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Ferroic orders describe spontaneous polarization of spin, charge and lattice degrees
of freedom in materials. Materials exhibiting multiple ferroic orders, known as
multiferroics, have important parts in multifunctional electrical and magnetic
device applications'*. Two-dimensional materials with honeycomb lattices offer
opportunities to engineer unconventional multiferroicity, in which the ferroic orders
are driven purely by the orbital degrees of freedom and not by electron spin.
These include ferro-valleytricity corresponding to the electron valley® and
ferro-orbital-magnetism® supported by quantum geometric effects. These orbital
multiferroics could offer strong valley-magnetic couplings and large responses to
external fields—enabling device applications such as multiple-state memory elements
and electric control of the valley and magnetic states. Here we report orbital
multiferroicity in pentalayer rhombohedral graphene using low-temperature
magneto-transport measurements. We observed anomalous Hall signals R,, with an
exceptionally large Hall angle (tan@,, > 0.6) and orbital magnetic hysteresis at hole
doping. There are four such states with different valley polarizations and orbital
magnetizations, forming a valley-magnetic quartet. By sweeping the gate electric
field £, we observed a butterfly-shaped hysteresis of R,, connecting the quartet. This
hysteresisindicates a ferro-valleytronic order that couples to the composite fieldE-B
(where Bis the magnetic field), but not to the individual fields. Tuning £ would switch
each ferroic orderindependently and achieve non-volatile switching of them together.
Our observations demonstrate a previously unknown type of multiferroics and point

to electrically tunable ultralow-power valleytronic and magnetic devices.

Two-dimensional (2D) materials with honeycomb lattices feature
electron valley as an internal degree of freedom that resembles spin.
But owing to its orbital nature, the valley is easier to control through
an electric field, magnetic field and circular polarization of light”™°.
The possibility of using valley for information storage, transportation
and processing has enabled intensive research in the field known as
valleytronics®. In parallel, these materials host quantum geometric
effects®'® that can be controlled by tuning the band structure, including
the valley-dependent Hall effect and orbital magnetism®'°, The latter
could exhibit amuch larger coupling to the magnetic field compared
with electron spin'®", These orbital-degrees-driven phenomena pro-
vide a fertile ground for previously unknown ferroic orders, which
warrants large responses to external fields and multifunctional device
applications. Forexample, information could be stored in several states
with different combinations of valley and magnetic charactersinstead
ofbeinglimited to the binary states of spin. Furthermore, these states
canbe manipulated conveniently by an electric field. Although orbital
multiferroics provide many applications and theory proposals for real-
izing multiferroicsin heterostructures of graphene and transition metal

dichalcogenides ™, independent switching of valley and magnetism

has remained elusive.

Recently, spontaneous valley polarization and orbital magnet-
isminduced by electron-correlation effects have been observed in
rhombohedral bilayer and trilayer graphene®™ ™, as well as in twisted
graphene layers?*?*, Despite the observed magnetic hysteresis, the
valley and orbital magnetization are always locked. This is because a
large-gate electric field Eis required to generate flat bands for Stoner
instability™® 7, or the fixed band structure in a moiré superlattice®2*.,
The one-to-one correspondence between valley and magnetization
prevents theirindependent control and realizing multiferroicity. Inthe
twisted mono-bilayer graphene, flipping of orbital magnetization by
charge dopinginafixed valley was observed®. The explanationrelies on
large edge-state-current contribution®, while the magnetic moments
inthe bulk states are locked to the valley. In a general material setting
without moiré, itis crucial to understand the contributions of bulk
states to ferro-valleytronic and ferro-orbital-magnetic orders without
the complications of edge states. However, orbital multiferroicity in
natural crystals has not been observed.
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Fig.1|Gate-induced Berry curvature and valley-magnetic quartetin
pentalayer graphene withrhombohedral stacking. a, Schematic of the
dual-gated Hall bar device, featuring the top view of the atomic structure of
pentalayer rhombohedral graphene. The highlighted orbitals located at the
bottom and top layers of pentalayer graphene dominate the wavefunctions of
thelow-energybands. b, Colour-coded band structurein the Kand K’ valleys,

Here we explore orbital multiferroicity in pentalayer graphene
with rhombohedral stacking. We purposely twist the angle between
graphene and hexagonal boron nitride (hBN) layers away from zero
degrees to avoid moiré effects'>*. Asshownin Fig. 1a, orbitals located
atthe two highlighted sublattices dominate the electronic states near
zero energy. Figure 1b shows the band structure and Berry curvature
distribution in pentalayer graphene based on a tight-binding calcula-
tion”. AtE=0V nm™, the two bands feature great flatness and a substan-
tially larger density of states than those in thinner graphene (Extended
Data Fig. 3). At the same time, the inversion symmetry of the system
ensures a zero Berry curvature. When the bandgap is opened by £,
states near the band edges acquire a non-zero Berry curvature'®? %,
The signs of the Berry curvature, the anomalous Hall resistance R,
and the orbital magnetization depend on the valley index and the
sign of E. These results clearly show that valley and orbital magnet-
ism are two separate order parameters in rhombohedral graphene.
Itis therefore possible to have a quartet of valley-polarized states,
(K, +M), (K, -M), (K’, +M) and (K’, -M), each with the Fermi-surface
cuts through one of the four bands. The flat bands with tunable
Berry curvature in pentalayer graphene provide a fertile ground for
electron-correlation and quantum-geometry effects. The spin char-
acter of bands is not shown as it is irrelevant to the observations and
discussions.

Spontaneous ferro-orbital-magnetism
Figure 2ashows R, as afunction of the electron density n.and Fin zero
magnetic field. With hole doping in the flat band, a bubble-shaped
region (‘bubble’ for simplicity) thatissymmetric about £ = 0 emerges.
With an out-of-plane magnetic field B=1.8 T, quantum oscillation fea-
tures appear within the bubble as shownin Fig. 2b. The period of oscil-
lation corresponds to twoisospin flavours at the Fermi level (Extended
Data Fig. 2), indicating an isospin-symmetry-broken half-metal
state. This bubble is absent in the previous reports of rhombohedral
graphenels—nsosl‘

Figure 2c shows the R, at B=0.5T. Outside the bubble, asmall R,
signal prevails and corresponds to the normal Hall signal. Within the
bubble, large anomalous Hall signals appear in awings-shaped region
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showing the Berry curvature distribution at varied gate electric field £. The
valence band is flatter than the conduction band and more susceptible to
electron-correlationeffects. The Berry curvature and orbital magnetic moment
(M) of the hole states change signs as £ changes sign. Berry curvaturesin the
two valleys sum up to zero, to ensure time-reversal symmetry. The four states at
non-zero £ form avalley-magnetic quartet.

(‘wings’ for simplicity). The wings largely overlap with the region that
shows quantum oscillationsin Fig. 2b. Figure 2d shows R,, at different
Esatn,=-0.55x10" cm, as Bis scanned back and forth. No hysteresis
is seen at £=10 mV nm™, whereas clear hysteresis can be seen within
the wings. The coercive field AB. decreases, whereas the jump in Hall
resistance AR, increases, as E is increased in amplitude. The values
of AB.and AR,, as a function of £ are summarized in Fig. 2e. We note
that the anomalous Hall angle is exceptionally large, with the largest
tan®,> 0.6 (refs. 32,33).

Combining the isospin-symmetry breaking with the anomalous
Hall signal, we conclude that the wings region is valley-polarized. The
magnetic hysteresis loop demonstrates aferro-orbital-magnetism, in
whichspinis notinvolved. Figure 2d shows the states at large Bvalues.
The Fermisurfaceis highlighted as adashed circle, which cuts through
thevalencebandinonly one valley. Qualitatively, sweeping B switches
both the valley and magnetization at the same time. By switching the
sign of E at fixed B, the valley order is flipped whereas the magnetiza-
tionremains because the magnetic field always chooses the valley that
minimizes the magnetic energy. Microscopically, the close-to-linear
relation between AR,, and |E| is because of the field-controlled Berry
curvature distribution and can be reproduced by our tight-binding
calculation (Extended Data Fig.4). This demonstrates amechanism to
achieve electrical tuning of orbital magnetism, whereas its counterpart
for spin magnetism has been demonstrated**. We note the value of
AB_and AR, change in opposite ways when E is changed, as the prod-
uct M- B (where Mis the average orbital magnetic moment) needs to
overcome an energy barrier to have the magnetization flipped. The
value of Mis hard to measure directly through transport measurements
because of the small size of our device, but the value can be extracted
indirectly as shown later.

The valley-polarized half-metal state in pentalayer graphene
is induced by the electron-correlation effect in the flat band, in
the form of a valley-exchange interaction® . Although other
isospin-symmetry-broken states have been observedin Bernal bilayer
graphene and ABC trilayer graphene (only at large £)7, there was
no sign of valley-polarized half-metal states. Moreover, this state
resides ataround zero E, whichleads to animportant consequence as
shown next.
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Fig.2|Ferro-orbital-magnetismin a valley-polarized half-metal.

a,b, Two-dimensional colour maps of the longitudinal resistance R, at 0O T

(a) and 1.8 T (b) out-of-plane magnetic fields. Abubble-shaped region appears
when the flat valence band is doped by holes. At 1.8 T, quantum oscillations
appearinpartofthebubble and the period in density corresponds to two
isospin flavours (degeneracy d = 2) at the Fermilevel. ¢, Two-dimensional
colourmap of the Hall resistanceR,,at B=0.5Tinthe samerangeasinaandb.
An anomalous Hall signal appearsinawings-shapedregion that largely
overlaps with where quantum oscillations are seeninb, indicating orbital
magnetismdue to valley polarizationin this half-metal region. d, R,, as the
magnetic field Bis scanned, showing clear hysteresis loops within the wings.

Ferro-valleytricity

We further explore the valley and orbital magnetic orders by scan-
ning the electric field £ at B=20 mT, as shown in Fig. 3a,b. Surpris-
ingly, the sign of R,, switches as the scanning direction switches if we
focus on the wings. Figure 3c shows aline-cut at n,=—0.55 x 102 cm™?,
which shows a butterfly-shaped hysteresis loop (‘butterfly’ for sim-
plicity) within the wings. Repeating the measurements in Fig. 3c at
-20 mT, a butterfly with an opposite winding direction appears as
shown in Fig. 3e. We note that the small magnetic field is used to sup-
press the fluctuations of the whole magnetization (Extended Data
Fig.8).

On the basis of earlier discussions, we show the band structure
and Fermi level corresponding to different states in Fig. 3c. When
Eis scanned into the wings, the system selects the valley that mini-
mizes the magnetic energy —-M - B. Scanning through zero E, the
valley polarization persists at the cost of a higher magnetic energy
(because R,, and orbital magnetization are flipped). Figure 3d shows
thevalley polarization V(defined as +1for K valley and -1 for K’ valley)
extracted fromFig. 3c. It features a hysteresis loop and a ferroic order
called ferro-valleytricity—the spontaneous polarization and switch-
ing of the valley order. Even at zero E, the valley polarization exists
although the orbital magnetization is zero, in contrast to a non-zero

Curves correspond to dots with the same colourincatn,=-0.55x102 cm2and
different £s, and are shifted vertically for clarity. Solid and dashed curves
correspond to forwards and backwards scanning of the Bfield, respectively.
Schematics of the valence band alignment and Fermi surface are shown for
representative states. The bands are colour-coded by the value of Berry
curvature, thesameasinFig.1b. e, The anomalous Hall signal AR, and the
coercive field AB extracted from d along the dashedlineinc. AR, is the
amplitude of the abrupt jump of the transverse resistance thatis extracted by
averaging the changes of R, at the two vertical edges of the magnetic hysteresis
loop. AR, increases, whereas AB decreases withincreasing amplitude of £.

magnetizationatvalley-polarizedstatesinothergraphenesystems™” 2,

These observations show that the valley polarization and orbital
magnetization are two different order parameters of the ground
state, distinct from those in the quarter-metal of trilayer graphene.
Moreover, the butterfly hysteresis can exist in pentalayer graphene
because the valley-polarized half-metal resides at around zero E. But in
rhombohedral trilayer graphene®, the valley polarizationislost when
Eisscanned to outside the quarter-metal state, and a butterfly was
not observed.

Wenotethat the conjugate field of the valley polarizationis E- B. This
can be seen from the winding directions of the valley polarization in
Fig.3d,e: the two hysteresis loops under positive and negative Bwind in
opposite ways, but they can be unified if we plot R, versus E- Binstead
of E (Extended DataFig. 6). This is consistent with the relationbetween
orbital magnetization and valley shown in Fig. 1b.

We provide a simple picture to understand both the ferro-orbital-
magnetism and ferro-valleytricity observed in our device. The coupling
between orbital magnetization and valley order can be described by
afree energy F=—-aVE-B per hole, where ais a constant independ-
entof E, Vand B. In the case of scanning B, F can be viewed as —(aVE)
B, where aVE is effectively the average orbital magnetic moment
and B is the corresponding conjugate field. The average orbital
magnetic moment aVE = gu; (Where pg is the Bohr magneton and
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Fig.3|Ferro-valleytricity. a,b, Two-dimensional colour maps of R,
corresponding to forwards (a) and backwards (b) scanning of £, at a small
magneticfield B=20 mT.c,R,,atn,=-0.55x10" cm™, corresponding to the
linesshowninaandb. Hysteresis behaviourisseenas abutterfly shape.
Thisindicates that the valley polarization persists as £ and changes signs until
close totheboundaryand out of the wings. Schematics of the valence band
alignment and Fermisurface are shown for representative states. The bands
arecolour-coded by the value of Berry curvature, same asinFig.1b. The sharp

gis the g-factor) will be extracted from a toy model in the next sec-
tion. In the case of scanning £, F can be viewed as —(aV)(E - B), where
aVis effectively the valley moment and E - B is the corresponding
conjugate field.

B- and T-dependent ferro-valleytricity

Having established ferro-valleytricity, we further exploreitsresponse
to Band elevated temperature T. Figure 4a,b shows the evolution of
butterfly atincreased B, taken at T=300 mK and n, = -0.55 x 10" cm™
(see Extended Data Fig. 7 for other densities). At small B, the butter-
fly remains similar to that in Fig. 3c. As |B| is increased, the range of
E showing hysteresis gradually shrinks and eventually disappears at
about 0.6 T. Figure 4c shows line-cuts corresponding to the solid and
dashed lines in Fig. 4a,b, where the butterfly gradually shrinks and
evolvesinto an ‘M’ or ‘W’ shape. We define the critical electric field at
which the butterfly terminates as ;. At B=-20 mT, Fig. 4d showsR,,
as Fisscanned at elevated T. Similar to its response to B, the butterfly
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spikesright before exiting the butterfly are because of the flipping of valley
andR,,induced by the magnetic coupling-M-B. d, Plot of valley polarization
VcorrespondstotheR,, plotina, featuringahysteresisloopandaferro-
valleytronic order. e, The same plots asin cand d for a small negative magnetic
field B=-20 mT. Thedirections of windingin Vare opposite tothoseind, but
they canbe unified when plotting versus the conjugate field E - B (Extended
DataFig. 6).

gradually evolves into a ‘W’ shape as the temperature is increased to
around 2 K. We define the critical electric field at which the butterfly
terminates as E;. Figure 4e summarizes £z and E-as a function of Band
T, respectively. -

Amodelto qualitatively describe the response to Band Tisshownin
Fig.4f. The free energy of Ising-coupled orbital magnets has two local
minima at -M and +M respectively, where +M is the average orbital
magnetic moment per hole. An energy barrier 4 prevents the flipping
of the magnetization between -M and +M. At £; and E, this barrier
is overcome by a combination of the thermal energy k; T (Where kg is
the Boltzmann constant) and the magnetic energy M - B. As a result,
the device switches from the local minimal energy state (K, -M) to the
global minimal energy state (K’, +M), and the butterfly is terminated.
Further analysis of datain Fig.4e enables the extraction of the g-factor
asshowninFig.4g (Methods), which agrees with previous literature'®?,
This average orbital magnetic moment per hole is about 10 times big-
ger than that of electron spin, which enables much stronger coupling
with amagnetic field.
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Fig.4|Ferro-valleytricity controlled by magneticfield and temperature.
a,b, Two-dimensional colour maps of R, corresponding to forwards (a) and
backwards (b) scanning of Eat different magnetic fields, at n, = -0.55 x 10 cm™.
When Bis small, ferro-valleytricity dominates the device behaviour. Atabove
approximately 0.6 T, the R, and Vare completely determined by the magnetic
field while the butterfly disappears. ¢, Line-cuts corresponding to the solid
linesinaandthe dashed linesinb, showingthat the butterfly gradually shrinks
in Eand eventually evolvesintoan ‘M’ or ‘W’ shape. Ezindicated by the arrowsis
thecritical field at which the butterfly is terminated. d, R,, as Eis scanned at

Orbital multiferroicity and switching

The ferro-valleytronic order enriches the family of ferroic orders in
solids. Figure 5a compares ferro-valleytricity with conventional fer-
roic orders and conjugate fields. The valley order breaks both the
inversion symmetry and the time-reversal symmetry, similar to that
of ferro-toroidicity®®. This can be seen from the (different form of)
product of £ and B as conjugate fields in both cases. The coexistence
of ferro-valleytricity and the orbital ferro-magnetism represent a
previously unknown type of multiferroics in which both orders ulti-
mately originate from the orbital degree of electrons but not spin.
These two orders couple strongly with each other, similar to that in
type-llmultiferroics?. First, at fixed B, the conjugate field of the valley
order (E - B) can continuously tune the orbital magnetic moment as
shown in Figs. 3¢ and 4g, similar to the magneto-electric coupling
in conventional type-Il multiferroics. Second, the emergence of
ferro-valleytricity and ferro-orbital-magnetism happen at a similar
temperature of T=2K (Fig. 4d and Extended Data Fig. 5). These coin-
cident critical temperatures are typical of type-Il multiferroics, in
which one order spontaneously polarizes the other order through
their coupling.

Thegateelectricfield playsanimportant partinbothferroic orders
as it contributes to the conjugate field of the valley order and con-
trols the orbital magnetization. We can therefore use E to control the
valley and orbital magnetization independently as shown in Fig. 5b.

S ...0
oo’
or . . .
2 4 6 8
E (mV nm™) E (mV nm™)

different temperaturesatn,=-0.55x 10" cm2and B=-20 mT. The butterfly
and ferro-valleytricity gradually disappear as the temperatureis increased,
similar to the behaviours when Bisincreased. Eis the critical field at which the
butterflyis terminated. e, Critical fields £,and E;from cand d, respectively.

f, Schematic to explain the flipping of R, at the critical fields E;and £;. The
flipping happens when the magneticenergy M- B and thermal energy k;Tadd
uptoovercometheenergybarrier D. g, Effective g-factor of the average orbital
magnetic momentasafunction of Eextracted frome.

The valley-magnetic quartet states are connected by the butterfly in
Fig.3a, including (K, +M), (K, -M), (K’, +M) and (K’, -M). At small B, we
can choose different routes along the butterfly to switch the valley
repeatedly and keep the magnetization as shown in the blue-shaded
part of Fig. 5b, or to keep the valley and switch the magnetization
repeatedly asshowninthe yellow-shaded part of Fig. 5b. Furthermore,
the two ferro-magnetic states at the same E—for example, (K, +M) and
(K’, -M) can be switched non-volatilely as shown in Fig. 5c.

The switching between the valley-magnetic quartet states requires
onlyachange of the gate electricfield, but not current flowing through
graphene. This is preferable to the current-induced switching of the
magnetization from the power consumption point of view, whichwas
the casein twisted bilayer graphene as well as conventional magnetic
SWitCheSZO'Zl'39'4O.

Conclusion

We demonstrated orbital multiferroicity in the flat bands of crystal-
line pentalayer graphene, which features co-existed but independ-
ent ferro-valleytricity and orbital-ferro-magnetism. It enriches
the family of electronic phases of matter driven by the co-existing
electron-correlation and quantum-geometry effects. Our experiment
opens up possibilities in harnessing the electron valley and orbital
magnetism for multifunctional device applications in valleytronics
and magnetics.
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Methods

Device fabrication

The pentalayer graphene and hBN flakes were prepared by mechanical
exfoliation onto SiO,/Si substrates. The rhombohedral domains of
pentalayer graphene were identified using near-field infrared micros-
copy?, confirmed with Raman spectroscopy and isolated by cutting
with a Bruker atomic force microscope*. The van der Waals hetero-
structure was made following a dry transfer procedure. We picked up
thetop hBNand pentalayer graphene using polypropylene carbonate
film and landed it on a prepared bottom stack consisting of an hBN
and graphite bottom gate. We intentionally misaligned the straight
edges of the flakes to avoid the formation of the moiré superlattice.
The device was then etched into a Hall bar structure using standard
e-beam lithography and reactive-ion etching. We deposited Cr/Au
contact electrodes and an NiCr alloy top layer to form a dual-gate
device.

Transport measurement

The device was measured in aBluefors LD250 dilution refrigerator with
anelectronictemperature of around 100 mK. Part of the data was taken
inthe National High Magnetic Field Laboratory, Tallahassee. Stanford
Research Systems SR830 lock-in amplifiers were used to measure the
longitudinal and Hall resistance R, and R, with an a.c. voltage bias of
200 uV at a frequency of 17.77 Hz. Keithley 2400 sourcemeters were
used to apply the top- and bottom-gate voltages. Top-gate voltage (V)
and bottom-gate voltage (V) were swept to adjust the doping density
n.=(CV.+ GV,)/e and electric field £ = (V,/d, - V,,/d,)/2, where C,and
C, are top-and bottom-gate capacitance per area calculated from the
Landau fan diagram.

Phase diagram of pentalayer rhombohedral graphene

Extended Data Fig. 1c,d shows the colour plots of four-probe resist-
ance R, as afunction of carrier density n and displacement field E for
the hole doping side and electron doping side measured at B=0 at a
temperature of 100 mK. Coloured dots label different phases, includ-
ing band insulator, correlated insulator, spin-polarized half-metal
(SPHM), isospin-polarized quarter-metal (IPQM), unpolarized metal
and valley-polarized half-metal (VPHM). The large D side of the phase
diagram looks similar to that of the previous studies in bilayer and
trilayer graphene®>'. At the intermediate and small D side, the semi-
metaland correlated insulator states emerge and dominate the neigh-
bouring regions. The VPHM state with awaterdrop shape (labelled by
ared star) is the focus of this paper.

The degeneracy of the isospin-polarized metal is inferred from the
spacing of the Landau levels®. Extended Data Fig. 2a,b shows the R,
as afunction of nand Fmeasured at B=2T in the VPHM state and the
large-density unpolarized metal state. The Landau-level spacings indi-
cate that the Fermi surface has two-fold in the VPHM state and four-fold
degeneracy in the unpolarized metal state. The details of IPQM and
SPHM states can be found in ref. 42.

Tight-binding calculation of band structure and Hall
conductivity

Thessingle-particle band structure of the rhombohedral stacked penta-
layer grapheneis calculated from the 10-band continuum model. The
Hamiltonian and the parameters are taken from previous literature®.
The band structures and density of states (DOS) calculated for dif-
ferent layer numbers N (2N-band model) are shown in Extended Data
Fig. 3. The remote hopping processes lead to the trigonal warping of
the band structure, resulting in deviation from E = k" at low energy.
We note that among all layer numbers, the rhombohedral pentalayer
graphene has the flattest band and the largest DOS around zero energy.
This could account for the observation of correlated phases absentin
Bernal bilayer and rhombohedral trilayer graphene.

Extended Data Fig. 4a shows the tight-binding calculation of band
structure for rhombohedral pentalayer graphene near the K point
with an interlayer potential 24 = 0 meV (black) and 16 meV (grey).
Extended Data Fig. 4a (inset) shows aniso-energy contour at -5 meV,
and the three-fold rotational symmetry is from the trigonal warping
effect. Owing to the trigonal warping, the Dirac points arrange them-
selves along the three directions and at the centre?. The black and
white dots represent Dirac points with Berry phase 1t and -1, which
are also labelled by the black and white arrows in the band structure.
They appear at different energies and correspondingly different
densities.

We also calculated the intrinsic contribution to the anomalous Hall
conductivity by integrating the Berry curvature of the occupied states
oME= . Q. Extended Data Fig. 4b shows the calculated Hall

occupied states
conductivity withrespect to the doping density n.and interlayer poten-
tial £, for a single valley and spin flavour. The hot spots at around
-1.2x10" cm™and 0.4 x 10”2 cm ™ correspond to the four Dirac points
at smaller k and the three Dirac points at larger k, respectively. In our
valley-polarized half-metal picture, one valley has holes, whereas the
other valley has zero net carriers (n, = 0). As aresult, to fully character-
ize the system, we need to add the contributions from the two valleys.
Extended Data Fig. 4c shows the same plot as Extended Data Fig. 4b
with the contribution from the other valley at zero density (opposite
valuetothe dashedlinein Extended DataFig.4b). Extended DataFig. 4d
provides amicroscopic picture of the linear anomalous Hall conductiv-
ity with £. At E= 0, Berry curvature is zero everywhere except at the
Dirac points, so ¢V is zero. As E increases, Berry curvature hot spots
emerge near the Dirac points and spread out. Consequently, there is
more Berry curvature on states below £; and 0® increases with E.
Extended Data Fig. 4e shows line-cuts in Extended Data Fig. 4c from
n.=0to-0.5x10" cm™for a single spin copy. At a small interlayer
potential £, the Hall conductivity is roughly linear with E,. Extended
Data Fig. 4f shows the measured ¢”. The linear F dependence of ¢
agrees with the calculated value qualitatively. We note that the meas-
urements on the positive F side are affected by the contactissue at low
temperatures (as canbe seen from the n-E colour plot). The measured
o is much larger than the calculated Berry curvature contribution,
which could arise from extrinsic contribution**. This phenomenon is
also seenin other graphene-based orbital magnets—for example, the
quarter-metal of rhombohedral trilayer graphene®.

Doping dependence of the orbital magnetism

We show the electric field dependence of the anomalous Hall effect
(orbital magnetism) in the main text and here we present the dop-
ing dependence. Extended Data Fig. 5a is the same as Fig. 2¢, and
now we cut along the x-axis. Extended Data Fig. 5b,c shows mag-
netic hysteresis measured at E=5mV nm™and n,=-2.5 x10" cm™
to —9.5 x 10" cm™ (corresponds to the dots with the same colour
in Extended Data Fig. 5a) with temperatures of 0.3 Kand 2 K. Clear
magnetic hysteresis and anomalous Hall effect are seen within
the waterdrop region, and we get the largest signal at around
n.=-5.5x10" cm™. We also note that the magnetic coercive field at
2 Kalmost vanishes, aligned with the disappearance of the butterfly
at2 K.

Control the valley order with E - B field

Here we demonstrate E - B as the conjugate field of the valley order.
Extended Data Fig. 6a,b shows the valley polarization correspond-
ing to the R,, plotin Fig. 3d,e with B> 0 and B < 0. The two hyster-
esis loops wind in opposite ways. However, if we plot the x-axis
as the E - Bfield, the two loops will collapse into one, which dem-
onstrates that the conjugate field of the valley is E - B. Blue lines
label scanning to positive £ direction and yellow lines label scan-
ning to negative E direction. The arrows indicate the scanning
direction.



Random fluctuation of magnetizationatB = 0

Extended Data Fig. 8 shows the fluctuation of R,,as a function of time
atB=0T.R, flips sign frequently with time, indicating the fluctua-
tion of the magnetization because of the finite size of the magnet. The
stochastic switching enables the system to act as a probabilistic bit,
which is essential in probabilistic and neuromorphic computing**©.
A small external B field (20 mT) is enough to stabilize the system to
a controlled state without changing the ground state. As a result,
our device is capable of shifting between the two operation modes
(stochastic and controlled) easily.

R,,measurement under different conditions

There are several measurement conditions, including scanning doping

density or electric field and applying asmall positive or negative Bfield.

InFig. 3a,b, we show the plots of scanning £ with a positive magnetic

field. In Extended Data Fig. 9, we discuss the results of other measure-

ments (the applied magnetic field is £20 mT), and all four measure-
ments are consistent with our picture.

1. Scan £, negative B (Extended DataFig. 9a,b). Similar to Fig. 3a,b, the
negative magnetic field now selects the opposite valley compared
with the former case. The behaviour is the same as in Fig. 3a,b with
anoppositesign of R,,.

2.Scann,, positive B (Extended DataFig. 9¢,d). By contrast to the scan-
ning E case, there is no butterfly-type hysteresis when scanning n,
because the orbital magnetism of a valley does not change with n.
The system will choose to polarize to the valley with magnetization
parallel to B, resulting in positive R,, in both positive and negative
E sides. The magnetization of the system is small around £= 0, and
the small external Bfield cannot effectively select afavoured valley,
resulting in fluctuations around £ = 0. We note that the fluctuations
around E =0 do not occur when scanning D because the system
already chooses the valley as the system enters the VPHM state and
staysin the chosenvalley.

3. Scan n,, negative B (Extended DataFig. 9e,f). Similar to Extended Data
Fig. 9¢,d but with the opposite external B field. The small negative
magnetic field will select the opposite valley compared with that of
Extended Data Fig. 9c,d.

Hysteresis of the longitudinal resistance R,

In the main figures, we mainly show the R, behaviours and relate the
jump of R, to the switching of the valley. In the extended datafigures,
we also present the R, behaviours corresponding to R,,and show the
R,.jump simultaneously with R,,.

Extended Data Fig. 10a-f shows the n-£ map with a small posi-
tive magnetic field. Extended Data Fig. 10a,b is the same as Fig. 3a,b.
Extended DataFig.10c,disthe R,,map corresponding to Extended Data
Fig.10a,b. The white arrows indicate the jumps at the boundary, which
matches where R, jumps. Extended Data Fig. 10e,f shows line-cuts at
n.=-0.67 x102 cm2, indicated by the dashed line in Extended Data
Fig.10c,d. The arrows label the scanning directions. The jumpsinR,,
happen right before the system gets out of the VPHM state where R,
alsojumps. Extended Data Fig.10g-Ishows the data corresponding to
the measurementin Fig. 4a,b, similar to Extended Data Fig.10a-f. The
R,.jumpsat the sametimeas the R, jumps. The hysteretic behaviours
in R, indicate that the valley switching is a first-order process.

Extracting the average magnetic moment through atoy model

In Fig. 4g, we phenomenologically extracted the average magnetic
moment per hole from the magnetic-field dependence and tempera-
ture dependence measurement of the R,,—£ butterfly. Our picture is
depictedinFig.4fin whichwe assume that the barrier A does not change
with magnetic field and temperature. The sweeping of the magnetic
fieldinFig.4a,b was done very slowly (each scan takes about minutes).
Therefore, in our toy model the system will switch to the valley with

lower energy (global minimum) when the magnetic energy added with
thermal energy is larger than the barrier—thatis, M- B + k; 7> A. Then
we can estimate the average magnetic moment M at different £ with
the extracted critical electric field E. at different magnetic fields and
temperatures in Fig. 4e. We have

M(Eg)B(Ep) + kgT(0.3K) = A
M(E;)B(0.02T) + kT (E;) = A

where E; and E; are the critical electric fields when changing mag-
netic field and temperature. So the average magnetic moment can be
written as

M(EQ) = (kgT (E) — kgT (0.3K))/(B(Eg) — B(0.02T))

We extrapolate the datain Fig.4e and calculate the average magnetic
moment M as a function of the electric field and get Fig. 4g. We note
thatthe absence of dataat1.5-2 Kin Fig. 4eisbecause of the difficulty
of stabilizing the sample temperature in this range in our experimental
set-ups. When extracting the g-factor, we used the value of £, by linear
interpolation in this range.

Relation between ferro-valleytricity, ferroelectricity and
magneto-electric effect

The couplingterm F=-aEVB=—(aEV)B=-E (aVB) canbe viewed asan
orbital magnetic moment coupling to a magnetic field, as well as an
electric polarization coupling to an electric field. In the main text, we
discussed the orbital magnetism and here we elaborate on the electric
polarization.

We note that the total electric polarization or dipole has two parts.
Without considering the valley symmetry breaking, anelectric dipole is
induced by the gate electric field E. At gate electric field E= 0 mV nm™,
inboth Kand K’ valleys, the conduction and valence band wave func-
tions have 50% at the top layer and 50% at the bottom layer, preserving
the inversion symmetry of the lattice structure. When a non-zero £ is
applied, the inversion symmetry is broken so that in both valleys the
valence band wave functionis polarized in the layer with alower poten-
tial energy, whereas the conduction band wave function is polarized
inthe opposite layer. From the band structure point of view, applying
agateelectric field opens up the band gap proportional to £ and low-
ers the energy of the valence band (Extended Data Fig. 11a). The total
energy lowering of the valence band and occupied statesis equivalent
to an electrostatic energy of E - P, in which the electric dipole P, is
induced by the applied £ and characterizes the number of electrons the
energy of whichis affected by the gap opening. Although the electric
potential energyincludes atermthatis -E- P,, we note that thisenergy
should notbe countedin the flipping process fromK’ to K: as explained
above, P, is unrelated to valley polarization, so all the states on the
free-energy curve in Fig. 4f have the same potential energy —E - P, as
they correspond to the same E and P, unrelated to valley polarization.
As P,isunrelated tovalley polarization, the ferro-valley order does not
imply a ferroelectric order, because the system can have a big Fermi
surface in the K valley and a small Fermi surface in the K’ valley, even
if the inversion symmetry is preserved, as shown by the states at the
centre of the butterfly in Fig. 3c.

When the valley symmetry is spontaneously broken in the pres-
ence of amagnetic field B, the bands in Kand K’ valleys shift in energy
because of the coupling between the orbital magnetization and B.
This coupling results in the free energy F = -aEVB = —(aEV)B, where
aEVis the average orbital magnetic moment as stated earlier. This
same energy can be given as F = —E(aVB), where (aVB) is an effective
electric dipole P’. This additional electric dipole P’ is determined by
both Vand B, and itis involved in the ferro-valleytricity behaviour.
From the band structure point of view, this electric dipole and the
corresponding electrostatic energy can be seen from the shift of the
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occupied states in the valence band in a magnetic field B (Extended
Data Fig. 11b).

In the presence of B, P’ (at E= 0 mV nm™) and valley polarization V
should co-exist, as shown in Extended Data Fig. 11c. At anon-zero B,
electron states formdiscrete Landaulevels. Taking the zeroth Landau
level as anexample (other Landau levels have qualitatively similar sub-
lattice and layer polarization, but quantitatively not as big as that in the
zeroth Landaulevel), its electron wavefunctionsin the Kand K’ valleys
arelocated atthe Aand Bsublattices, respectively. Inallrhombohedral
graphene, A and B sublattices to describe the lowest-energy bands
are located at the top and bottom layers. Therefore, valley polariza-
tion leads to the imbalance of population of the zeroth Landau level,
whichresultsinalayer polarization of electric charge distribution and
electricdipole.

Insummary, ferro-valley order is notrelated to ferroelectricity when
B =0.0nlywith the presence of amagnetic field, the ferro-valley order
leadstoferroelectricity suchthat P’= (aVB). To probe this ferroelectric
order, agraphene-sensing layer or layer-sensitive capacitance meas-
urement is required* *. We also note that when considering the free
energy, we cannot consider the orbital magnetism and electric polari-
zation at the same time, as they come from essentially the same term
F=-aEVB, and we should not double-count this energy.

Theinduced electrical polarization P’ and orbital magnetic moment
Mcanbeviewed as amagneto-electric effect, in which the free energy
F=-aVBE=-EP’=-BM. The valley polarization V can be viewed as
the coefficient of the magneto-electric effect, which can usually
be controlled through strainin conventional multiferroic or magneto-
electrics, for example.

Density and in-plane magnetic-field scan in the correlated
insultingstateatD =n=0

We performed similar measurements as in ref. 18. Although the
back-and-forth scans do not overlap perfectly (Extended DataFig.12),
we did not see obvious hysteresis as reported in ref. 18.
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Extended DataFig.1|Ramancharacterization and phase diagram of
rhombohedral pentalayer graphene.a, b, 2D Raman peak of Bernal (black)
andrhombohedral (red) stacked pentalayer graphene before (a) and after (b)
hBN encapsulation. The rhombohedral stackingis preserved after hBN
encapsulation.c,d, Color plots of four-probe resistance R as afunction of
carrier density nand displacement field £ for the hole doping side (c) and

electron dopingside (d) measured at B= 0 and atemperature of 100 mK.
Colored dotslabel different phases including band insulator (BI), correlated
insulator (CI), spin-polarized half metal (SPHM), isospin-polarized quarter
metal (IPQM) and unpolarized metal (UP). The red star labels the valley
polarized half metal (VPHM), whichis the focus of the maintext. The details of
IPQM and SPHM states canbe found inref.42.
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pointsatsmaller kand the three Dirac points at larger krespectively.c, The Thelinear Edependence of 6™ agrees with the calculation qualitatively.
same plot asbwith the contribution from the other valley at zero density Measurements on the positive Eside suffer from contactissue atlow

(same positionand opposite value to the dashed lineinb).d, Colored-coded temperatures.

bandstructureintheK valley, showing the Berry curvature distribution at
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Extended DataFig.5|Magnetic hysteresisat 0.3 Kand2 Katdifferent
doping. a, Color plots of four-probe resistance R,, as a function of carrier
density nand displacement field £ for the small hole doping VPHM region at
B=0.5TandT=0.3K.b&c,R,,asthe magneticfield Bisscanned, showing
clear hysteresisloops within the dropletregion. Curves correspond to dots

0.0 02 02 0.0 02
B(T) B(T)

withthesame colorinaat £=5mV/nmand differentn,at T=0.3Kaand2Kb,
and are shifted vertically for clarity. Solid and dashed curves correspond to
forward and backward scanning of the B field. At 2K, the coercive field of
magnetic hysteresis almost vanishes, consistent with the disappearance of the
ferro-valleytronicorderat2 K.



Article
b

a
B>0 ? B<0
> | E Y E
2 —_— = >
g S . |
K |
B>0 f B<0
K
> K | >
) 2 ,
= —— = —
S E-B > | E-B
K K |
demonstrates that the conjugate field of the valley is £ - B. Blue (yellow) lines
labels scanningto positive (negative) Edirection. Thearrowsindicate the

Extended DataFig. 6 | Control valley with E-Bfield.a &b, Plots of valley
scanningdirection.

polarization correspond tothe R, plotinFigs.3dandewithB>0(a)andB<0
(b), featuring two hysteresis loops winding in opposite ways. However, if we
plotthe x-axis asthe £ - Bfield, the two loops will collapse into one, which
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Extended DataFig.7|Evolution of the ‘butterfly’ as afunction of magnetic
fieldand temperature atn,=-0.65*10’cm™andn,=-0.45*10’cm>.a&b.R,,
as Eisscanned at different magnetic fieldsatn,=-0.65*10?cm™> d &e.R, as £

isscanned atdifferent temperatures at n,=-0.65*10"cm2and B=30 mT.
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e &f. Critical fields £;and E-from a-d. g. Effective g-factor of the averaged
orbital magnetic momentas afunction of Eextracted frome & f.h-n.Same
measurementsand analysisasa-gatn,

=-0.45*10"cm™
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Extended DataFig. 8 | Fluctuation of magnetization atzero magneticfield. magnetization due to the finite size of the magnet. A small external Bfield
R,,asafunctionoftime, measuredatn,=-0.7*10cm™, £=4 mV/nm, B= 0 and (20mT) canstabilize the system without changing the ground state.
T=300 mK.R,,flipssign frequently with time, indicating the fluctuation of the
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Extended DataFig. 9 |Hallresistance behaviors under different measuring
conditions.a&b, 2D color maps of R, in thedroplet region corresponding to
forward and backward scanning of Ewith asmall negative magnetic field
B=-20mT.c&d, Thesame plotasinaandbbutwithscanning density n,at
B=20mT.e &f, The same plotasinaandbbutwithscanning density n,with
B=-20mT.R,,changes the sign as we scan Ebut stays the same signas we scan

n,.Thisisdueto the fact that the magnetic moment for a given valley will
reverse as we scan Ebutnot n,. Aswe scann, the system will choose to polarize
to thevalley with the magnetic moment parallel with external B. Therandom
jumpsnear E=0whenscanningn,isbecause the magneticmomentnear E=0is
very small and the coupling to the external B field is weak, so the system cannot
decide which valley to choose.
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Extended DataFig.10|Longitudinal resistance R, hysteresis.a&b, The
same plotasFig.3d & e. Thearrowindicates thejumpinR,, where the valley
switches.c&d, Thesame plotasina&bforR,,.ThearrowindicateswhereR,,
jumpsanditalso coincideswithwhere theR,,jumps. e &f, Linecuts of R, and
R, atn,=-0.67*10"cm*asindicated by the dashed lineina-d.g &h, Thesame

9

B (mT)

B (mT)

0
E (mV/nm) E (mV/nm)
k I 500
2.0
s 0
g g
5 1.0 z
® -500
001, : . 1,000 L +—— R
-10 -5 0 5 10 -10 -5 0 5 10
E (mV/nm) E (mV/nm)

plotasFig.4a&b.i&j, Thesameplotasing &hforR,,. ThejumpsinR,,
correspondtothatinR,,. k&1, LinecutsofR,,and R, at B=-0.16 T asindicated
by the dashedlineina-d.ThejumpsinR,,indicate the valley-switchingisa
first-order process.
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Extended DataFig.11|Ferro-valleytricity and ferroelectricity.a. The
openingofthe band gap £,by agate electric field Eis effectively inducing an
electricdipole P,which couplesto £ and lowers the energy of the occupied
states. The Berry curvature and orbital magnetizationin the Kand K’ valleys
areopposite.b. Givenanon-zero £, the valence bands in the Kand K’ valley
experience further shiftin amagnetic field B. The shiftis proportional to the
orbitalmagnetization of the occupied states. This shiftin energy M-B=aE-B
canbeviewed as M-B=E-(aB) = E-P’,where is effectively an additional electric
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dipole P’. Thislatter part of electric dipole P’ matters for the valleytricity while
the P,does not. c. Ferro-electricity in the valley-polarized stateat E= 0, |B| > 0.
Upper panel:illustration of the valley polarization and imbalanced population
ofthezeroth LandaulevelsinKand K’ valley atanon-zero B. Lower panel: valley
and sublattice and layer have a one-to-one-to-one correspondenceinthe
zeroth Landaulevel of rhombohedral graphene. Thus a valley polarization at
non-zero Bimplies layer polarizationand anelectric dipoleat £=0 mV/nm.In
this picture, ferro-electricity should existat £= 0 mV/nmand |B| >0 mT.
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Extended DataFig.12|Density and in-plane magnetic field scanat E=0.a. R versus forward and backward scanning of n.b. R versus forward and backward
scanningofBy.
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