by electron-electron interactions are
those with spontaneous breaking of time-reversal symmetry® ™, and
indeed ferromagnetism and quantum anomalous Hall effects have
been observed in both twisted bilayer graphene (tBLG) aligned to
hBN** and rhombohedral trilayer graphene, also aligned to hBN>. In
contrast to quantum anomalous Hall effects observed in magnetically
doped topological insulators, which are spin ferromagnets rendered
strongly anisotropic by their large spin-orbit coupling, in graphene
moiré systems, the spin—-orbit coupling vanishes and the magnetism
is thought to be primarily orbital, leading these systems to be dubbed
‘orbital Cherninsulators’.

Here weintroduce another moiré heterostructure that shows quan-
tumanomalous Hall effects. Asshownin Fig.1a, our devices consist of a
graphene monolayer rotationally faulted with respect to Bernal-stacked
graphene bilayer, which we refer to as twisted monolayer-bilayer
graphene (tMBG). The tMBG moiré consists of a triangular lattice of
ABB-stacked regions interspersed with more structurally stable ABA
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Fig.1| Twisted monolayer-bilayer graphene. a, Crystalline structure of
small-angle tMBG. ABB regions form a triangular lattice separated by regions of
ABA and ABC stacking. b, Schematic of our dual-gated devices. Top and bottom
gatevoltages v, and v, are used to control both total carrier density nand the
electricdisplacement field D as described in the main text. c,d, Longitudinal
resistance R, measured at T=1.35K (c) and transverse resistance R,, measured
atT=1.35Kand B=+0.5T (d). Bothare plotted asafunction of carrier density n

and ABCregions, asillustrated in Fig.1a; in the low-energy bands, wave-
functions arelocalized near the ABB regions. Our devices are fabricated
by applying a ‘cut-and-stack’ method to an exfoliated graphene flake
that contains both monolayer and bilayer graphene regions (Meth-
ods, Extended Data Fig. 1). Two graphite gates above and below the
tMBG layer allow independent control of the overall carrier density
n=cw,+cyv,and the electric displacement field D = (cv, - c,v,)/2¢,,
where g, is the vacuum permittivity, vy, is the applied voltage and
C.w) is the capacitance per unit area of the top (bottom) gate (Fig. 1b).

D-field tunable flat bands

Figure 1c, d shows the longitudinal and Hall resistance as a function of
nandDforadevicewithinterlayer twist angle 6=1.25°. Additional data
from devices with a range of twist angles between 0.9° and 1.4° are
shown in Extended Data Fig. 2. All devices show resistance peaks at
v=14,wherev=nA, denotes the number of carriers per superlattice
unitcell, A, . ~-/3a*/(2sin’0)is the unit cell areaand a=2.46 Aisthe
lattice constant of graphene. Correlated states, revealed by sign
changesinthe Hall resistance and peaksin the longitudinal resistance,
are observed near v=1,v=2and v=3 for devices with 6=1.25° and
6=1.4°.They appear only within anarrow range of displacement fields
near D=0.4Vnm™, with onset temperatures as high as 20 K (Extended
Data Fig. 3). In all such devices, an anomalous Hall effect is observed
atv=1andv=3,asshowninExtended Data Figs. 4, 5.

Similar observations in rotationally faulted bilayer-bilayer gra-
phene”* have been interpreted as arising from D-field-tuned for-
mation of an isolated narrow band, and consequent spontaneous
breaking of spin, valley or lattice symmetries that resultin correlated
insulating states at integer fillings. A previous theoretical study® has
suggested that tMBG similarly hosts narrow electronic bands at small
twist angles around 1.2°. In our data, the domains of the D field over
which correlated physicsis observed align with where numerical simu-
lations (Fig.1e-h) show the formation of anarrow, isolated band. The
electronic band structure of tMBG arises from the moiré-induced

and D for device D1with twist angle 8=1.25°. e, Band structure calculated from
acontinuum model (Methods, Supplementary Information) for D=-0.6 Vnm™.
f,g,BandstructureforD=0Vnm™(f)and D=0.4Vnm™(g). h, Energy gaps (4,)
calculated within the Hartree approximation (Supplementary Information) for
v=-4,v=0andv=+4.Ine-h,weuseadielectricconstant,,=4 toconvertthe
interlayer potential difference to adisplacement field, 4,=eDd/s,,, where
d=3.3Aisthegrapheneinterlayer separation.

hybridization of the monolayer graphene Dirac cone (located at the
Kk pointintheband structure diagrams of Fig. 1e-g) with the parabolic
low-energy band of the bilayer (at the k’ point). When D=0, low-energy
valence and conduction bands are isolated from the other bands but
overlap with each other, giving rise to gaps at v=+4 but not at v=0.
At intermediate values of |D|, a gap opens at charge neutrality, lead-
ing to the formation of isolated conduction and valence bands with
non-zero Chern number. Further increase of |D| then leads to band
overlap between the low-energy bands and higher-energy dispersive
bands. Correlated states at integer filling, accompanied by ‘halos’ of
changed resistance relative to the background at non-integer filling,
appear in the intermediate regime where both calculations (Fig. 1h)
and experimental dataindicate the formation of anarrow andisolated
conduction band.

Quantum anomalous Hall states with C=2

We focus on the n >0, D > 0 narrow-band regime, a detail of which is
shown in Fig. 2a. At v=2, we observe a robust insulator, consistent
with a topologically trivial gap. At both v=1and v =3, however, the
resistance at magnetic field B=0is both noisy and comparatively low.
Magnetoresistance measurements (Fig. 2b, c) reveal that the noise is
due to magnetic hysteresis. In both cases, we observe rapid switch-
ing between states with transverse resistance R, = +h/2e* (where his
Planck’s constant and e is the charge on the electron), accompanied
by alow longitudinal resistance R, < 1kQ. The saturation of the Hall
resistance near h/2¢e*is suggestive of polarization into bands with Chern
number C=2. The quantization is not precise, reaching only 85% of
theexpected value at v=3, forinstance. However, the evolution of the
Hall plateauinthe magneticfield, showninFig.2d, e, provides further
evidence of an underlying orbital Cherninsulator state. Forbothv=1
andv=3,increasing the magnetic field shifts the centre of the plateauin
density (n*), inagreementwith the Stfeda formula®, C=(h/e)(dn*/dB),
whichis applicable to anyincompressible Cherninsulator. Bands with
C=2were previously predicted” and are consistent with our ownband
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Fig.2|Orbital Cherninsulators with C=2.a, High-resolution plotof R,
measuredat 7=1.35Kand B=0TindeviceDL.b, ¢,R,.andR,,measuredasa
functionofBat1.43Knearv=1,atn=0.9 x10>cm2and D=0.5Vnm™(b) and
nearv=3,atn=2.77x102cm2and D=0.39Vnm™(c).d, e, Band ndependence
of R, nearv=1measuredat T=20 mK (d) and near v=3 measuredat T=1.35K
(e).Inthese measurements, the fast sweep axis is n. Dashed lines show the slope

structure calculation, which indicated that the conduction band has
C=2forapositive Dfield.

Itis notable that tMBG, in contrast to both rhombohedral trilayer
graphene and tBLG, does not rely on precise alignment to hBN, mak-
ing it anall-carbon quantum anomalous Hall system. However, our
observationsat v=1and v=3are in many ways qualitatively similar to
the quantum anomalous Hall effect characterizations reported previ-
ously®>, Forinstance, the magnetic transitions tend to occur viaseveral
discrete steps, corresponding to a small number of micrometre-size
mesoscopic domain reversals. Temperature-dependent measurements
show Curietemperatures—defined here by the onset of hysteresis—of
T.=5Kforv=1and T.=7Kforv=3 (seeFig. 2f as well as Extended Data
Figs. 6,7),againsimilar to previousreports of ferromagnetismin moiré
heterostructures®>, We expect the lack of perfect quantization to arise
from a disorder-induced domain structure, as recently observed for
similar states in tBLG®.

Magnetization reversal

Striking new phenomenaare, however, observed in the n-dependence
of the Hall effect. Specifically, although R, changes smoothly asafunc-
tionof nnear the v=1orbital Cherninsulator, it shows erratic switching
behaviour near v=3 (Fig. 2d, e). To investigate this phenomenon, we
perform a dense series of hysteresis loop measurements in the vicin-
ity of v=3 at higher temperature, where we expect that domain wall
pinning is weaker and hysteretic effects are somewhat suppressed.
Although the sign of the anomalous Hall resistance is constant near
v=1,itreversesabruptly oncrossingv=3 (Fig.3a-c). The sign reversal
occurs with minimal change in the magnitude of R,,, which remains
closeto the quantized value. This suggests that the reversal occurs viaa
changeinthe product of the magnetization sign and the Chern number
sign, whichwe refer to as the magnetic state. Thisis further evidenced
by the n-Bmap of R, (Fig. 3d), which shows that the R, changes signat
n=2.76 x102cm?, corresponding to v=3.An additional manifestation
of the inversion of the sign of the magnetization of a given magnetic
state is the abrupt upturn in the coercive field in the close vicinity of
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expected for gaps associated with C=2, matching the n-Bevolution of the
plateausinR,,.Rightinsetsindandeshow R, plotted along the dashed lines.

f, Temperature dependence of the hysteresis loop heightat B=0T, AR, forv=1
and v=3.Hysteresis vanishesat T.=5Kand T = 7K, respectively, defining a
lower bound for the Curie temperature.

the reversal point shown in Fig. 3b. This phenomenon is qualitatively
consistent with a picture in which the total magnetization M changes
sign for a fixed sense of valley polarization by passing through zero;
near M =0, the coupling to the magnetic field vanishes, leading to a
divergence of the coercive field.

We propose that the magnetization reversal arises from the unique
features of orbital Cherninsulators. In particular, the protected edge
statesrequired by their non-trivial topology are occupied and contrib-
ute to the magnetization when the insulator is slightly n-doped, but
notwhenitisslightly p-doped®. The edge-state contribution leads to
ajump 6Min the magnetization across the Chern insulator gap

A Hy

M=C— B
nhz/meAu_C. Au.c. W

where histhereduced Planck’s constant, m, isthe electronmass, A, . is
the unit cell area, 4isthe gap and y;is the Bohr magneton. Although this
effectis presentinall Cherninsulators, itis negligible in magnetically
doped topological insulators’® where time-reversal symmetry is broken
primarily by spontaneous spin polarization. In these systems, the total
spin magnetization is of the order of 1 uz/A, .. As A is on the order of a
few millielectronvolts, 4 « #*/(m.A,.) and the edge-state orbital mag-
netizationis dwarfed by spin magnetization. In graphene moiré orbital
Cherninsulators, the bulk orbital magnetizationis again of the order of
115/A, . (refs.®®). However, the large unit cell area allows for the prefac-
torinequation (1) to be of comparable or larger magnitude. When this
edge-state contributionis sufficiently large, it canlead to areversalin
the sign of the net magnetization across the energy gap. For instance,
taking measured energy gaps for quantum anomalous Hall states in
tBLG* produces an estimate of 8M = /A, .. Indeed, a re-examination
of transport data from the tBLG device aligned to hBN studied in ref. *
finds a similar, though much less dramatic, change in the sense of the
hysteresis loop accompanied by a similar divergence of the coercive
field near (thoughnot precisely at) v=3 (Extended Data Fig. 8). We note
that the magnetization of an orbital magnet can in principle change
signatanyfilling factor, but thatitis morelikely atinteger vbecause the
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Fig.3|Dopinginduced magnetizationreversal. a, Hysteresis loops
measured at T=6.4 K for several densities near v=3.Fromtop tobottom,
n=2.807x10%,2.773x10'%,2.758 x10'2,2.748 x10?and 2.734 x 10> cm™?,
with colours corresponding toarrows inb. Curves are offset by h/e”.

b, ARyX:R‘y’;— Rﬁ; nearv=3measuredat6.4K.c, AR, nearv=1measuredat
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magnetization is discontinuous at this density. The conditions under
which the reversal occurs are discussed in Methods.

Electrical switching of magnetic states

As an external magnetic field favours the state with magnetization
aligned with the field, changing the sign of M is predicted to drive a
reversal of the valley polarization as the chemical potential crosses the
gap (Fig. 3e, f). The quantized Hall effect sign reversal is thus due to a
change in magnetic state, in contrast to previously observed anoma-
lous Hall effect sign reversals®** arising from a change in the sign of
the total anomalous Hall effect for a given magnetic state. Asaresult,
electric-field-induced hysteretic behaviour is possible in our case as
the two states are separated by an energy barrier. Figure 4a depicts
the difference (again denoted AR,,) between traces and retraces of
field-effect-tuned density, acquired as Bis stepped. Near v=3,R,, shows
afinite signal in this channel, indicating hysteresis in gate voltage
sweeps at fixed magnetic fields as high as several hundred millitesla.

Electric-field control of magnetic states provides areliable experi-
mental ‘knob’ to realize non-volatile switching of magnetization. We
findthatat B=80 mT,n=2.77x10%cm2and T=6.4K, states of opposite
polarization can be controllably switched using excursions in either
nor B, asshownin Fig. 4b. Figure 4c shows this principle applied to
non-volatile switching of the magnetic state using both B excursions at
constantnandnexcursions at constant B. Switches occur with perfect
fidelity and appear to be indefinitely non-volatile at this temperature.
We note that as for current- and magnetic-field-driven switching, the
excellent reproducibility of field-effect switching ultimately arises from
the absence of states with partial or intermediate valley polarization,
or, equivalently, the extreme anisotropy inherent in a purely orbital
two-dimensional magnet.

Orbital magnets realized at room temperature would beimmediately
applicable as embedded magnetic memory in logic devices. Candi-
dates for higher-temperature operationinclude other moiré systems
inwhichthelattice constantis smaller and the correlation energy con-
sequently larger, assembled either by van der Waals stacking or using
non-epitaxial growth techniques®. Even whenrestricted to cryogenic
temperatures, there are severalimmediate opportunities that leverage

n (102cm?)

n (102 cm?)

2.8

T=20mK.d, R asafunctionoffieldand dopingat 6.4 Kwith doping the fast
sweep direction. e, Schematic of the free energy F versus order parameter for
the two magnetic states. For afixed sense of valley polarization, the orbital
magnetization reverses sign with doping. f, At a fixed magneticfield, the
system therefore switchesbetween Kand K’ valley polarization.

gate-switchable chirality in a quantum anomalous Hall system. As a
simple example, orbital Cherninsulators could be used as the central
elements in reconfigurable and compact microwave circulators®,
which may be useful for scaling up quantum information processing.
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Fig.4|Non-volatileelectrical control of amagneticstateat T=6.4 K.

a, Electric-field hysteresis. The colour scale encodes the difference between
traceandretrace as the density is swept using electrostatic gates, with
eachtrace-retracetakenatafixed magneticfield. The reproducibility of
magnetization switchesisshownin Extended DataFig. 9.b, Examples of
hysteresisloopsinboth nandB. ¢, Time series of alternating pulses of
field-effect density and magnetic field showing reproducible and non-volatile
switching of the magnetic state, as read by the resulting Hall resistance.
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Meanwhile, integrating orbital Cherninsulators with superconductors
may permit new device architectures devoted to the detection and
manipulation of extended Majorana zero modes®. Our results highlight
the novel opportunities for controlling functionality that arise from
the realization of purely orbital magnetic systems.
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Methods

Device fabrication

van der Waals heterostructures for tMBG devices were fabricated using
adry transfer technique based ona polycarbonate filmon top of apoly-
dimethyl siloxane (PDMS) stamp. The heterostructure was assembled
in two steps to minimize the chance of disturbing the twist angle at
the critical monolayer-bilayer interface. First, a two-layer stack with
hBN at the top and a graphite layer at the bottom was picked up and
transferred toabaresilicon/silicon dioxide wafer. This partial stack was
annealedinvacuumat400 °Cto remove polymer residues from the top
surface. A second stack consisting (from top to bottom) of hRBN-FLG-
hBN-MLG-BLG (where FLG, MLG and BLG are few-layer, monolayer and
bilayer graphene, respectively) was then assembled and transferred on
top of the first one. Crucially, the angle registry between the MLG and
BLGwas ensured by starting fromasingle exfoliated flake that includes
both MLG and BLG domains. The flake was then cut with a conducting
atomic force microscopetipinair (Extended DataFig.1). The MLG piece
was picked up usingaPDMS stamp and aninterlayer twistintroduced by
substrate rotation. Then the BLG piece was picked up. All flakes except
MLG and BLG were picked up at approximately 90 °C; the MLG, BLG and
thetransfertothefinal substrate were carried out at 30 °Cto preserve the
twistangle of the structure. Devices were then fabricated using standard
e-beamlithography and CHF,/0, etching, and edge contacts were made
by deposition of chromium/palladium/gold (1.5 nm/15 nm/250 nm).

Device characterization

Transport measurements were performed using SRS lock-inamplifiers,
current preamplifiers (DL Instruments) and voltage preamplifiers (SRS)
withtypical excitationsin the range1-10 nA at17.77 Hz. Measurements
were performed in either a cryogen-free dilution refrigerator, with
the sample in vacuum, or, in the case of Extended Data Fig. 3, in a wet
variable-temperature insert with the sample in helium vapour.

For devicesDland D2, the twist angle was determined from the posi-
tion of the correlated insulating states. For devices D3 and D4, the twist
angle was determined from the periodicity of the Hofstadter features
observedinthe magnetic field that arise from the interplay of the moiré
superlattice period and magnetic length.

Band structure simulations

Band structure simulations were performed within a continuum model
analogous to that of ref. ?* for the coupling between the top and mid-
dle layers, whereas the middle and bottom layers were treated as
Bernal-stacked bilayer graphene. More details are in Supplementary
Information.

Electrical reversibility
Why is the field-effect reversibility so robustintMBG at v=3, but weak
in tBLG at v=3 and absent at other filling factors in either system?

Field reversibility requires that the edge-state contribution to the
magnetization, SM, reverses the sign of the total magnetization. Our
calculations for both tMBG and tBLG aligned to hBN indicate that
&M and M, —defined as the total magnetization when the chemical
potentialis at the bottom of the gap—normally have opposite sign. To
ensure field reversibility, one thus wants to maximize the magnitude
ofthe edge-state contribution while minimizing the magnitude of the
bulk contribution. The large Chern numbers in tMBG are certainly
helpful in this regard, as they increase M. In addition, our theoreti-
cal analysis indicates that in odd-layer systems, exchange splitting
between bands arising fromvalley polarization further decreases the
magnitude of M. This effect, which includes contributions from
bands far from the Fermi level, is present in tMBG but absent in tBLG
(see Supplementary Information for details). The exchange contribu-
tion is expected to be larger at v=3 than at v=1, possibly explaining
why we seereversible Cherninsulatorsat v=3but conventional Chern
insulatorsatv=1in tMBG.

Data availability

Source data are available for this paper. All other data that support the
plots within this paper and other findings of this study are available
fromthe corresponding author uponreasonable request. Source data
are provided with this paper.
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Extended DataFig.1|tMBGdevices. a, Opticalimage of atypical graphene Dashed lines show the lines along which the flake was cut using atomic force
flake containingboth MLG and BLG domains. b, The sameimage asinabutin microscopy. c-f, Opticalimages of completed tMBG devices D1(c), D2 (d),
greyscale and with enhanced contrast to clearly show the graphene flake. D3 (e) and D4 (f). All scale bars, 10 pm.
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Extended DataFig.2|Longitudinal resistance of tMBG devices with 6~=0.90(1)° (d). The numbersin parenthesesindicate the uncertainty in the
different twistangles. a-d, Longitudinal resistance R, of devices D1with final digit. Allmeasurements are performed at zero magnetic field and

6=1.25(1)° (a), D2 with 8~1.25(1)° (b), D3 with 8=1.385(5)° (c) and D4 with T=20mK.
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Extended DataFig. 3| Temperature dependence of the correlated statesin
deviceD1.a, Temperature-dependent resistance measuredat D=0.43Vnm™in
deviceD1.b, c, Temperature-dependent resistance at selected carrier
densities, marked by the arrowsina, forn<0 (b)andn>0(c).
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Extended DataFig.4 |Development of Hall resistance at differentnand Din
deviceDl1. a, Longitudinal resistance R, of the correlated regionatB=0T.
b-e, Hallresistance R,, measured at nand D marked by the dotsina. The colour
ofthe dotsinacorresponds to the colour of curvesinb-e. Panels b and ¢ show

curves taken at small negative and positive dopings of v=1. Panelsd and e show
curves takenat small negative and positive dopings of v=2.f,Zoom-inof R,
aroundv=1.g-i,R,,measured along theline cuts1(g), Il (h) and Il (i). R, in the
plots are shifted by an offset.
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Extended DataFig.5|Development ofHall resistanceindevice D3.
a, Longitudinal resistance R, of the correlated regionat B=0T.b, Hall
resistance R, of thesameregionasina.c, Temperature dependence of R, at

v=1.Theanomalous Hall effect disappearsat4.2K.d, R, of the correlated
regionmeasured at B=2T.e-i,R . alongtheline cutsl(e), 1 (f), 111 (g),1V (h) and
V(@i).
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Extended DataFig. 6| Temperature dependence of the hysteresisatv=1andv=3indeviceDl.a, b, Temperature dependence of the Hall resistance R,
measured atv=1(a) and v=3 (b). Insets show the temperature dependence of the height of the hysteresis loop height, as defined in Fig. 3a.
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Extended DataFig.7|nand Bdependence of the measured anomalous Hall effect, plotted at selected temperatures for D=0.4 Vnm™indevice D1.
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Extended DataFig. 8| Magnetizationreversalin tBLG.a, Anomalous Hall
resistance AR, associated with tBLG ferromagnetism, extracted by
subtractingR,,(B) as Bisincreased from R (B) as Bis decreased. The tBLG
deviceisthesameasinref.*. The colourscaleis fixed to the vonKlitzing
constantinthe top of the plot to show the range of filling factors for which a
robust quantum anomalous Hall effect is observed. The colour scale axisis

dramatically reduced inthebottom plot toillustrate weak features in AR, (v).

Forv<3,thecoercivefield of the ferromagnetic orderincreases dramatically,
peakingatv=2.82electrons per moiréunitcell. Forv<2.82, AR, switchessign,
indicating that the valley polarization of the ground state of the system at finite
magnetic field has switched. b, Arobust C=1quantum anomalous Hall effect at
v=3.1.c, Ferromagnetic hysteresis plots on opposite sides of the divergence of
thecoercive field close tov=2.82 (with offset). Note the change in the relative
signof AR,,.
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Extended DataFig. 9 |Repeatability of magnetization switching with Band nmeasuredindevice D1. a, Repeated magnetic-field hysteresisloops. b, Repeated
doping hysteresis loops. Both panels taken under conditions analogous to those in Fig. 4b, described in the main text.
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