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The tunable band structure and non-trivial topology of multilayer

rhombohedral graphenelead to a variety of correlated electronic states with
isospin orders—meaning ordered states in the combined spin and valley
degrees of freedom—dictated by the interplay of spin-orbit coupling and
Hund'’s exchange interactions. However, methods for mapping local isospin
textures and determining the exchange energies are currently lacking.

Here we image the magnetization textures in tetralayer rhombohedral
graphene using ananoscale superconducting quantum interference device.
We observe sharp magnetic phase transitions that indicate spontaneous
time-reversal symmetry breaking. In the quarter-metal phase, the spin

and orbital moments align closely, providing abound on the spin-
orbit-coupling energy. We also show that the half-metal phase has avery

small magnetic anisotropy, which provides an experimental lower bound on
theintervalley Hund’s exchange interaction energy. This is found to be close
toitstheoretical upper bound. The ability to resolve the local isospin texture

and the different interaction energies will allow a better understanding

of the phase transition hierarchy and the numerous correlated electronic
states arising from spontaneous and induced isospin symmetry breaking in
graphene heterostructures.

Magnetism has been studied since antiquity, yet understanding how
magnetic order emerges in complex, interacting systems remains a
challenge. In solids, magnetism generally stems from electron spin or
orbital motion. Although spin moments dominate in most materials,
recent studies on two-dimensional (2D) van der Waals systems reveal
aleading role for orbital magnetism. Unlike spin-based magnetism,
orbital magnetismreflects the distribution of electron wavefunctions
and encodes the band topology and Berry curvature. Inadditionto spin,

electronsingraphene-like 2D materials exhibit a valley degree of free-
dom, whichstrongly influences their behaviour. Crucially, spontaneous
magnetization is forbidden if time-reversal or full spin-valley isospin
symmetry is preserved. Thus, magnetism in these systems offers key
insights into symmetry breaking and electronicinteractionsin strongly
interacting 2D materials' .

An important characteristic of atomic-layer materials is their
highly tunable electronic structure, which, together with a high
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density of states (DOS) and non-trivial band geometry, can drive
spontaneous symmetry breaking and the formation of magnetic
ground states even at zero magnetic field*®. The resulting isospin
symmetry breaking produces arich array of textures, including spin
and valley polarization, intervalley coherence (IVC), spin-valley lock-
ing via spin-orbit coupling (SOC), and skyrmion-like patterns®™.
Rhombohedral multilayer graphene (RMG) has recently emerged as
alow-disorder platform for realizing such a phase®*°, including cor-
related insulators'®****', Cherninsulators®**, ferromagnets'®1>?>428-3¢,
ferroelectrics', superconductors®***** and multiferroics®. Further-
more, proximity-induced SOC can stabilize certain phases***>*7*,
whereas moiré engineering enables exotic fractional quantum
State524,29,30,32,44,45.

In the absence of interactions, electronic bands with different
valley and spin polarizations are degenerate. Akey factor determining
the energetic hierarchy ofisospin symmetry-broken states is the Hund’s
exchangeinteraction, which describes interactions between electrons
in the different isospin bands, comprising intravalley and intervalley
components. Although intravalley exchange between opposite spins
is usually the dominant energy due to the long-range nature of Cou-
lomb interactions, intervalley exchange crucially shapes the material’s
low-energy physics. For example, in the absence of SOC, intervalley
Hund’s coupling favours a spin-ferromagnetic state over spin-
antiferromagnetic states. SOC, by contrast, tends to stabilize interval-
ley spin-antiferromagnetic order in the absence of Hund’s coupling.
Thus, observing ferromagnetism indicates dominant intervalley
Hund’s interaction. It also permits spin-ferromagnetic IVC (a charge
density wave), in contrast to antiferromagnetic IVC (a spin density
wave). Despite its fundamental importance, a direct measurement of
the Hund’s interaction energy Uy, has been lacking. In RMG, U, is
believed to be ferromagnetic, but directly probingits strength s chal-
lenging because it requires a perturbation that couples oppositely to
spinsindifferent valleys—unavailable experimentally. However, intrin-
sic Ising SOC (Asoc) acts exactly as such a perturbation, generating a
small spin anisotropy of the order of A2, ./Uy,. By rotating a small
external magnetic field, we probe this anisotropy, enabling a quantita-
tive measurement of Uy,,,.

Previous studies on isospin ordering in van der Waals mate-
rials have largely relied on global measurements and theoretical
models?>?+287323435394246 Here we introduce a nanoscale magnetic
imaging technique to directly visualize local isospin textures in the
symmetry-broken phases of crystalline ABCA graphene. We further
explore how magnetic fields affectisospin state stability, particularly
viainteractions with Berry curvature and orbital magnetization. The
field influences both spin moments through the Zeeman effect and
orbital moments via a valley Zeeman effect, resulting in band shifts**’.
Our results show that the combination of momentum-dependent
Berry curvature and unique band structure induces non-trivial
magnetic band reconstruction, establishing RMG as a versatile
platform for exploring the interplay of topology and interaction-
driven physics®.

Transport and topological magnetic band
reconstruction

Three dual-gated ABCA graphene devices were studied, showing qual-
itatively similar behaviour (Fig.1and Extended DataFigs.1and 5). The
d.c. top- and bottom-gate voltages Vfc and Vgc, respectively, control
the carrier density n and out-of-plane displacement field D. Figure 1d
presents the longitudinal resistance R, (n, D) at zero out-of-plane mag-
netic field (B,= 0) in device A, which displays metallic behaviour with
R, <1kQfor|n| 2 0.5x10%cm™ Several ridge-like features partition
the phase diagram. We focus on the weak ridge, n,(D) (Fig. 1d, white
dashed line), which traces a kink in the quantum oscillations (QOs)
when B, israised to3 T (Fig.le). Toits left, vertical QOs reflect asimple
band structure with a single Fermi surface (Fig. 1c, left inset) and

fourfold-degenerate Landau levels (LLs). Our single-particle band
structure calculations (Extended Data Fig. 3) accurately reproduce
bothtransitionline n,(D) and QOs inregions A and B (Fig. 1f). The n,(D)
linereflects aLifshitz transition—annulus openingin the valence band—
producing a sharp step in the DOS (Fig. 1c, black arrow). Since at
|n| > |n,(D)|, the band structure is simple and no substantial interaction
effects are expected due tolow DOS, no additional transitions at higher
densities are anticipated, as confirmed at zero field (Fig. 1d). Unexpect-
edly, in this fullmetal (M) phase, the QOs exhibit abreak along the n, (D)
line (Fig. 1e, cyan dashed line), across which the QOs display a T shift.
Suchashifthasbeen observed previously inrhombohedral structures,
but remains unexplained'. The high-resolution measurement and low
disorder allow resolving the rtshift as splitting of fourfold LLs and their
recombinationwith neighbouringLLs. As described in the Supplemen-
tary Information, this is a result of the topological magnetic band
reconstruction (TMBR) due to large Berry-curvature-induced
orbital magnetization ./ in the annular Fermi surface (Fig. 1a
and Extended Data Fig. 2), which in the presence of B,, gives rise to
pronounced splitting in the DOS between the Kand K’ valleys (Fig. 1c)
and inband distortion, (k) = £q(k) — M sz (k)B, (Fig.1b).

Spontaneous symmetry breaking

Therich QOsin R, (Fig. 1e) reveal several symmetry-broken states.
The vertical QO lines in region A correspond to fourfold-degenerate
LLs in a full metal with a single Fermi surface. The annulus opening at
n,(D) introduces two Fermi surfaces in region B, with LLs from each.
The TMBR further lifts valley degeneracy, yielding a full metal with
four sets of intersecting LLs (Extended Data Fig. 3). At lower |n|,
interaction-driven isospin symmetry breaking emerges. Regions D
and F exhibit vertical QOs like region A, but with periods An = % ,
corresponding to LL degeneracies of N=2 and N=1, revealing
half-metal (1/2M) and quarter-metal (1/4M) phases, respectively, with
simple Fermi surfaces (h, Planck’s constant; e, elementary charge;
Extended DataFig. 4).

Imaging isospin magnetism

To probe the nature of the symmetry-broken states, we performed
nanoscale magneticimaging on device B utilizing a superconducting
quantum interference device (SQUID) on the apex of a sharp pipette
(SQUID ontip (SOT))***°, Asmalla.c. voltage Vis applied tothe top gate
modulates nby n,. (Fig.2d), inducing a differential change in the local
magnetizationm(x, y) and corresponding stray field B (x, y), detected
by the SOT. Figure 2a shows B#“(n, D) at afixed location above the sam-
ple atlowB,=10 mT. Two sharp peak linesindicated an abruptincrease
inmagnetization ./ at M-to-1/2M and 1/2M-to-1/4M phase transitions,
consistent with the transport data (Extended DataFig. 5). Inastate that
preserves time-reversal symmetry, the net magnetization vanishes.
Time-reversal symmetry breaking induces magnetization via charge
imbalanceinspin or valley sectors. The 2D graphene structure dictates
a highly anisotropic orbital magnetic moment (schematic of the cur-
rent loops is shown in Fig. 2f-h) with an easy 2 axis. By contrast, our
understanding of spin anisotropy is lacking due to limited ability for
direct experimental visualization of the spin properties. Contrary to
orbital moment, spin anisotropy (Fig. 2f-h, spheres with arrows) is
governed by the interplay between SOC and Hund’s interactions™ and
can, therefore, vary considerably between the different states. Toinves-
tigate isospin anisotropy, we image BZ¢ (x,y) as B, is rotated.

Isospin anisotropy in1/2M

Figure 3g shows B¢ (x,y) measured in B,=15mT (B,= 0 mT, tanf; =
B,/B,=0) across the M-to-1/2M phase transition. Using an inversion
procedure (Methods), we reconstruct the local differential magneti-
zation m(x, y) (Fig. 3j). Since n,. modulation induces a.c. switching
between adjacent phases, the differential magnetization,
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Fig.1| TMBR and transport measurements in ABCA graphene. a, Surface plot
of the calculated low-energy band structure of the valence band £(k) with overlaid
colour-coded self-rotation magnetization .0 sz (k) of the K’ valley for
displacement potential 4, =10 meV at B,= 0 T (Supplementary Information).

b, Energy dispersion, e(k) = &¢(k) — Ml sz(k)B,,along (0, k,) for A, =10 meV at
B,=0T (dashed) and B,=3 T, resulting in TMBR and degeneracy lifting between K
(red) and K’ (blue) valleys. ¢, Corresponding valence band DOS, p, versus n
without (black) and with valley degeneracy lifting by TMBR for K (red) and K
(blue) valleys. A full valley polarization occurs at |n| < 0.76 x 10? cm2atB,=3T.
Theinsets show the Fermi surface structure at the red points and the black arrow
indicates the sharp step in DOS at annulus opening n,(D). d, Longitudinal
resistance R,(n, D) of device Aat B,=0 T at T=500 mK. The white dashed line is
the theoretical fit of the Lifshitz transition n,(D). e, Same dataasd, but forB,=3T,
showing different patterns of QOs in the various labelled regions. Region A, full
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metal with single Fermi surface (s-M); region B, a-M with annular Fermi surface
and partial TMBR-induced valley polarization; region C, full metal with
spontaneous partial spin polarization and TMBR-induced valley polarization;
region D, valley-degenerate spin-polarized 1/2M with single Fermi surface
(s-1/2M); region E, a-1/2M with annular Fermi surface and possible partial valley
polarization; region F,1/4M with single Fermi surface; region G, 1/4M with annular
Fermisurface. The cyan dashed curveinregion A is the m-shift n, (D) linein full
metal derived from the TMBR calculations with no fitting parameters. The cyan
dotted curvesin region D mark equivalent ri-shift lines in the 1/2M phase.

f, Calculated DOS showing oscillations due to LLs at B,=3 T in the presence

of TMBR. The single-particle DOS effectively reproduces the QOs inregions A
and Bine, where interaction effects are negligible (D =1V nm™ corresponds
to4,=97 meV).

m = My — My , reflects the difference in local magnetization
between the 1/2M and M phases (for clarity, the differential m is
normalized by nin units of 1z/e). Since the M phase has no magnetiza-
tion, the measured m reflects the magnetization of the 1/2M phase.
Next, applying B, =15 mT rotates the field to 6; = 45°, with the
resulting B¥(x,y) shown in Fig. 3h. Although the overall B¥(x,y)
looks similar, the stray field along the inner right edge is enhanced (red)
and the outer edge field vanishes (green), rather than being negative
(blue), asshowninFig.3g. By contrast, on the left edge, the outer field
becomes more negative and the inner field is reduced. Additionally,
bubble domains with suppressed B become more oval and shift
rightwards. For 8; = -45°, similar effects but with areversed orientation
appear (Fig.3i). These changes are consistent with the calculated stray
fields for a uniform sample with tilted magnetization (Fig. 3b,c,e,f).
The data show that the isospin orientation in the 1/2M
phase depends on the direction of B, (Fig. 2g). To quantify the mag-
netization angle, we begin with the reconstructed m (x,y) = m(x,y) 2

at 6 =0 (Fig. 3j), rotate it by an angle 6, such that m(x,y)
= m(x,y) (cos 6,2 + sin 6,X), and compute the resulting BZ(x,y). The
actual isospin magnetization angle 6, is then extracted by best fitting
the calculated and measured B§°(x, y) (Extended Data Fig. 8). The cal-
culated B¥(x,y) (Fig. 3k) effectively reproduces the measured one
(Fig. 3h), including the negative B along the left edge, the enhanced
field at the right edge and bubble distortions. A similarly accurate
fit for 6; = -45°is shown in Fig. 31. This approach enables the extrac-
tion of both magnitude and orientation of the isospin magnetic
moment (Methods).

Figure 4f shows 6, versus G, revealing that in the 1/2M phase,
isospin magnetismis nearly isotropic and aligns closely with B,. Given
the strong Z-axis anisotropy of orbital magnetism, this confirms that
1/2M in tetralayer rhombohedral graphene is a valley-degenerate,
spin-polarized ferromagnet, consistent with prior RMG studies*-***,
However, full spinisotropy in the presence of SOCimpliesalarge inter-
valley Hund’s coupling, as discussed below.

Nature Physics | Volume 21| November 2025 | 1765-1772

1767


http://www.nature.com/naturephysics

Article

https://doi.org/10.1038/s41567-025-03035-z

a . s o s b
BFX(nT) W

0.8

06 |
LA o
€ €
S 04r <
= M =
a a

02 F

Top gate
hBN %VSC

V,
hBN bo
Bottom gate
[siofsi

Fig.2|Symmetry-brokenisospin phase diagramin ABCA graphene. a, B:°(n, D)
measured in the bulk of the sample at 7=20 mK and B,=10 mT, showing a sharp
differential magnetic signal along the M-to-1/2M and 1/2M-to-1/4M phase
transition lines. b, Schematic of the experimentally derived phase diagram with
labelled states. s-M, fourfold-degenerate full metal with a simple Fermi surface;
a-M, full metal with an annular Fermi surface; PSP-M, partially spin polarized
metal with TMBR-induced valley polarization; s-1/2M, twofold-degenerate fully
spin polarized 1/2M with a simple Fermi surface; PVP-1/2M, partially valley
polarized annular 1/2M; s-1/4M, onefold-degenerate simple 1/4M; a-1/4M, annular
1/4M. Solid lines indicate sharp magnetic transitions and dashed lines represent
continuous transitions. The red-orange striped regions schematically show the
expansion of the s-1/4M and a-1/4M phases onincreasing B, (Extended Data Figs. 5
and 6). ¢, Calculated scHF phase diagram, with the colour bar indicating FD.

The squares show the corresponding derived ground-state fermiology, with the
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bt
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coloured areas representing hole-occupied states of the four flavours. In the grey
area, atlow D, the numerical calculations are unreliable due to the overlap of
conduction and valence bands. d, Schematic of the sample layout with scanning
SOT revealing the local magnetization pattern (left). Schematic of the cross-
section of the encapsulated ABCA graphene with the electrical diagram (right).

e, Optical image of the ABCA graphene device B patterned into Hall bar geometry,
with the scan window indicated by the red dotted rectangle. The dark circular
patches in the central region are bubbles. f-h, Isospin schematics with orbital
(circular trajectories) and spin (balls with arrows) sectors. f, Fourfold-degenerate
metal with zero magnetization. g, Twofold valley-degenerate spin-polarized 1/2M
inout-of-plane (top) and tilted (bottom) B,, with isotropic magnetization and
spindirection following the B, orientation. h, Onefold spin- and valley-polarized
1/4Min out-of-plane (top) and tilted (bottom) B,. The isospin magnetization is
highly anisotropic with easy Z axis and spin locked to the orbital moment.

00 nm
—

For B,along Z (6; = 0), the symmetric negative stray field B out-
side therightand left edges (Fig. 3g) is symmetric, which matches the
calculations for m(x, y) aligned along Z (Fig. 3a,d and Methods). The
reconstructed m(x, y) is rather uniform in the sample bulk (Fig. 3g,j,
red-yellow), except for circular patches (blue) in which the magnetiza-
tion vanishes. These are the bubbles formed during fabrication
(Fig. 2e), which induce strain and disorder that destroy the
symmetry-broken phases, as seen in magic-angle bilayer graphene™.

Anisotropyin1/4M
Figure 2a reveals a sharp peak in differential magnetization at the
1/2M-to-1/4Mtransition, indicating greater magnetizationin the 1/4M
phase. Since 1/2M is already spin polarized, this increase must stem
fromadditional valley polarization. To probe the isospin structure, we
image BZ“(x,y)across the transition. Figure 4ashows the dataat 6, = 0°,
with the reconstructed m(x, y) shown in Fig. 4d. The m(x, y) pattern
resembles that of the M-to-1/2M transition, but with over
threefold-higher amplitude, exceeding1 ug/e. Since for 6; = 0°, the spin
isaligned along # with the same contribution to magnetizationinboth
1/2M and1/4M phases, the observed differential m(x, y) across the tran-
sitionreflects only the Berry-curvature-induced orbital magnetization
in1/4M, emphasizing its dominant contribution.

Rotating B, to 8y = 83°, the resulting B°(x,y) in Fig. 4b shows the
negative stray field shifting to the right edge—opposite toits position

inFig.3e,h—suggesting that the differential magnetization behaves as
iftilted to negative 6, (Fig. 3f,i). This counterintuitive behaviour reveals
astrong SOCinthe1/4M phase, aligning both spin and orbitalmoments
along 2. Asaresult, the difference between the out-of-plane magnetiza-
tionin1/4Mand the 6, = 83° spintiltin1/2Mresults in differential mag-
netization that appears to a negative 6,. Similarly, for 8, = -83°, the
differential magnetization appearsto be oriented in the positive direc-
tion with negative BZ on the left edge (Fig. 4c). As discussed in the
Methods, we can qualitatively reproduce the measured B%(x,y) in
Fig. 4b by the proper superposition of orbital and spin-tilted m(x, y)
patterns from Figs. 4d and 3j, as shown in Fig. 4e. These observations
show that, unlike the nearly isotropic 1/2M phase, the 1/4M phase
exhibits strong isospin anisotropy with an easy Z axis (Fig. 4f (magenta
triangles) and Extended Data Fig. 9).

Analysis ofisospin anisotropy and Hund’s and

SOC energies

The stark anisotropy difference between the1/2M and 1/4M phases can
be qualitatively understood as follows. In1/4M, the spin anisotropy is
dictated by SOC energy Asoc, Which tends to align the spin and valley
moments. Considering SOC and Zeeman effects under tilted fields,

By .

Ry (Methods), withg
being the gyromagnetic ratio. The three rightmost curves in Fig. 4f

the spin tilt angle is given by tan 6, =
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Fig. 3 | Isospin texture in the 1/2M phase. a, Schematic of the cross-section of
graphene (orange) with isospin magnetic moments (red) oriented along 2 (6,=0)
with the corresponding calculated stray magnetic field lines. b,c, Same dataas a,
but forisospins tilted at 6, = 45° (b) and 6, = -45° (c). d, Calculated out-of-plane
stray magnetic field B,(x) at a height of 200 nm above graphene (dashed linein a)
for uniform magnetization of 0.63 x 10 u; cm ™. The vertical dotted lines
correspond to graphene edges. e, Same dataasd, but for 6, = 45°. The positive B,
peak resides on the inner side of the right graphene edge, whereas the negative
peak resides on the outer side of the left edge. f, Same data as e, but for 6, = -45°.
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g, Measured out-of-plane stray field BZ°(x, y) at the M-to-1/2M transition

(black star in Fig. 2a) for B, at 8, = 0. The blue circular regions correspond to the
locations of the bubbles (Fig. 2e). h, Same data as g, but for 6 = 45°. The negative
BZ“isenhanced outside the left edge, whereas the positive B is enhanced on the
inner side of the right edge. i, Same data as h, but for 6; = -45°.j, Local differential
magnetization m(x,y) reconstructed from g. k, Calculated BZ(x, y) from m(x,y)
injtilted to 6, = 45°, reproducing the measured B2 (x,y)inh.l, Same dataask,
but for 6, =-45°.
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1/2M-to-1/4M transition (yellow star in Fig. 2a) for B, along 6; = 0. b, Same data as
a, but for 6; = 83°. In contrast to Fig. 3h, the negative B occurs at the right
graphene edge due to spin tilting in the 1/2M phase. ¢, Same data as b, but for

6, =-83°.d, Local differential magnetization m(x, y) reconstructed froma.e,
BZ“(x,y) calculated using a superposition of the orbital m(x, y) in the 1/4M shown
ind and of a tilted spin m(x, y) in the 1/2M phase based on Fig. 3j, qualitatively
reproducing the measured BZ (x, y) inb. f, Derived spin tilt angle |6,| versus the
applied field tilt angle |G| for positive (black squares) and negative (blue
diamonds) angles across the M-to-1/2M and 1/2M-to-1/4M (solid magenta
triangles) transitions. The magenta error bars at 1/2M-to-1/4M transitions are
estimated by comparing BZ¢ for |6y = 78° and | 65| = 83° (Methods). The green

f
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opencircles represent the average spin tilt angle, 6, = (16,(> 0)| +16,(< 0)])/2,
and the correspondingblack error bars are defined as (|6,(>0)| - |6,(<0)|). The
solid lines show the calculated 6, versus 8, (Methods) for various indicated
values of Asoc in1/4M and ain1/2M for B,=15 mT and variable B, = B,tanf;. The
1/4Mlines set alower bound on Ising SOC of Ao > 120 peV, substantially higher
than the previously evaluated A5, = 50 peV (yellow curve) in ABC graphene'®.
The magnetismin the 1/2M phase is essentially fully isotropic with the calculated
solid lines setting an upper bound on spin anisotropy of |a| < 0.25 peV, which sets
alowerbound on Uy, 2 6.5 meV (Methods). The red dashed line shows the
calculated 6, versus 8; for & = 0.4 peV based on previously assumed Uy, = 4.2 meV
(refs. 41,51), which is inconsistent with the data.

show the calculated 6, versus 8, = tan™(B,/B,) for different values of Ay
at B,=15mT and variable B,, which allows us to set a lower bound on
Ising Asoc 2 120 peV. This experimental estimate of the SOC strength
in ABCA is more than twice the previously evaluated Ao = 50 peVin
ABC graphene',

The extracted Ao raises a question regarding the isotropic spin
moment measured in the1/2M phase. A finite SOC means that full spin
rotationis notasymmetry of the system, and hence, we expect the spin

ferromagnetic phase to be anisotropic (either easy axis or easy plane).
However, the spinanisotropy ain1/2Mis strongly suppressed by Hund’s
coupling a =~ /1§0C/8UHU, where U,,, = nJ,is the intervalley Hund'’s cou-
pling energy (Methods). Therefore, to explain the seemingly isotropic
spinmoment, Uy, should be sufficiently large. The 1/2M phase (Fig. 4f,
solid lines) shows the calculated 6, versus 6; dependence for various
values of « (Extended Data Fig. 7), from which we can set an upper
bound on |a| < 0.25 peV. Using the attained Aso. > 120 peV, this a value
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leads to alower bound onthe Hund’s coupling of Uy, > 6.5 meV =754 K,
and of the correspondingJ,, > 3.1 x 102 meV cm? This measurement
ofthe Hund’s-type intervalley exchange energy is substantially larger
than the values of J,; 2 x 102 meV cm? previously used in the literature
formodellingrhombohedral graphene'®**'. Suchalarge Hund’s energy
scale means thatrelative spin fluctuations between the two valleys are
suppressed. For temperatures below this energy scale, the total spin
moment for the two valleys should be treated as a single degree of
freedom, whereas at higher temperatures, the spin moments associ-
ated with each valley should be considered as independent degrees
of freedom.

Phase diagram

Low-field magnetization data (Fig. 2a) reveal three main phases—M,
1/2M and 1/4M—separated by sharp phase transitions. Examination
of the QOs at high magnetic fields (Fig. 1e and Extended Data Fig. 4),
by contrast, discloses additional symmetry-broken states within the
main phases (Fig. 2b). The M phase, in which all four flavours are
occupied, is subdivided into three states: simple s-M with a single
Fermi surface, a-M with an annular Fermi surface, and spontaneously
symmetry-broken partially spin-polarized PSP-M phase. Since the par-
tially spin-polarized state is partially polarized, the sharp transition
from PSP-M to fully spin-polarized 1/2M should be accompanied by
areduced jump in magnetization, in accordance with the observed
m = 0.3 ug/e at the M-to-1/2M transition. The 1/2M phase is subdi-
vided into valley-symmetric s-1/2M with a simple Fermi surface and
a-1/2Mwith an annular Fermi surface, whichis possibly also a partially
valley-polarized PVP-1/2M phase. Note that similar to full metal, the
TMBR-induced mtshifts are also observed ins-1/2M (Fig. 1e, cyan dotted
lines), revealing magnetic-field-induced partial valley polarization.
Finally, the 1/4M phase is also subdivided into a single Fermi surface
(s-1/4M) and annular (a-1/4M) states. Since 1/4M comprises only one
valley and one spin, no 1t shifts should occur. In particular, the 1/4M
region expands markedly with the field (Fig. 2b, striped regions), as
observed by comparing Fig.1d,e and described in Extended Data Fig. 6.
This expansion is a result of the magnetic energy gain due to orbital
magneticmomentin1/4M, whichis absentinthe adjacent1/2M phase
(Supplementary Information). These conclusions are corroborated by
self-consistent Hartree-Fock (scHF) calculations with a gate-screened
Coulomb interaction (Supplementary Information). Figure 2c shows
the derived phase diagram with colour-coded flavour degeneracy:
FD = n/max(n;), where n; is the carrier density in each isospin flavour,
showing asequence of symmetry-breaking transitions from Mto1/4M,
which broadly agrees with the measured diagramin Fig. 2b.

Discussion

A comparison ofisospin transitionsin ABCA and ABC graphene'® shows
thatinbothsystems, full spin polarization does not occurimmediately.
Instead, thereisagradual polarization, too weak to be detected locally,
followed by an abrupt transition to a fully spin-polarized 1/2M phase.
Similarly, in the presence of a magnetic field, the spin-polarized 1/2M
phase apparently undergoes gradual valley polarization, before an
abrupttransitiontoal/4M phase.In particular, although ABC graphene
exhibits IVC ordering within 1/4M, ABCA shows no such signatures,
eitherin measurements or scHF simulations. Thisis particularly inter-
esting since hole-doped ABC graphene has been found to become
superconducting at subkelvin temperatures®, whereas, so far, no super-
conducting phase has been reportedina pure hole-doped tetralayer®.
The ABCA phase diagram, thus, presents a valuable comparison for
narrowing down the superconducting mechanism. Importantly, the
hole-doped ABCA seems to be lacking IVC phases and its supercon-
ductivity is apparently suppressed, whereas in ABC, both phases are
present, whichis consistent with recent suggestions of a pairing mecha-
nism mediated by IVC fluctuations'®"'**, Since our findings clearly
indicate that the isospin anisotropy throughout the phase diagram

depends subtly onsmall differencesin microscopic properties, abetter
understanding of the underlying electronic correlationsis necessary.

The findings not only shed light on the microscopic aspects of
isospin ordering in fine detail but also demonstrate that RMG is a
highly tunable and increasingly well-understood system with supe-
rior device quality compared with twisted stackings. Recent work
on spin-orbit-proximitized RMG has uncovered superconducting
phases absent without a strong SOC**, potentially originating from
aspin-canted in-plane ferromagnetic state'*', Our experimental esti-
mate of Hund’s coupling is crucial for aquantitative understanding of
spin-canted ferromagnetism and possibly related superconducting
phases. We conclude that screening effects on the Hund’s coupling are
weak, as the attained Uy, > 6.5 meV is suppressed by less than a factor
of tworelative to the maximum value of intervalley Coulomb energy in
avacuum (Methods). Comparable Hund’s coupling is, thus, expected
across different rhombohedral graphene systems.
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Methods

Device fabrication

The hexagonal boronnitride (hBN)-encapsulated tetralayer graphene
heterostructures were fabricated using the dry-transfer method. The
hBN and graphene flakes were exfoliated onto a Si/SiO, (285 nm) sub-
strate and picked up using a polycarbonate on a polydimethylsiloxane
dome stamp. The number of layers of the graphene flakes was deter-
mined via optical contrast analysis against the Si substrate (using
the G values in the RGB triplet) and further confirmed through step
strength analysis in the dark-field mode. The stacking order of the
graphene flakes was determined by the shape of the Raman 2D peak
(Extended Data Fig. 1e), and its rhombohedral-stacked regions were
isolated using high-power laser cutting. The Raman analysis was sub-
sequently repeated on the final stack (Extended Data Fig. 1f) to rule out
the possible relaxation of graphene to Bernal stacking.

Toincrease theyield of the rhombohedral structure, asingle-pick
strategy was used to avoid multiple pick-ups of graphene flakes during
the stacking procedure, which enhanced relaxation to Bernal stacking.
Thisinvolved pre-preparation of the lower part of the stack, compris-
ing abackgate (annealed patterned metal or graphite stripe) covered
with an hBN flake, followed by annealing at 500 °C under a vacuum.
For the same reason, the graphene flake manipulations were done
faster, at lower temperatures (<70 °C) thanusual, and along the zigzag
direction of graphene®. This modified stacking protocol can, inturn,
encourage bubble formation (Fig. 2e). Unlike in other graphene stacks,
the bubbles cannot be removed by thermal annealing or subsequent
pick-ups since the graphene stacking configuration is susceptible to
these procedures. The chirality of the edges (zigzag/armchair) was first
determined from the dependence of the second-harmonic generation
on the polarization angle in the hBN flakes®** and in Bernal-stacked
trilayer region within the same flake as the tetralayer graphene of
interest.

Subsequently, the top hBN and graphene flakes were transferred
ontothe pre-prepared bottom part. During these processes, the crystal
axes (discerned from the straight edges) of the hBN and tetralayer gra-
phene were intentionally misaligned using amechanical rotation stage
toavoid moiré correlations. A Ti (2 nm)/Au (10 nm) top gate was depos-
ited ontothe finalized stacks. Then, the devices were etched into a Hall
bar geometry, and one-dimensional contacts were established through
SF,and O, plasmaetching, followed by Cr (4 nm)/Au (60-90 nm) evapo-
ration. The Raman, second-harmonic generation measurements and
laser cutting were performed using a WITec alpha300 R Ramanimaging
microscope using 532-nm and 1,064-nm wavelengths.

Device summary:

Devices A and C: Ti (2 nm)/Au (10 nm) top gate and graphite bot-
tomgate. The top and bottom hBN thicknesses are ~17 nmand -31 nm,
respectively.

Device B: Ti (2 nm)/Au (10 nm) top gate and Ti (2 nm)/Pt (10 nm)
bottom gate. The top and bottom hBN thicknesses are ~18 nm and
~29 nm, respectively.

SOT measurements

Thelocal magneticimaging was performed using a custom-built scan-
ning SOT microscope in a dilution refrigerator. All the measurements
were conducted at anominal base temperature of T=20 mK. For detect-
ing the local magnetic fields, we used an indium SQUID fabricated on
the tip of a pulled quartz pipette with an integrated shunt resistor®.
Theeffective diameter of the InSOT was 194 nm, with afield sensitivity
downto10 nT Hz2and operating fields up to 0.4 T. A cryogenic-series
SQUID array amplifier was implemented to read-out the SOT signal®**’,
To control the scan height during imaging, the SOT was attached to a
quartztuning fork vibrating ataresonance frequency of around 32 kHz.
Asmall a.c. voltage V{7 was applied to the top gate with an amplitude
0of100 mVto 200 mV (r.m.s.) and frequency of 0.7 kHz to 2 kHz, modu-
lating the carrier density by n,., and the corresponding a.c. change in
the local magnetic field B (x,y) was acquired by the SOT.

All the presented B% (x,y) images were measured on device B to
avoid magnetic signals originating from the graphite bottom gate.
Single-point measurements (like Fig. 2b) were recorded at a height of
70 nm above the surface of the top metal gate. The 2D spatial images
(Figs.3 and 4) were scanned at a constant height of about 150 nm above
the top-gate surface, with a pixel size of 50 nm and integration time of
1.2 s per pixel. Figures 3g-i and 4a-c were acquired at (D, n) values of
(0.29 Vnm™, -2.1x10%cm™), (0.31Vnm™, 0.97 x 10¥cm™) and
(0.31Vnm™,0.9 x102cm™), respectively.

The angle-dependent measurements were performed at fixed
B,=15mT or B,=85mT and variable B,. All the data points in Fig. 4f
were acquired at B,=15mT, except for 6 < 30° points, which were
measured also at B,=85mT.

Single-particle band structure calculations

To calculate the low-energy single-particle band structure of rhom-
bohedral tetralayer graphene, we adopted the Slonczewski-Weiss—
McClure parameterized tight-binding model™. Using the sublattice
states {Al, B1,A2, B2, A3, B3, A4, B4}, the low-energy Hamiltonian can
bewrittenas,

(A +4, von' vyt 784
Vot A +Ay+6 121 4
U, TT 121 %—A2+6 vor'
vyt V4T Vol % —A+6
Ho =
0 0 UyTT i
%yz 0 vym’ V4Tt
0 0 0 0
0 0 %yz 0

0 %yz 0 0
0 0 0 0
i U3TT 0 %yz
n vy’ 0 0
—% -A+6 vor' vym’ U3
VoTl —% —A+6 " vyt
Uyl " A +A+6 vor'
vym’ V4Tl Vol —A;+ A, |

wherem =1k, +ik,, Vi = gao}’i (i=0,3,4)isthehoppingvelocity, risthe
valley index (+1 for K valley and -1 for K’ valley) and a, = 2.46 A is the
graphenelattice constant. The parameter § corresponds to the on-site
potential for the sublattices, which have the nearest neighbour on the
adjacent layer. 4 determines the potential difference between the outer

layers andis approximately proportional to the applied displacement
field D,and 4, encodes the potential difference between the outer and
middle layers. The hopping parameters were chosen by fitting the
annulus opening line n,(D) in the full metal in Fig. 1d, which can be
achieved with the sameintra- and interlayer hopping values reported
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previously for rhombohedral trilayer graphene®, leading us to adjust
only the value of the on-site energy 4, compared with the trilayer.
This results in the following values:

Parameter Yo vy Yo A Va [ A,
Value (ineV) 31 0.38 0.0105 0.002

-0.015 -0.29 -0141

From the fit to the m-shift line (Fig. 1), we find that the outer-layer
potential difference 4, = 97 meV corresponds to the applied displace-
mentfieldD=1Vnm™

Isospin anisotropy analysis and derivation of spin-orbit and
Hund’s coupling bounds

To understand the interplay between valley polarization and
spin-momentanisotropy, we use a mean-field-inspired model assum-
ing thatisospin polarizationis momentumindependent, which allows
us to parameterize the system as a density matrix, using two spinors
(assuming nointervalley coherence):

P= W) (W + W) (W |
0

|tle)=a1|TK)+a2|¢K), |“’k,)=‘13|TK/>+a4|lK/>,

where n = ny + ny, and both |W,) and |W,.) are normalized to 1. The
energy per carrier is given by

A
UHu< > <S >_ﬁ<rz z>

1
E= EXr_1<Tz> zﬂBB <S> Hy z<Tz> ( )

where (5.) = % (M +1,)8) are valley-spin polarization vectors, x, is the
valley susceptibility, p1, is the valley orbital magnetic moment, the spin
and valley operators are taken to have eigenvalues of +1, and we take
g=2for the g-factor. The interaction energy Uy, = nJ, is the Hund’s
coupling energy scale, determined by the carrier density times the
intrinsic Hund’s coupling, and we assume that it is ferromagnetic, as
there is plenty of evidence that the 1/2M phase is a spin ferromagnet.
The Ising SOC (’lSOC (1,5,)) can be related to a Kane-Mele-type SOC in
monolayer graphene. Inmonolayer graphene, the Ising SOC vanishes
duetoeitherinversion or C, rotation symmetry and does not resultin
any observable spin anisotropy. However, asrhombohedral graphene
under the displacement field breaks theinversion symmetry and does
not have C, rotation symmetry to begin with, it develops afinite sublat-
tice polarization, and the Kane-Mele-type SOC of the graphene mon-
olayer translates to an Ising-type SOC with magnitude proportional to
the amount of sublattice polarization of the Bloch wavefunctions. In
general, for afixed displacement field, the amount of sublattice polari-
zationincreases withthe number of layers, asit is related to the poten-
tial difference between the top and bottom layers.
We use the following parameterization:

A 1+6n 1-6n

p= " W)W+ —= W (W |

(cos, |1)+sinb, |1) ® K'),
©)]

|Wy) = (cosO_|1) +sin6_ |¢)) ®IK) |lIJK/> =

where 0, = 0, + 60; therefore, we find

— Uy = (266) — ASDC (sin B sin 60

E= %Xr_l((sn _Xrﬂsz)
+ 6n cos 6, cos 66)

—‘gug [Bx (sin 65 cos 66 — 6n cos 6, sin 56)

“4)
+ B, (cos 65 cos 60 + 6nsin O sin 66)] .

Physically, 6, is the average spin angle, 66 is the relative spin-canting
angle between the valleys, and 6n is the relative valley density imbal-
ance normalized by the total density (Extended Data Fig. 7). Assuming

Asoc to be a small energy scale relative to x;! and Uy, we find the
ground statetobel/4M ((r,) = +1) for ;1 + % <0,and1/2M ((z,) = 0)
otherwise.

1/4M. As valley polarization breaks the time-reversal symmetry, in the
1/4Mphase, thereis an effective spontaneous magnetic field acting on
the spin degree of freedom, originating from the SOC. We assume full
valley polarization 6n = +1, and find

Aso

A
Equ =— SOC == (1,S,) — —ﬂBB <S> $T< 2) — _ﬂBB <S> ®

The sign of valley polarization (z,) = §n can be trained by an external
field.

We derive the angle of spin moment from the z axis for a positive
value of B,:

(6)

ASOC

B, +

Figure 4f shows the calculated 6, versus 8; from equation (6) for fixed
B,=15mT and varying B, for two values of A5 in the 1/4M phase.
Compared with the 1/4M data, we can set a lower bound on SOC of
Asoc 2120 peV.

1/2M. In 1/2M, the total magnetic moment includes both valley and
spin moments. It is defined as

= —VsEo.

where E, is the ground-state energy expressed as

Eo_mln{E(Gs,c?G 6n)|0; € [0,T], 506[—5 —] oéne - 1,1]}.

We expect both 66 and én to be perturbatively small in Asoc/Uyy,, as
indeed confirmed numerically by minimizing the energy E in equa-
tion (4). Thus, the energy of 1/2M can be expressed as a function of 6,
asthe only variable. We do this by minimizing the expression for E over
60and én, and find

Eup ~ a(S,)" — —pBB (S) = acos? (6;) — %pBB cos(B,—6p), (7)

where

o= (Asoc )2< 1 1 ) _ Aoc (2)(1 - UHu) N Aoc
2 Uiy Upy +2x71) 8Unu \2x7 + Uy / 75Uk 8Unu”
(8)

with easy-plane ferromagnet for a > 0, and an easy-axis ferromagnet
otherwise. Intuitively, the first term of the expression for « comes from
the fact that easy-plane ferromagnet gains energy from SOC by canting
thespinineachvalleyinthe opposite direction (towards (z,) - 2), which
comes at the cost of intervalley exchange energy, because the spin
moments of the two valleys are not perfectly aligned. The second term
is the energy gained by an easy-axis ferromagnet due to SOC. In this
case, the system gains energy by generating afinite valley polarization
((r,) # 0). From scHF numerical calculations, we derive x,=15.8 eV
Since x;! = 63.3 meV » U,,, the second term is small and, hence, we
expect positive a and correspondingly easy-plane spin ferromagnet.
The1/2M phase (Fig. 4f, solid lines) shows the calculated 6, versus
6; by minimizing E.in equation (7) for various indicated positive and
negative values of a for fixed B, =15 mT and varying B,. From compari-
son with the data, we can set an upper bound on |a| < 0.25 peV.
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Combiningwiththe derived Asoc > 120 peVand the numerically attained
x71, we canset alower bound on the interaction energy as

Upy > 6.5meV = J; > 3.1 x 10 2 meV cm?,

where we used the experimental carrier density, n=2.1x10%cm™.
Crucially, thisboundis not very sensitive to the numerically extracted
value of y;aslong as x;!> Uy, (equation (8)).

With these parameters, 6n is vanishingly small, and hence, the
orbital magnetization is negligible. As a result, the magnetization in
the 1/2M phase is given by the spin magnetization. Similarly, §6is very
small, and hence, the spin canting is negligible. Note that the attained
value of Uy, > 6.5 meVis not much lower than the maximum theoretical
value of Uy, = V,«(e=1) =1L.2 meV, which is the intervalley Coulomb
energyinavacuum (K =(0, &) istheintervalley wavevector). Note that
the dielectric constant at wavevector K can be substantially different
from the dielectric constant at small wavevectors, which enters the
screened Coulomb interaction at the distance between electrons.

Intheabovediscussion, we have assumed momentum-independent
Hund’s coupling. In the presence of a k-dependent coupling, the ani-
sotropy expression a = /1§0C/8UHu in the limit of Ao < Uy, will remain
valid, where U, should be thought of as momentum-averaged Hund’s
energy (that is, it remains the average Hund’s interaction energy per
electron). Our reasoning for the Hund’s origin of spinisotropyin 1/2M
is as follows: given the fact that the 1/4M phase is fully out-of-plane
polarized, weinfer that the spin orientationin each valley is dominated
by anlsing-like SOC term. In this case, the only way to get anisotropic
non-zero spin magnetism in the 1/2M phase is by coupling the spins
between the valleys such that they will have acommon orientation and
the effect of the SOC on each valley will cancel out. The simplest term
that has this effect and is allowed by the symmetries of the problem is
an intervalley Hund’s exchange coupling. We are not aware of any
additional symmetry-allowed term that, under reasonable assump-
tions, can explain the observed spinisotropy in the 1/2M phase.

Experimental determination of isospin tilt angle in 1/2M

The tilt angle of the isospin moment at the M-to-1/2M transition was
determined as follows. The magnetic moment distribution
m(r) =m(r)Z attained in out-of-plane B, (6; = 0, Extended Data
Fig.7a)isrotated by atrialangle 6, m (r) = m(r) cos 6,2 + m(r)sin 6%,
and the corresponding BY (r, 6,,)is calculated:

3m(r’) (r—r’")

r—r|

me) 2
r—r'|

BY (r,6,) (r—r")-2—

Wethen calculate the meansquared deviation between the measured
B (r) in the presence of B, along a given 6; (Extended Data Fig. 8b)
and the calculated BY (r,6,,) (Extended Data Fig. 8c), quantified
by Error = (|B (r,65) — BY (r, etr)| ). Weidentify theisospin tilt angle 6,
with 8, thatresultsin minimal error (Extended DataFig. 8d). Theresult-
ing O, for various positive and negative ; values is presented in Fig. 4f.

In the above procedure, we have made a simplifying assumption
that thespintiltangle ,is positionindependent, whereas disorder and
local strain may result in position-dependent magnetic anisotropy. We
note that theinversion problem with arbitrary spin orientation has no
single-valued mathematical solution, and hence, some constraints
mustbeimposed. We have, therefore, applied the simplest assumption
of uniform 6, that shows a good fit to the experimental data.

To provide an additional assessment of the applicability of this
assumption and to test for spatial variations in 8, we have repeated the
analysis over several narrow strips of the sample (Extended DataFig. 8e,
coloured dashed rectangles). Toimprove the signal-to-noise ratio, we
integrated B%(x,y) over y within each strip. Extended Data Fig. 8f (red
curves) shows the averaged B%(x) profiles in the three strips attained
from Fig. 3g, as compared with the calculated ones shown in

Extended Data Fig. 8e (blue) for the case of 6, = 0. Extended DataFig. 8g
shows theresults of the same procedure for 8, = -45°. The correspond-
ing error function for the three strips for 6; =-45° is shown in
Extended Data Fig. 8h. The quality of the fits and the derived uncer-
tainty of the tilt angles 6, in the three strips is consistent with global
values (Extended Data Fig. 8d) within our uncertainty of 5°, suggesting
that the variationsinthelocal anisotropy are weak, and the orientation
of magnetization can be considered homogeneous.

Ourunderstanding of how strain affects the electronic properties
is generally limited, and its impact on magnetic anisotropy is even
less understood. In the case of rhombohedral tetralayer graphene,
we believe that the strain’s effect on local magnetization orientation
should be weak. This conclusion is based on our finding that 1/2M is
highly isotropic, whereas 1/4M is strongly easy-axis anisotropic. The
theoretical curvesin Fig. 4f show that substantial variationsinain1/2M
and in Ao in 1/4Mresult in relatively small deviations in the resulting
spin orientation 6,. Therefore, we believe that, in practice, possible
strain-induced local variations in the SOC or anisotropy parameter
will result in only small local variations in 6, unresolvable within our
experimental resolution.

Evaluation of isospin texture in the 1/4M phase

Extended Data Fig. 9a shows a schematic of the different compo-
nents of magnetization vectors at the 1/2M-to-1/4M transition. The
measured differential magnetization across the transition, m
(magentavector), is given by the difference between the magneti-
zation in 1/4M, Jy4m (blue vector), and 1/2M, .,y (purple):
m = Myam — Maom = M g0 + M a0 — M3 - HETE ML 5 IS the spin mag-
netization in 1/2M (purple) oriented along the applied field direction
65, and .ity,4 (blue) is given by the sum of the orbital magnetization,
MY, (brown), oriented along 2, and the spin magnetization, /5,
(green), with atilt angle 6, that we aim to determine as follows.

Since the carrier density at the two sides of the 1/2M-to-1/4M transi-
tionis the same, the spin magnetization should have the same magni-
tude (|06, = 05,4y ; the green and purple vectors are of the same
length), and should equal .43,y | at the M-to-1/2M transition (Fig. 3j),
rescaled by the relative carrier densities at the two transitions and by
the partial polarizationin the PSP-Mregion. For out-of-plane B, (6; = 0),
M3 4m = M35y (the green and purple vectors are parallel), and hence,
m = /%, Thebrownvectoris, thus, known andis given by Fig. 4d. We
canthenevaluate 6;by comparing the measured B%(x, y)corresponding
to m (magenta), with B(x,y, 8,,) derived from the summation of the
green, brown and purple vectors, m = U, + 5,4 Oce) — M5 5m(058),
where 0, is atrial angle for the spin orientation 6,in 1/4M (green).

Extended Data Fig. 9b,c shows the measured B (x,y) at 6, = 78°
and the calculated BY(x,y,6,,) using the above procedure, whereas
Fig.4e shows the calculated BY (x,y, 6,,) at 6 = 83°. The corresponding
mean square error Error = (|B% (x,y) — BY (x,y, 0y) | yat@,=78°is plot-
ted as a function of 6, (Extended Data Fig. 9d). The minimal error at
0..=1.4° designates the spin tilt angle (8, = 6,) of .5y, (green vector)
andtheresulting B¥(x,y, 6, = 6,)isshowninExtended DataFig. 9c. The
magentatrianglesin Fig. 4f show the average |6| derived from the above
procedure at 6 = +78°and 6, = +83°.

We can attain an additional bound on 6, in 1/4M as follows.
Because the isospin magnetizationisisotropicin1/2M, the spin will
be essentially in-plane polarized at large in-plane field B,. Further
increase in B, will hardly affect the magnetization in 1/2M, but may
tilt the spin orientationin1/4M away from the easy axis. We first apply
asmall B,=15mT and a large B, =70 mT (6, = 78°) and acquire the
corresponding B*(x,y) across the 1/2M-to-1/4M transition. The
in-plane field is then set to B, = -70 mT and the resulting B%~(x,y) is
measured. The two sets of data are subtracted, with the difference,
B2* (x,y) = B¥* (x,y) — B¥~(x,y), presented in Extended Data Fig. 9e.
This procedure eliminates the out-of-plane component of the dif-
ferential magnetization, which is independent of the B, direction,
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with B%* (x,y) reflecting only the stray field due to the in-plane com-
ponent of differential magnetization across the transition.
The same procedure is repeated with substantially larger
B,=+120 mT (6 = 83°), with the resulting B¥* (x,y) presented in
Extended Data Fig. 9f. Extended Data Fig. 9g presents the difference
ABY (%,Y) = B (6,)) 120 mt — BE 6,);0 mp Which shows that the change
in differential in-plane magnetization across the transition, and
hencethe possible change intheisospinorientationinthe1/4M, are
unresolvable between the two B, values within our resolution. By
averaging over the y axis for improved signal-to-noise ratio of the
B3 (X,)),50 7 data (red) and the ABZ¢ (x,y) data (black) in Extended
DataFig. 9h, we can estimate that the change inin-plane magnetiza-
tionislessthan 9%, placing an upper bound on possible spin tilt angle
changein1/4MbetweenB, =70 mT and B, =120 mT of about 5°, which
we use as the error bar for 6,in the 1/4M phase (Fig. 4f).

Reconstruction of 2D isospin magnetization

To reconstruct the out-of-plane magnetization, instead of the
Tikhonov-regularized Fourier-transform-based approach’®, we use a
numerical method based on a deep neural network, similar to thatin
ref. 59.Inthis method, we consider athree-layer network architecture,
consisting of the input layer, deep layer and recovered image layer.
Both deep layer and recovered image layer utilize the rectified linear
unit activation function. The recovered image layer represents the
magnetization m. The convolution of the recovered image layer with
the Biot-Savartkernelyields B, , the magneticfield predicted by the
network. To achieve faster convergence, the input layer is initialized
with the measured values of B%(x,y). The network’s weights are opti-
mized by minimizing the merit function as

2 2
Sw = 1B, = BN + Al V2l

which ensures that the theoretical magnetic field closely matches the
measured field and maintains smoothness in magnetization. Here A,
is the Tikhonov regularization parameter.
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Extended DataFig. 1| Device fabrication of rhombohedral graphene. stacking, separated by sharp domain walls. d, Same as (c) for the region marked
a, Opticalimage of the hBN/ABCA Graphene/hBN stack (blue) on Si/SiO, by the dashed rectanglein (b). e, Typical 2D peaks of the Raman spectrum for
substrate (gray-brown) with Ti/Pt bottom gate (dark brown) for device B.b,Same  the two stacking configurations measured at the points marked by black and red
as (a) for devices A and C. ¢, Raman map of the Gaussian-fitted width of the 2D crossesin (c). The ABAB 2D peak is narrower and more symmetric than the ABCA
peakinthe dashed rectangle in (a). The yellow-red triangular region corresponds 2D peak.f, Optical image of the final device B (right Hall bar). g, Final devices A

to ABCA graphene stacking, and the blue-green regions correspond to ABAB (left) and C (right).
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Extended DataFig. 2| Berry curvature and orbital magnetismin
rhombohedral ABCA graphene. a, Momentum dependent Berry curvature
Q(k)invalley K inthe valence band for A; =10 meV.b, Self-rotation component
of the orbital magnetizationin K valence band, . ,(k), with positive values

near zero k and negative values at larger momenta. ¢, Same as (b) in the
conductionband, /s (k), with negative values for all k. InK” valley the Q(k) and
Mg (k) are rotated by 180° and have an opposite sign.
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Extended Data Fig. 3| Calculated Landau levels in the valence band.

opening line n,(D). The cyan dashed line is the n,(D)line, which traces the
a, Evolution of the LLs with nand A, in valleys K (red) and K’ (blue) at B, =3T,

positions where the K and K’ LLs acquire arelative shift of half a period.

attained within single particle band structure calculations. The TMBR gives rise These calculated n,(D) and n,(D)lines are plotted in Fig. 1d-f. b, Evolution
to valley polarization and corresponding degeneracy lifting of the LLs. At low ofthe LLs with £ and B, for A; =20 meV. ¢, Evolution of the LLs with nand B, for
carrier densities a full polarization occurs withonly K LLs present (red). Thered A; =20 meV.

linelabeled Eq is the 0™ K LL that resides at k = 0 and coincides with the annulus
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Extended Data Fig. 4 | Analysis of quantum oscillationsin R, indevice A.

a, Calculated LLsin K (red) and K’ (blue) valleys vs. nand B, at D =0.2V/nm
within single particle band structure. b, Measured R, (n, B,)at D =0.2V/nm.

At |n| 22.4x10" cm™the QOs are well described by single particle calculations in
(a), whereas at lower densities a sequence of interactions-driven symmetry
breaking transitions occurs. ¢, Fast Fourier transform (FFT) spectrum
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of Ry (1/B,) vs. nwith the normalized frequency f/npresented inunitsof h/e.
The schematics at the top show the occupied hole states in the four flavors.
d-f,Sameas (a-c) at D = 0.4 V/nm.g-i, Same as (a-c) at D =0.55V/nm. j-1, Same as
(a-c) at D = 0.8 V/nm. At high displacement field all the accessible range of carrier
densities is described by annular Fermi surfaces.
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Extended DataFig. 5| Transport properties of devicesBand C. a, R,.(n, D) of
device B measured at B, =0 T. The white dashed curveis the n,(D) line derived
from single particle calculations. Blue and yellow lines are M-to-1/2M and
1/2M-to-1/4M transition lines obtained from local magnetization measurements
atlow field in Fig. 2a. b, Same as (a) at B, =3 T. The cyan dashed curveis n, (D) line
derived from single particle calculations. The blue local magnetization transition
line closely follows the PSP-M-to-1/2M transition observed in transport. The 1/4M
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phase at 3 Tis seen to expand to slightly higher |n|and considerably larger D as
compared to the low-field 1/2M-to-1/4M transition line (black dashed curve).

¢, FFT of the QOs of R,(1/B,) vs. n measured at D =0.33 V/nm. The FFT frequency
isnormalized with respect to Hall carrier density ny,,.d,e, R,(n, D) of device C
measured at B, =0(d) and 5T (e). f, Low-field Hall resistance Ry, vs. B, indevice B
measured in the 1/2M phase (red line) and in the 1/4M (black line) showing AHE.
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Extended Data Fig. 6 | Expansion of the 1/4M phase with magnetic field. M-to-1/2M and 1/2M-to-1/4M transition lines at B, =10 mT derived from Fig. 2b.
a,Measured R,(n,D)indevice Aat B, =0 T. The dashed line marks the top d, Dependence of Dy, on B,, showing the upward expansion of the 1/4M phase on

endpoint Dy,, of the1/4M phase. b, Same as (a) at B, =1T. ¢, B;°(n, D) measured expense of 1/2M.
indeviceBat B, =356 mT. The blue and red curves show the locations of the
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Extended Data Fig. 7| Spin orientationin1/2M. a,b, Schematics of valley-spin
polarization vectors (3., ) (blue) and (5_) (red) for the easy-plane (a) and easy-axis
(b) ferromagnets in the presence of small SOC and finite B,.c, Spin orientation 6
vs. anisotropy parameter a > O (easy-plane) calculated from equation 7 in1/2M
for B, = Oand various indicated values of B,. The black line shows that for the
experimentally used B, =15 mT the spin remains along Z for anisotropy a below
acritical a, =0.43 peV, above which the spin unlocks abruptly from £ orientation
and rapidly rotates towards x axis (6, =90°). The datain Fig. 4f show that for
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6p = 0°with B, =15mTand B, = 0, the measured magnetizationisalong 2,
whichmeansthat a < a..Forlarger B, (green, blue, and red curves) the spin
remains locked to Z up to higher values of a.. d, Spin orientation 6; vs. B, for

B, = 0and various anisotropy values a. For small a, the B, rapidly rotates the
spinfrom the easy plane orientation (6; =90°) towards the 2 axis (65 =0°). With
increasing anisotropy, thein-plane magnetization survives up to higher B,
(colored lines).
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Extended DataFig. 8 | Determining isospin tilt angle at M-to-1/2M transition.
a, Reconstructed differential magnetization m(x,y) in presence of B, = B,

(65 = 0) reproduced from Fig. 3j. b, BZ(x, y) measured at M-to-1/2M

transition (black star in Fig. 2a) at 85 = —45° (Fig. 3i). ¢, Calculated B (x, y, 6,,)
for 6, = —45.6°, at which the mean squared deviation between (b) and (c) is
minimal. d, Plot of the mean squared error vs. the trial angle 6,,. The dashed line
marks 6,, = —45.6° with the minimal error, which defines the spintilt angle 6.

e, Calculated B°(x, y) from m(x,y)in (a) for 6 =0°.f, Comparison between the
measured B (x) profiles in Fig. 3g (red) and the computed onesin (e) (blue),
averaged along yinthe three dashed-border rectangular strips marked in (e).

g, Same as (f) comparing the averaged measured BZ°(x) from (b) (red) with the
calculated one from (c) (blue). h, The mean squared error as in (d) computed for
the three strips marked in (e). Red dashed line marks 6, = 6; = —45.6°.
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Extended Data Fig. 9 | Analysis of isospin orientation at the 1/2M-to-1/4M
transition. a, Schematic vector representation of isospin moments at 1/2M-1/4M
transition in a tilted magnetic field with angle 6. b, Measured B(x,y) at
1/2M-1/4M transition for B, along 6,=78°. ¢, Trial B¥(x, y, ;) calculated from the
vector analysisin (a) for 6,,=1.4°.d, Plot of the mean square error vs. the trial
angle 6. The green dashed line marks 6,,=1.4° with the minimal error, which
defines thetilt angle 6, of .43 ,,, (green vector in (a)). e, B{**(x,y) in presence of
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asmall B, =15mT, obtained by subtracting B~ (x, y) measured in presence of
in-plane magnetic field B, = =70 mT from B“* (x, y) acquired at B, =70 mT.
f,Sameas (a) at B, =120 mT. g, The difference AB (x,y) between (a) and (b).

h, B;“* () from (b) averaged over y axis (red), and ABZ (x) from (c) averaged over
y (black), allowing estimation of the upper bound of the isospin tilt angle in the
1/4M phase of about 5°.
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