Article

Transdimensional anomalous Hall effectin
rhombohedral thingraphite

https://doi.org/10.1038/s41586-026-10471-1

Received: 11 April 2025

Accepted: 31 March 2026

Published online: 29 April 2026

Qingxin Li*”, Hua Fan**", Min Li*", Yinghai Xu', Junwei Song', Anqi Wang?®, Kenji Watanabe®,
Takashi Taniguchi’, Jing-Jing Chen®, Zhenbing Tan®, Jie Shen®, Hua Jiang®, James C. Hone',
Cory R. Dean", Kostya S. Novoselov'?, Xin-Cheng Xie®*®, Geliang Yu''*™, Yue Zhao?%,
Jianpeng Liu*"™ & Lei Wang"'416**

M Check for updates

Anomalous Hall effect (AHE), occurring in materials with broken time-reversal
symmetry, epitomizes the interplay between magnetic order and electron orbital
motions'™. In two-dimensional (2D) systems, AHE is coupled with out-of-plane
orbital magnetization associated with in-plane chiral orbital motions. In three-
dimensional (3D) systems, in which sample thickness far exceeds a vertical coherence-
transportlengthl, the AHE is effectively a thickness-averaged 2D counterpart*—still
governed by out-of-plane orbital magnetization arising fromin-plane orbital motions.
Here wereport the experimental observation of afundamentally new type of AHE
that couples both in-plane and out-of-plane orbital magnetizations in multilayer
rhombohedral graphene, shown by pronounced Hall resistance hysteresis under both
in-plane and out-of-plane magnetic fields. This state emerges from a peculiar metallic
phase that spontaneously breaks time-reversal, mirror and rotational symmetries
driven by electron-electron interactions. By measuring multiple devices spanning
3-15layers, we find that this phenomenon emerges only within an intermediate
thickness of 2-5 nm. Theoretical calculations show that carriers within this window
cansustain coherent orbital motions both within and across the 2D plane. Together,
these identify an uncharted ‘transdimensional’ regime between 2D and 3D, in which
the sample thicknessis much larger than atomic spacing yet remains comparableto/,,

for the emergence of this new state of matter—transdimensional AHE. Our findings
point to adistinct class of AHE, opening an unexplored model for correlated and
topological physicsin transdimensional landscapes.

Electrons travelling through a material under a magnetic field follow
acurved trajectory because of the Lorentz force, generating a Hall
voltage perpendicular to both the current flow and magnetic field
directions®. Although the ordinary Hall effect requires an external
magnetic field, the anomalous Hall effect (AHE) arises even without
one, typically in ferromagnetic systems with broken time-reversal sym-
metry*. AHE canarise from extrinsic mechanisms such as skew scatter-
ing®andside jumps’. It canalso originate from an intrinsic mechanism
driven by momentum-space Berry curvature, whichis fundamentally
linked to the topological properties of conducting electrons**. In con-
ventional magnetic systems, magnetization is usually contributed by
both spin degrees of freedom and orbital magnetization. The latter

results from the interaction between spin and the orbital motion of
electrons by spin-orbit coupling (SOC), which is indispensable for
the intrinsic AHE. This scenario applies to ferromagnetic metals*?
and ferromagnetic semiconductors?, as well as magnetic topologi-
cal materials® ™. Defying this SOC-driven scenario, twisted van der
Waals systems have recently shown a different cause of AHE: it can
emerge inaCoulomb-interaction-driven orbital ferromagnetic state,
spontaneously breaking time-reversal symmetry devoid of SOC™.
In these SOC-negligible systems, both integer and fractional quan-
tum anomalous Hall effects (QAHEs) are observed™ ", Nevertheless,
regardless of whether orbital magnetization stems from SOC or Cou-
lomb interactions, all observed AHEs and QAHEs, at present, obey an
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Fig.1|Dimensionality perspective of AHE and basic characterizationson
rhombohedral layer graphene. a, lllustration of the 2D AHE (left), 3D
AHE (middle) and transdimensional AHE (right). The transdimensional AHE
withbroken 7, n-fold rotational C, and vertical mirror M, symmetries can
hostboth out-of-plane magnetization and in-plane orbital magnetization.
b, lllustration of the expected magnetic response of three different types of
AHE. Regular AHE (left) with only out-of-plane magnetic hysteresis; in-plane
Hall effect (middle) with linear Hall resistance driven by in-plane external
magnetic field; transdimensional AHE (right) with both out-of-plane and
in-plane magnetic hysteresis. ¢, Schematic of the dual-gated Hall-bar device.

orthogonality rule: the directions of orbital magnetization M, current
flow]J and transverse electric field E,; associated with Hall voltage must
be mutually perpendicular, thatis, M« J x E,,.

Dimensionality effect on AHE

Adistinct, yetlong-overlooked, perspective to explainand classify AHE
is the dimensionality in which it emerges. In two dimensions (Fig. 1a,
left), AHE is characterized by chiral orbital motions within the plane
andis coupled with out-of-plane orbital magnetization M, (Fig. 1b, left).
AHE driven by in-plane spin magnetization, parallel to current flow, has
beentheoretically proposedin theliterature’®? (Fig. 1b, middle). These
approaches require a specially designed form of SOC, which couples
in-plane spin magnetization to out-of-plane orbital magnetization.
Therefore, this scenario can still be classified as the AHE generated
by out-of-plane orbital magnetization. In three dimensions (Fig. 1a,
middle), carriers are allowed to tunnel and/or get scattered along
the third spatial dimension with a coherent-transport length scale [,.
In these systems, the thickness of the sample d is much larger than [,
alongthevertical direction. Asaresult, the coherent out-of-plane orbital
motions of electrons would be overwhelmed by momentum-relaxing
scattering and dephasing processes within the sample. Thus, the AHE
of the 3D system would be manifested as its 2D counterpart aver-
aged over the sample thickness, which can be considered as coupling

Left, atomic structure of rhombohedral ennealayer graphene, with highlighted
orbitalslocated at thebottom (A,;) and top (B,) layers of ennealayer graphene
dominating the wavefunctions of the low-energy bands. d, Left, tight-binding
calculations of the energy dispersion near the K point of rhombohedral-
stacked ennealayer graphene under an electric potential A= 0 meV (black) and
A =10 meV (red). Right, the single-particle DOS, p, compared with energy under
A =0meV (black) and A =10 meV (red). e, Measured longitudinal resistance
R.casafunctionofnand Dat T=20 mK,and B=0 T. The corresponding p,, map
isshownin Extended DataFig.2d.

with M,, too. However, an unexplored regime is when d is much larger
than the atomic layer thickness yet smaller than [, (Fig. 1a,b, right).
In this ‘transdimensional’ regime, carriers may undergo coherent
orbital motions both within and out of the 2D plane. Under certain
symmetry-broken conditions, this can give rise to a fundamentally
new type of AHE that is coupled with both out-of-plane orbital mag-
netization M, and in-plane orbital magnetization M,, acomponent
parallelto current flow]), which does not rigorously follow the M < J X E,,
orthogonality rule. This points towards an unprecedented type of AHE,
which we term as transdimensional anomalous Hall effect (TDAHE).
Here wereportthe observation of afundamentally new type of AHE
inmultilayer rhombohedral graphene that couples both out-of-plane
and in-plane orbital magnetizations. From transport measurements
across trilayer, pentalayer, heptalayer, ennealayer, decalayer, hende-
calayer and pentadecalayer rhombohedral graphene devices, we find
that this phenomenon emerges only within anintermediate thickness
window (2-5 nm). These results are consistent with the transdimen-
sional transport picture and experimentally identify this distinct trans-
dimensional regime inthe rhombohedral graphene system. The main
text focuses on the ennealayer device, whereas devices with other
thickness values are presented in Extended Data Fig. 8. Unlike thinner
rhombohedral graphene structures that host only in-plane orbital
motions and form conventional out-of-plane magnetization® %, our
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Fig.2|Phasediagram and fermiology inthe conductionband. a, Map of
thelongitudinal conductivity o,, plotted against nand the displacement field D
underamagneticfield B, =4 Tand base temperature 7=15mK. b, Schematic
showing the main phasesina. The differently coloured regions, labelled with
distinct Roman numerals, represent distinct spin- and valley-polarized
flavours: 1, normal metal; I, half-metal; IIl, partial isospin-polarized (PIP) metal;
andlV, quarter-metal. Here, we find an unreported metallic phase (green
region)inV.c, Illustration of various symmetry-broken metallic phases and

the correlated insulator (CI), layer-polarized insulator (LPI) in b, along with
schematically possible Fermisurface contours extracted on the basis of
Fourier transforms. The filled coloursin Fermisurface contours represent the

nine-layer rhombohedral graphene possesses a d value falling provi-
dentially within the transdimensional range- much exceeding atomic
layer thickness while smaller than [,. In a spin-valley-polarized region
near van Hove singularity (VHS), we detect robust TDAHE shown by
pronounced Hall resistance hysteresis under both in-plane and out-
of-plane external magnetic fields. Hartree-Fock calculations suggest
thatinthe small doping and intermediate-Dregime, electron-electron
interactions induce spontaneous breaking of C, rotational and M,,
mirror symmetries, resultingina Fermi surface with a crescent-shaped
contour. This emergent asymmetric Fermi surface, combined with
spontaneous time-reversal symmetry breaking, supports anin-plane
magnetization parallel to the current flow for the first time, thereby
endowing afundamentally new type of AHE-TDAHE.

Phase diagram of rhombohedral ennealayer graphene
The structure of our nine-layer rhombohedral graphene device is
showninFig.1c.Low-energy sublattice sites localized in the outermost
layers cause E « +|k|" energy dispersion, making the D-tuned DOS of
nine-layer rhombohedral graphene very large (Fig. 1d). Figure 1e shows
thelongitudinal resistance R,, compared with n and D at magnetic field
B=0and T=15mK.Atn=0,we observe aninsulating phase at high |D|
associated withthelayer-polarized state and anotherinsulatorat D=0,
which defies the single-particle picture (Fig. 1d and Extended Data
Fig.2).Similar insulating behaviours near charge neutrality, including
layer-polarized and interaction-driven insulating states, were reported
inearlier transport studies on thick rhombohedral graphene®?.
Beyond the charge-neutral symmetry-breaking insulator, we
also uncover spontaneously symmetry-broken metals in small-n and
large-D regimes, in which D-enhanced VHSs lead to divergent density
of states (DOS) for the emergence of strongly correlated electronic
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spinand valley flavours. Phase V exhibits anew peculiar Fermisurface witha
crescentshape (for more details, see Fig. 4d and the main text). d, Fast Fourier
transformation (FFT) analysis of the quantum oscillations in quarter-metal, PIP
and half-metal phases. The specified values of nand D are expressed in units of
10 cm™2and V nm™. Our range of magnetic field for taking FFT in phase IV, and Il
isabout 0-6 T,and for phaselV,andIllisabout 0-5 T.e,Map of R, as afunction
ofnandB,atD=0.35Vnm™. The dataare taken along the horizontal black
dashedlineina. Thered dashedline corresponds tothe boundary of the
half-metal phase with spin-polarization and the normal metal phase without
spin-polarization. a.u., arbitrary units.

states. Figure 2a shows g,, compared withnand Dat B, =4 T on the
electron-doped side. A series of transitions (white regions) divides
the metallic regime into distinct phases with different spin and valley
polarizations®° (Fig. 2b). Phase I corresponds to anormal metal with
fourfold-degenerate Landau levels, whereas Il and IV exhibit twofold
and onefold degeneracies, respectively, identified by Fourier analysis
(Fig. 2d), and are assigned to half-metal and quarter-metal states. In
phaselV, strong exchange interactions stabilize aferromagnetic ground
state consistent with Stoner ferromagnetism**?, accompanied by
out-of-plane magnetic hysteresis (Extended Data Fig. 3). Moreover,
the evolution of phase Il with the B, (Fig. 2e) suggests a spin-polarized
butvalley-unpolarized phase stabilized by B,. Finally, phase Ill shows an
oscillation frequency 0.5<f, <1(Fig. 2d), corresponding to the partially
isospin-polarized (PIP) phase in which the single Fermi surface simulta-
neously accommodates two majority and two minority isospin flavours.

Transdimensional anomalous Hall state

In these spontaneously symmetry-broken metallic phases, phase V
exhibits astriking absence of quantum Shubnikov-de Haas (SdH) oscil-
lations withincreasing B, , situated between two quarter-metal phases
and a PIP phase in the g,.(n, D) map (Fig. 3a). Phase V persists without
Landau-level formationupto B, =13 T (Extended Data Fig.4a-c), indi-
cating a robust strongly correlated ground state that emerges from
enhanced e-e correlations at low density and large D. Under strong
B, this correlation-driven state prevails over quantum Hall states,
suppressing conventional Landau-level features.

We then probe the magnetic character of phase V by B, and B,
field-dependent R, and R,,. We observe hysteresis loops inbothR,,
and R, withB,, and unexpected pronounced hysteresis loops with B,
asshowninFig.3b-e. Artefacts fromresidual B, components causing
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Fig.3| TDAHE withunique in-plane orbital magnetization and out-of-plane
magnetization.a, Map of R, plotted against Dandnat B, =4 T,for 0.6 Vnm™
<D<1.0Vnm™. Illustration of differentisospin flavours and TDAHE state
(greenregion) areshownin theright panel. b,c, Anti-symmetrized Hall
resistanceR,, (b) and symmetrized R, (c) measured as B, is swept back and
forth (marked by redand blue arrows) atn=1.4 x10>cm2andD=0.9Vnm™.
For the coercive field, we can theoretically estimate it using H - AE /ju M,
where AE-0.06 meV per electronis the excitation energy between the lowest
excited stateand the ground state, and M, is the in-plane orbital moment
carried by each electron. A qualitative estimate givesaH, - 0.5 T, consistent

the B, hysteresis are rigorously ruled out (see Methods and Extended
Data Figs. 5and 7¢). The B, -induced R,, hysteresis loop, beginning at
approximately B, =+3 mT, shows a coercive field comparable to that
observed in the quarter-metal phase (Extended Data Fig. 3). Thus,
this hysteresis may originate from the Stoner-type isospin ferromag-
netism. However, the coercive field of B -induced R,, hysteresis loop is
about 160 mT (canreach as large as 500 mT under different nand D),
whichissignificantly larger than the contribution fromisospin orders.
The unambiguous magnetic hysteresis loop observed indicates the
presence of TDAHE with coexisting in-plane orbital magnetization
and out-of-plane magnetization. Unlike the established model of
exchange-interaction-driven Stoner ferromagnetism, the giantin-plane
orbital ferromagnetism discovered here represents one of the first
observations of its kind. We now turn to a detailed investigation of this
AHE induced by in-plane orbital magnetization.

Doping and displacement field tuning

Figure 3h shows the D range for in-plane magnetization. With n fixed at
1.2 x10" cm, accompanying the disappearance of the quarter-metal
phase, the in-plane orbital magnetization emergesatD = 0.7 Vnm™. As
Dincreases, the magnitude of AHE initially enhances and then dimin-
ishes, exhibiting a maximum anomalous Hall signalat D=0.9 Vnm™,
eventually vanishes at D =1.0 Vnm™, in which the PIP phase begins
to develop. Theoretically, the in-plane magnetization also decays
with the increase of displacement field after reaching some optimal

withexperimental measurements.d,e, R, (d) andR,, (e) measured as B, is swept
back and forth (marked by orange and purple arrows) atn=1.4 x 10> cm2and
D=0.9Vnm™.Measurementsinb-eare performedin two separate cooldowns
withsslightly different base temperatures (15 mKand 20 mK, respectively).

f, Hallresistance difference AR, (ARXy = R,g,”T - R,@“) asafunctionofnandB,
atD=0.9Vnm™.g, Theparallel-magnetic-field dependence of R, at several
selected carrier density nvalues (in units of 10> cm2) atD= 0.9 Vnm™, T=50 mK.
h, The parallel-magnetic-field dependence of R, at several selected displacement
fields Dvalues (inunitsof Vnm™)atn=1.2x102 cm2and T=50 mK.

value of D, following the same trend as the coercive field (Supple-
mentary Information). Figure 3g shows a non-monotonic variation
of the in-plane orbital magnetization withnatD=0.9Vnm™ The
B,-induced hysteresis loop appears at n =1x 10" cm™, and maximiz-
ing at n=1.4 x 10" cm™. Beyond this point, the AHE signal gradually
decreases and collapses at n=2x10" cm™,inwhich the quarter-metal
phase develops. Notably, near the quarter-metal and TDAHE phase
boundary, we observe anelectric field hysteresis loop (Extended Data
Fig. 6a—d). These hysteretic behaviours may signal afirst-order phase
transition separating two distinct Fermi surface topologies®, indica-
tive of competing ground states at the interface of quarter-metal and
TDAHE.

Figure 3f maps the Hall resistance difference AR, between forward
and backward B sweeps (AR, = fy‘” - fy'”) compared withnand B,
at D=0.9 Vnm™. This map captures the evolutionof the in-plane
magnetization—emergence, strengthening and collapse—and a switch-
ing magnetic order behaviour occurring near the density at which the
hysteresis loop almost vanishes (Extended Data Fig. 6e). Doping-
induced switching magnetic order in Chern insulators has been
reported previously intwisted and rhombohedral graphene multilay-
ers systems?*>**,in which the magnetization changes sign within a
phasewith fixed valley polarization®. Unlike these switching behaviours
in moiré Chern insulators driven by topological edge states®**, our
moiré-free nine-layer rhombohedral graphene exhibits this reversal
in a gapless metallic phase. The magnetization reversal here is more
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Fig.4|Temperature dependence ofin-plane magnetic hysteresis and
Hartree-Fock calculations. a, Magneticfield dependence of R, and R, at
selected temperatures with adisplacement field of D=0.9 Vnm™and a carrier
density n=1.4 x10” cmin device B. b, Hall resistance difference AR, asa
functionof Tand B,atn=1.4x10”cm?andD=0.9Vnm™indevice B. The
coercive field of B -induced R, hysteresis loop canreach up toaslarge as

500 mT at 20 mK. The magnitude of the in-plane orbital ferromagnetismis
suppressed withincreasing temperature, evidenced by shrinking coercive
fieldand loweringthe AR,,.c, Coercive field ABand AR, plotted as afunction
of Tfromthe same data partially showninb. Thetemperature-dependent data
aretaken fromdevice Band the correspondingresults from device Aare shown

likely to arise from the density-dependent orbital magnetization of
Bloch states with finite Berry curvature®*.

Temperature dependence

Withnfixed at1.4 x10” cm™2and D= 0.9 V nm™, we examine tempera-
ture dependence of in-plane orbital magnetization. Figure 4a-c shows
the temperature (7) dependence of B -induced hysteresis loops and
themap of AR, asafunctionof B;and 7. The magnitude of the in-plane
orbital ferromagnetismis suppressed withincreasing T, evidenced by
shrinking coercive field and lowering the AR,,. This ferromagnetism
persists up to about T, =1.6 K. Although the coercive field decreases
monotonically with T, the anomalous Hall signal remains nearly con-
stant up to 1.5 K before dropping sharply (Fig. 4c).

This suppression may result from two possible mechanisms. The
firstinvolves thermal activation, promoting the flipping of individual
magnetic domains or the motion of domain walls, leading to a mono-
tonic temperature dependence of the coercive field"**¢. The second
concerns atemperature-induced reductionin/, which destroys coher-
ent out-of-plane orbital motion and in-plane orbital magnetization.
By contrast, the out-of-plane magnetic hysteresis vanishes above
T.. -4 K (Extended Data Fig. 7c). This higher T, probably originates
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inExtended DataFig.9d,e.d, Hartree-Fock calculations of Fermi contours.
Thedifferent coloursinthe colour bar represent different numbers of isospins
inthe electron-filled energy bands. All plotted values are integer occupations;
theapparentsmoothingarises solely from Gaussianinterpolation applied
tothediscrete Fermisurface datafor visual clarity. The top panel plots the
ring-shaped non-interacting Fermisurface of the system when avertical
electricfield Dz 0.3V nm™ The middle panel shows a peculiar metallic state
withacrescent-shaped Fermisurface incorporating dominantlong-range
Coulombelectron-electroninteractions, exhibiting complete spin and
valley polarization. The bottom panel shows aregularinteracting spin-valley
polarized Fermisurface whenelectric field is small (or when nis large).

from Stoner-typeitinerant ferromagnetism associated with magnetic
fluctuations®, independent of [,. The two distinct T, values indicate
that thein-plane and out-of-plane magnetization arise from different
intrinsic mechanisms (Methods).

Discussion

Our observation of the giant in-plane orbital magnetization is unex-
pected. Although previous theoretical studies have explored potential
mechanisms for realizing in-plane magnetization AHE/QAHE'® 238 jn
strongly spin-orbit-coupled materials, the experimental realization
remains highly challenging. The emergence of in-plane magnetization
AHE/QAHE requires not only the breaking of time-reversal symmetry
through magnetization along an arbitrary direction but also other
stringent symmetry conditions, such as breaking all reflection sym-
metries's. However, the intrinsic symmetry constraints inherent in
most material systems have posed substantial barriers to achieving
these effects in experimental settings. Some experimental studies
have reported the observation of an in-plane Hall effect under zero
B, inthe antiferromagnetic heterodimensional VS,-VS superlattice®
and the magnetic Weyl semimetal EuCd,Sd, (ref. 40). In these works,



itis noteworthy that the observations were made underanon-zero B,
and unfortunately, no anomalous Hall signal was detected for B, and
B, =0.Recentstudies***reported R,, hysteresis under in-plane fields
but found no R,, hysteresis or evidence of AHE. The R, hysteresis is
ascribed to the extrinsic thermal origins*, rather than intrinsic in-plane
orbital magnetization and AHE. Ingraphene-based systems, achieving
in-plane magnetic states with simultaneous breaking both time-reversal
symmetry and all reflection symmetries is even more exceptionally
challenging because of the high symmetry of the lattice structure and
the negligibly weak SOC (about 40 peV)***,

Tointerpret TDAHE in rhombohedral graphene and to probe its micro-
scopic origin, we perform systematic unrestricted Hartree-Fock cal-
culations for nine-layer rhombohedral graphene (Supplementary
Information). We find thataslongas D> 0.3 V nm™, the non-interacting
Fermi surface of the system onslight electron doping n $ 10" cmforms
aring-shape (Fig.4d, top). Including the dominant long-range electron-
electron Coulomb interactions would drive the system to a peculiar
metallicstate, which spontaneously breaks the time-reversal (7), three-
fold rotation (C3) and vertical mirror (M,) symmetries of the system.
This metallic phaseis characterized by a crescent-shaped Fermisurface
with full spin and valley polarization (Fig. 4d, middle). It possesses a
notablein-plane orbital magnetization on the order of 2 i per electron
because of the breaking of 7, C; and M, symmetries**’, and exhibits
non-vanishing anomalous Hall conductivity due to the breaking of 7
symmetry. By virtue of non-vanishing in-plane orbital magnetization,
this state naturally couplesto anin-plane magnetic field, and itsanom-
alous Hall conductivity flips sign with the reversal of in-plane field direc-
tion. We call such a state as transdimensional orbital ferromagnetic
state*®. When an electric field is small (or the nis large), the interacting
ground state of electron-doped nine-layer rhombohedral graphene
becomesaregular spin-valley polarized metal (Fig. 4d, bottom), which
preserves C; symmetry, killing in-plane orbital magnetization.

Notably, the in-plane magnetization in our case is of pure orbital
nature, the emergence of which is solely driven by electron-electron
interactions without the need for SOC. When 7, C;and M, symmetries
are broken by a crescent-like Fermi surface, the system allows a finite
in-plane orbital magnetization; in suchametallicground state, electrons
could, in principle, form an out-of-plane current loop to generate the
in-plane orbital magnetization allowed by symmetry (Fig. 1a, right). By
contrast, in all the previous theoretical proposals of AHE induced by
in-plane magnetization, it is the spin magnetization that is within the
2D plane®®2°3%; some specifically designed form of SOC is needed to
convert the in-plane spin magnetization to out-of-plane orbital mag-
netization to generate AHE. Particularly, systems incorporating inter-
facial SOC are designed to reduce the symmetry of the system* for the
AHE.Inthis sense, the TDAHE reported in thisworkis agenuine new class
of AHE and is fundamentally different from the previous theoretical
proposals of in-plane-magnetization induced AHE. This establishes a
new model for correlation-driven topological phases beyond conven-
tional AHE classifications. Moving forward, more exotic states such as
integer-or fractional-quantized TDAHE states protected by topologically
nontrivial Chern gaps can be realized by introducing tailored moiré
potentials. These require future explorations of heterostructure and
supercell engineeringin the transdimensional regime. Complementary
probes such as scanning SQUID-on-tip or nitrogen vacancy-centre mag-
netometry could show the nanoscale magnetic textures underlying
TDAHE, providing deeper insight beyond transport measurements.
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Methods

Device fabrication
Therhombohedral graphene and hBN flakes are prepared by mechani-
cal exfoliation of bulk crystals. The rhombohedral domains of ennea-
layer graphene flakes are detected by a confocal Raman system (WITec
Alpha 300R) under a 532-nm excitation laser at room temperature
(Extended DataFig.1a,b). The rhombohedral domains are subsequently
isolated using an anodic-oxidation-assisted atomic force microscope
cutting*®*’, The van der Waals heterostructures are fabricated using
our ‘pick-up method* to achieve a multilayer heterostructure with the
ennealayer graphene encapsulated by two flakes of hexagonal boron
nitride (hBN) and thin graphite flakes as the top and bottom gates. We
determine that our nine-layer rhombohedral graphene device has a
pure ABCABCABC stacking based on the analysis® similar to that of
both the Raman 2D peak profile and the transport dataunder in-plane
magnetic field (Extended Data Fig. 2e,f). Electron-beam lithography is
used towrite anetch mask to define the Hall-bar geometry and the elec-
trodes. Redundant regions are etched away by CHF,/O, plasma. Finally,
the ennealayer graphene and gates are edge-contacted by e-beam evap-
orating thin metal layers consisting of Cr/Pd/Au (1 nm/15 nm/100 nm).
Layer rhombohedral (ABC-stacked) graphene is determined using
three mutually consistent methods: calibrated optical-contrast analysis
(Supplementary Fig. 3a), atomic force microscopy (AFM) thickness
measurement (Supplementary Fig. 3b) and Landau-fan analysis (Sup-
plementary Fig.3c,d). Optical-contrast calibrationis performed using
reference regions of known layer numbers on the same wafer, yielding
acontrast value AG consistent with that of a nine-layer graphene. To
avoid systematic errors associated with AFM on SiO,, the flake thick-
nessis measured after fullhBN encapsulation, giving a total thickness
of about 3.0 nm, corresponding to nine layers based on the 0.334 nm
interlayer spacing. Finally, Landau-fan measurements at D = 0 show the
most robust Landau-level gap at filling factor v, =-18, confirming the
nine-layer nature of the device. These threeindependent approaches
provide consistent evidence for the nine-layer rhombohedral stacking
configuration.

Measurements
Thetransport measurements are performed in two systems, adilution
fridge withabase temperature of 15 mKanda VTIfridge downto1.5K,
both of which have superconducting magnets. All dataare taken using
the standard four-terminal configuration with lock-in amplifier tech-
niques by sourcing an a.c. current /between 2 nA and 10 nA at a fre-
quency of 17.777 Hz. All electrical contacts exhibit low and uniform
resistance (about 1.5 kQ per pin), ensuring negligible contact effects
intransport measurements (Extended Data Fig. 1c). Measurementsin
Fig.3b-e are performed in two separate cooldowns with slightly dif-
ferent base temperatures (15 mKand 20 mK, respectively). The hyster-
esisloopsinour devicesare reproducible under different sweep rates
for both out-of-plane and in-plane magnetic fields, and field-induced
heatingis negligible (SupplementaryFig.4). Top and bottomgraphite
gates with voltages V; and V; allow us to independently tune carrier
density: n=(CV; + C;V1)/e, and displacement field: D= (CyVy — C;V5)/2,
where C; is the top gate capacitance and G is the bottom gate capaci-
tance. The data of longitudinal conductivity o,, and Hall conductivity
o, are obtained from the measured resistances by o,., :pxx/(p)fx + R)fy).
The data presented in the main text is based on devices A and B. We
alsoreport experimental dataacross devices with varying thicknesses,
including 3-layer, 5-layer, 7-layer, two 9-layer, 10-layer, two 11-layer, and
about 5 nmsamples, and show that TDAHE in our ABC samplesisrobust
foranintermediate thickness window (roughly correspondingto about
2-5nmin our devices) and weak or absent for much thinner or much
thicker samples (Extended Data Fig. 10).

We note that finite couplings between longitudinal and transverse
directions would mix R,, and R,, signals. According to that R, is

anti-symmetric with respect to the magnetic field B, whereas R, is sym-
metric, we can separate the two components using standard symmetri-
zation and anti-symmetrization procedures during data processing.
Similar to the out-of-plane magnetic field case, the symmetrization and
anti-symmetrization procedures are also valid for in-plane magnetic
fieldsinour system, which breaks time-reversal symmetry, mirror sym-
metry and C,. In TDAHE regime, the in-plane magnetic field B, induces
amagnetization component M,, which satisfies M,(B,) = -M,(-B,), just
as the out-of-plane magnetization M,(B,) = -M,(-B,). Therefore,
the anti-symmetrization procedure R,?y““(BH) = w is valid
and physically justified in our system. The symmetrization proce-
dure for R, is as follows: RY™(B, 1) = (R, (B, *) + R,.(-B, ¥))/2 and
RY™(B, ¥) = ((Ry(B, V) + R,(-B, 1))/2. The anti-symmetrization pro-
cedure for R,, is as follows: Rf(’y"‘isym(B, ) =((Ry(B, M)—Ry, (=B, 1))/2,
and R)?y"“sym(B, V) =((R,,(B, ¥)-R,,(-B, 1))/2, where * and v indicate
the direction of the magnetic field sweeping.

Alignment calibration and quantification of the residual tilt

To quantify any residual out-of-plane field component, we perform a
nulling calibration procedure. The experimentis carried outinavector
magnet system equipped with three orthogonal field components (B,,
B,and B,). During sample loading, we carefully align the out-of-plane
direction of the sample along the B, axis. After sample loading, we focus
on correcting any angular misalignment with an angle ¢y between sam-
ple out-of-plane and B, direction (Extended DataFig. 5c). The calibration
is carried outin achoosing region of the phase diagram (defined by n,
D), inwhich only an out-of-plane hysteresis is present, with noin-plane
hysteresis (quarter-metal regions in Fig. 2b). We intentionally choose
thisregionbecause it provides a sensitive and unambiguous ‘magnetic-
field meter’: the Hall response exhibits a clear B,-driven hysteresis loop
while remaininginsensitive to purely in-plane fields, ensuring that any
loop-centre shift canbe attributed to aresidual perpendicular compo-
nentratherthananintrinsicin-plane hysteresis. Under eight different
small positive and negative values of B, we sweep the perpendicular
field B, to obtain its hysteresis loop (Extended Data Fig. 5). For each
fixed B,, we sweep B, through the full hysteretic range and recorded
R,,(B,), from which the coercive fields are extracted as the switching
fields at which R, changes sign (or equivalently, the midpoint of the
sharp transition), yielding H,,, and H_,,, for the up-sweep and down-
sweep branches, respectively. Owing to the small tilt angle ¢ (Extended
DataFig. 5¢) between the sample out-of-plane and B, direction, the
applied in-plane field B, introduces a component B, =B, sin(¢)
along the sample out-of-plane direction, which causes a shift in
the centre of the B, hysteresis loop. We extract the coercive fields H,,,
and H g, for each B, and determine the loop-centre shift as

pt Hedown

B,o=B,-sin(y) = Heu 3 .Here, the quantity (H,, + Hegou)/2 directly
measures the offset of the hysteresis-loop centre along the B, axis,
independent of the loop width. By fitting the relation between B,,and
B,, the slope k gives sin(¢), from which we obtain the offset angle
¢ =arcsin(k) = -1.2° (Extended Data Fig. 5d). For the in-plane sweeps
reportedinthe origin and revised manuscripts, we apply acompensat-
ing perpendicular field to null this residual component. Specifically,
for each target in-plane field value B,, we simultaneously apply a cor-
rection field B{°™P = —B,sin(y) such that the net perpendicular com-
ponent along the sample normal satisfies B = 0 during the entire
in-plane sweep. This compensationisimplementedin the vector mag-
net control by co-sweeping B, together with B, according to the above
linear relation. After applying this correction, the B,-hysteresis-loop
centre remains fixed at zero within experimental resolution, providing
an internal validation that the residual out-of-plane component is
effectively nulled. Using the same calibrationand correction procedure,
we also extract an offset angle of 1.78° along the B, direction. The cali-
brationand correction procedure is shown in Extended DataFig. 5b,e.

Apartfromcarrying out the careful tilt angle compensation described
above, we also provide direct evidence to clarify that the magnetic
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hysteresis observed under out-of-plane field sweeps and that observed
under in-plane field sweeps are not artefacts arising from field com-
ponents induced by sample tilt, but instead originate from two inde-
pendent, fundamentally distinct, intrinsic physical mechanisms. We
have measured the temperature dependence of both thein-plane and
out-of-plane AHE states (Extended Data Fig. 7c). The critical tempera-
ture T, at which the Hall hysteresis vanishes, reflects the characteristic
energy scale of each state. The temperature dependence of the Hall
hysteresis measured under out-of-plane field shows that the hysteresis
disappearsaround 7., >4 K (Extended Data Fig. 7c). By contrast, the hys-
teresis observed under nominally in-planefield disappearsat T, = 1.6 K,
substantially lower than T_,.If the in-plane hysteresis are due to a small
perpendicular component caused by sampletilt, we would expect the
temperature scale to match that of theintrinsic out-of-plane magnetic
order; thisis not the case. Thisunambiguously demonstrates that the
in-plane and out-of-plane AHE states originate from two independent,
fundamentally distinct, intrinsic physical mechanisms.

Coherent-transportlength scale [,and thickness window for
TDAHE

Microscopically, the effective [, may be limited by more than one
mechanism. In layered systems, the out-of-plane processes relevant
to our phenomenon can be curtailed by verticalmomentum-relaxing
scattering, which setsatransportlength scale (the mean free path), or
by phase decoherence arising from inelastic processes, which sets a
coherencelengthscale. Here, we estimate the out-of-plane mean free
pathin our rhombohedral graphene system.

We note thatitis experimentally extremely challenging—ifnot prac-
tically impossible—to directly measure the out-of-plane mean free
path and/or coherent length in our rhombohedral graphene system.
Here [,should be viewed as an effective out-of-plane coherence length
scale that bounds the vertical extent over which coherent interlayer
orbital motion remains coherent, and as an operational, experimen-
tally bounded vertical length scale controlling the persistence of the
transdimensional response in our devices its magnitude is consist-
ent (to order of magnitude) with a Drude-based estimate from trans-
port. To precisely determine the mean free path in graphite, we need
to measure the cross-plane electrical conductivity (o,), from which
the relaxation time and, consequently, the mean free path along the
out-of-plane direction can be extracted. This difficulty originates from
both device geometry and electrostatic design constraints: our samples
are dual-gated Hall-bar devices, inwhich the top and bottom gates are
required toindependently tune the displacement field (D) and carrier
density (n). Because the observed TDAHE phase appears only atlarge
Dandlown (Fig.3a, greenregion), both top and bottom gates must be
simultaneously active. However, to measure the out-of-plane conduc-
tivity, we would need to place electrodes on both the top and bottom
surfaces of the rhombohedral graphene, which would inevitably screen
the dualgates and prevent tuning D and ninto the TDAHE regime. This
device geometry thus leaves no practical way to introduce additional
vertical contacts or electrodes without disturbing the uniformity of the
displacement field, making any direct measurement of o, unfeasible at
TDAHEregime. Given these experimental limitations, we estimate the
mean free pathindirectly by combining known bulk graphite transport
data with theoretical parameters of rhombohedral graphene.

From transport measurements of bulk graphite, the ratio between
vertical and in-plane conductivities is found to be approximately 10™*
(ref. 51). Applying this ratio torhombohedral graphenein the transdi-
mensional regime, we can estimate the out-of-plane conductivity as
0,~10"%0,=107° Q7 given that the measured in-plane conductivity is
aboutg, =107 Q™ (corresponding to aresistance of roughly 100 Qwhen
the sampleis not in the insulating state at zero magnetic field). When

the carrier density is n=~10" cm™, the relaxation time along the vertical

. . . . e nt
direction, 7,, canbe estimated using the Drude formula: g, = mj},where

mj = 5m,is the out-of-plane effective mass of rhombohedral graphene

(m,isthe electron mass)*¢ and eis the elementary charge. From these
parameters, we obtain 7, ~10™s. The out-of-plane Fermi velocity of
rhombohedralgraphene, v, , is typically about one order of magnitude
smaller than thein-plane Fermivelocity of graphene, thatis, v, ~-10°ms™
(ref. 46). Consequently, the out-of-plane mean free path can be esti-
mated as v, 7, =2 nm. We note that this is only a qualitative estimate,
andtheactual value of mean free path may vary depending on specific
sample conditions, but it should generally be on the order of a few
nanometres. Furthermore, our calculations (Supplementary Informa-
tionsection4) suggest that the in-plane magnetic state with magneti-
zation pointing in crystalline y-direction exhibits an in-plane current
flowing inthe x-direction, eventually forming a currentloopinthex-z
plane. Mostimportantly, the in-plane current density is localized within
afew layers that are closest to the surface layer (about 7-8 layers),
whichis of the order of magnitude as the estimated mean free path.

To validate the generality of our hypothesis, we have fabricated
and measured multiple rhombohedral graphene devices with dif-
ferent thicknesses, including three-layer, five-layer, seven-layer, two
nine-layer, 10-layer, two 11-layer, and about 5 nm samples, as summa-
rized in Extended Data Fig. 8. The main experimental findings are as
follows: (1) robust TDAHE is observed in devices with layer numbersin
theintermediate range (2-5 nmrange) for seven-layer, two independ-
ent nine-layer devices, 10-layer, two 11-layer and 5 nm devices; (2) no
TDAHE is observed in the very thin devices we measured (three-layer
and five-layer samples), which is consist with previous reports. This
indicates a lower thickness bound below which the transdimensional
mechanism does not develop; and (3) inarelatively thick rhombohedral
graphene device (thickness about 5 nm), we observe only a very weak
in-plane hysteresis (very small TDAHE), suggesting that this thickness
marks the upper bound beyond which coherent out-of-plane orbital
motion becomes suppressed. Taken together, these device-by-device
measurements indicate that TDAHE in our rhombohedral graphene
samplesis robust for anintermediate thickness window (roughly cor-
responding to about 2-5nm in our devices) and weak or absent for
much thinner or much thicker samples. This thickness range of TDAHE
in our multilayer rhombohedral graphene devices is consistent with
our estimated [,. We note that this is only arough estimate. At the same
time, measurements across multiple devices spanning thicknesses from
3tol5layers experimentally identify the transdimensional regime, for
which [, serves as a conceptual, phenomenological and operational
vertical length scale.

Last, we should claim that in transdimensional regime, the current
along out-of-plane directionis viewed as coherentinterlayer tunnelling
currentbetween layers within afinite thickness, rather than transport
of 3D or quasi-3D Bloch electrons. Therefore, a Bloch-type out-of-plane
band structure is not a prerequisite for having a finite interlayer tun-
nelling current.

In-plane magnetization orientation and field-angle dependence
The orientation of the crescent-shaped Fermi contour in the TDAHE
stateis defined with respect to the crystallographic axes. Inthe sponta-
neously symmetry-broken TDAHE phase, the order parameter is pinned
to one of three crystallographically equivalent in-plane directions
related by the lattice C; symmetry, giving rise to three domain orienta-
tions (a, B, y), eachwith two time-reversed partners (more details inour
theoretical paper*). Consequently, the in-plane orbital magnetization
M, canpointalong three symmetry-related crystalline directions, and
the observed Hall response depends on which domain is realized.

Experimentally, the relevant control parameter is the projection of
theapplied in-plane magnetic field B, onto the domain magnetization
direction, through the Zeeman coupling —M - B. Domain selection and
switchingunder B, are, therefore, governed by B - M: when B, is aligned
closertoM, of agiven domain, the energy bias is larger and switching
occurs at asmaller coercive field, whereas alarger coercive field is
required when B, is closer to orthogonal to M.



To directly determine how the broken-symmetry orientation is set
in our system, we perform angle-dependent measurements of the
in-plane-field hysteresis. We define the in-plane field angle @ rela-
tive to the direction at which the coercive field is minimal (6 = 0°),
and extract the coercive field H.(6) from hysteresis loops measured
at each 0 (Extended Data Fig. 10a,c). The resulting H.(0) exhibits an
approximately threefold angular dependence, consistent with three
crystallographically equivalent domain orientations (a, 8, y) related
by C; symmetry. Furthermore, the hysteresis polarity reverses across
6=30°and 6=150° (Extended DataFig.10a), indicating domain conver-
sionbetween symmetry-related TDAHE domains. Near these transition
angles, the coercive field is not well-defined because of the conversion
process and is therefore not reported. In an ideal C;-symmetric case,
we would expect an additional sharp polarity reversal near 6= 90°,
corresponding to a crossover between the § and y domains. In our
device, we instead observe a continuous hysteresis polarity across
6=90°, suggesting weak explicit symmetry breaking (for example,
residual uniaxial strain or disorder) that lifts the near-degeneracy
between the § and y domains and stabilizes one domain over an
extended angular range (Extended Data Fig. 10c). Nevertheless, the
robust threefold trend in H.(6), together with the observed polarity
reversals, provides direct evidence that the TDAHE state supports
multiple symmetry-related domains whose orientations are tied to the
crystal axes.

Symmetry analysis of the in-plane magnetic state
For the in-plane magnetic state showing TDAHE, the in-plane orbital
magnetization M, is closely related to the crystallographic symmetries.
Specifically, the time-reversal operation 7 reverses the magnetization:
™, T1= —M,, so the presence of 7 symmetry enforces M, equal to
zero. Similarly, the C; rotation operation symmetrically rotates M,
about the zaxis: C; M, C;'=R(21/3) M,, where R(211/3) is the rotation
matrix about the zaxis by an angle 21t/3. The presence of C; symmetry
also enforces M, = 0. The vertical mirror operation M, preserves
the component of the in-plane orbital magnetization along the
x-direction, and reverses the magnetization along the y-direction,
M, M, M}l =(M, x,-M, ). Therefore, the presence of M, symmetry
enforces the ycomponent of in-plane magnetization vanishing.
Therefore, any two of these symmetries (such as M, and G;, C; and
T,o0r M, and T) will protect M, = O; or, in other words, the presence of
either C;or 7 symmetry would enforce the magnetization to be vanish-
ing. However, when all three symmetries are broken, the systemallows
a finite in-plane magnetization, particularly along the crystalline
y-direction, which is the phenomenon observed in our work.

Symmetry origin of the transverse anomalous Hall response

Inour theory, the metallic ground state with peculiar crescent-shaped
Fermi surface exhibits both in-plane and out-of-plane magnetiza-
tions. The out-of-plane magnetization is allowed because this pecu-
liar metallic state spontaneously breaks time-reversal, rotational
and mirror symmetries. The out-of-plane magnetization generates
Berry curvature, which leads to the appearance of AHE. When an

in-plane magnetic field is applied, the reversal of in-plane field direc-
tion would flip the in-plane magnetization; and as the in-plane mag-
netization is coupled with the out-of-plane component, the reversal
of in-plane magnetization is accompanied by the flip of the out-of-
plane magnetization, which changes the sign of anomalous Hall
conductance*.

Toelaborate, the in-plane magnetization is switched by anin-plane
magnetic field, and this switching induces a change in the out-of-plane
magnetization. The resulting change in out-of-plane magnetization
altersthe Berry curvature, flippingits sign. This flipin Berry curvature
affects the Hall response and leads to the TDAHE reported in this work.
This mechanism provides an explanation for why a transverse-field
AHE can emerge even when the current and magnetization are not
rigorously perpendicular to each other.
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Extended DataFig.1|Multi-stage verification of ABCstacking and uniform
transport measurements. a, Top left: Optical image of an exfoliated
3-nm-thick, 9-layer graphene flake on a SiO,/Si substrate, taken with astandard
optical microscope. The cyan dashed line marks the boundary of the
rhombohedral-stacked (RG, ABCABC...) region, whichisisolated by anodic-
oxidation-assisted AFM cutting (white dashed lines). Scale bar:10 pm. Top
right:Raman mapping of the 2D-mode peak position for the same flake. The
darker domain corresponds to hexagonal stacking (HG, ABABAB...), while the
brighterregion, enclosed by the cyan dashed line, indicates rhombohedral

2900

D (V/nm)

n(102cm?)

n(10'2cm?)

stacking. Bottom left:Raman mapping of the integrated G-band intensity,
where the darker region represents rhombohedral stacking and the brighter
regionindicates hexagonal stacking. Scale bar:10 pm. Bottom right:
Representative Ramanspectraof HGand RGregionsin the 9-layer graphene,
centered onthe2D mode. b, Ramanspectraofthe completed heterostructure
device, showing consistent ABC stacking by comparing point spectrabetween
thereference ABC and ABAregions. ¢, Longitudinal resistance R, measured at
B=0T forall contact pairs across the device, confirming uniform transport
behavior.
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Extended DataFig.2|phasediagram of 9-layer RGindifferent out-of-plane  functionsofnand Dat T=20mK, B=0T.Thered dashed lines denotes several
magneticfields. a, Longitudinal resistance R, asafunctionofnatD=0V/nm, cross-like features occurring with increasing resistance, which may be
T=20mK,B=0T,withRG (black curve) and HG (blue curve) crystal structures. associated with van Hove singularities. e,f, Map of longitudinal resistance R,
Theblack dashed line marks the resistance of 1000 kQ.b, R asafunction of under differentin-plane magneticfields: B,=1Tand13T, as functionsof nand D
Datn=0,T=20mK,B=0T,withRG (black curve) and HG (blue curve) crystal at T=20 mK.

structures. ¢,d, Map of longitudinal resistance R, and Hall resistivity p,, as
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Extended DataFig.3|Stoner ferromagnetismin QMregion. a, Longitudinal
conductivity o, plotted versus n and the displacement field D for 0 V/nm <
D<1.0V/nm, B, =4 T,and the corresponding schematic diagram for different
symmetry-broken phases.b,c, R,,measuredas B, issweptbackand forth
(marked by dashed and solid arrows) at yellow (b) and purple (c) points
markedina.
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Extended DataFig.4 |Dependence ofthe R,, on out-of-planeandin-plane
magneticfields, aswell astemperature, in the TDAHE region.a-c, R,
plotted versusnand Dfor 0.6 V/nm<D<1.0V/nm,atB=0T(a),B, =4T(b),
B, =13T(c). Thegreendashedlineineachfigure denotes the boundary of
TDAHEregion.d, R, asafunctionof nand TatD=0.9V/nm. e, Line-cut of R,

along Taxisatn=1.52x10"2cm™, which showing a metical behaviour.f, R asa
function of in-plane magnetic field B;and dopingnat D=0.9 V/nm. The TDAHE
regionisbetweengreenlines, while quarter-metal (QM) regionisbetween
purplelines.
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Extended DataFig. 5| Nulling calibration procedure and quantification of
residualtilt. a, Theillustration of the calibration procedure for correcting
misalignment along the B, axis. b, Similar calibration scheme applied along
the B, axis. ¢, Schematic of tilt angle ¢ between the sample out-of-plane and
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Extended DataFig. 6 | Electrical hysteresis near the boundary of TDAHE
and QM and Electrical switching of the magnetic order effect.a, R, plotted
versusnand D, at B, =4 T. The green dashed line denotes the boundary of
TDAHEregion.b-d, Hall resistance R,, measured as afunction of Dacross the
boundarybetween the QM and TDAHE phases, at the locations marked by the
bluesquare (b), orange sphere (c), and purple pentagon (d) ina. The transition

isstrongly first order, showing hysteresis as a function of applied gate voltages.
e, Hallresistance difference AR,,asafunction of nand B at D= 0.9 V/nm, for
1.6 102 cm™ < n<1.9x10" cm™. The switching magnetic order behavior
occursnear the density where the hystereses loop almost vanishes (marked by
theredarrow).
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Extended DataFig.7|Angle-dependentin-plane hysteresis and distinct
temperaturescales of out-of-plane and in-plane magnetic hysteresis.

a, Measured hysteresis loops along several directions with tilt angles of + 3°,
+2°+1°and £0.5°relative to the sample in-plane direction. Note that the B,
axisnowis thereal samplein-plane-direction magnetic field (defined as 0°),
becauseitis after the nulling calibration procedure mentioned (Methods

and Extended DataFig. 6). b, Extracted in-plane coercive field H, asafunction
oftilt angle, showing a maximum at 6= 0°and monotonic decrease with
increasing tilt. The inset shows the schematic of vector field orientation
intheB, - B plane, illustrating the applied tilt angles relative to the B, axis.

¢, Temperature dependence of out-of-plane and in-plane magnetic hysteresisin
device A. The out-of-plane hysteresis disappears around T;* > 4 K, by contrast,
the hysteresis observed under nominally in-plane field disappears at T = 1.6 K.



a

device A_9 layer R, (Q) -I
0
- .
in-plane hysteresis n (10‘2(:m 2)

D =0.9V/nm
n=14

o1}
g
s of
o4l
02t
04 02 o 02 o4
B,M
D = 0.9Vin

0.1 n=1.4

Xy

R_ (k)

[ out-plane
hysteresis
-01

0
B.(mT)

e

device E_11 layer

y in-plane hysteresis n (102cm?)
< D =0.85V/nm n=0.7
0.5
g
< or
o
-0.5
—>
-1
-0.1 0 0.1
B“(T)
r D =0.85V/nm n=0.7
0.5 <
g ol out-plane
nf hysteresis
-05 >
-80  -40 0 40 80
B.(mT)

device B_9 layer

in-plane hysteresis

£
|
™

1.0

0.9

0.8

0.7

D (V/inm)

0.6

0.5

1 2
n (10'2cm?)

D=0.9V/inmn=1.45
0.3
g
<’ |
-0.3
—>
-0.4 -0.2 0 0.2 0.4
By(M
0.2 1 D=0.9Vinmn =145
L .
g
=3 L
> out-plane
< hysteresis >
02}
-4 0 4

R, (k)

R, ()

in-plane hysteresis

R,

D (V/inm)

0.7

0.6
2 3

n (10'2cm?)

D=1.05V/nm n=15
0.5
ol
-0.5
F —>
-1
-0.1 0 0.1
By(T)
D =1.05V/nm n=1.5
2
-
[ out-plane
hysteresis >
2

B.(mT)

3 4

102 101
) = |

4

device C_10 layer R_(Q) -1 device D_11 layer R, (Q) 1&01107
11 0.9
1.0 0.8
§ 09 § 07
9 o0s 9 06
0.7 0.5
0.6 0.4

05 1.0 15 20

in-plane hysteresis n (10‘2<;m 2) in-plane hysteresis n (102cm?)

-« D=0.8V/inm n=25
0.1F
g
=
0.1k
-0.1 0 0.1
By(T)
01} D =0.8V/nm n=2.5
-
g
=3 L
m; out-plane
hysteresis >
-0.1F
-20 0 20
.(mT)

device G_5nm

D (Vinm)

in-plane hysteresis n (10"2cm?)
D =0.85V/nm
n=0.8
& 0.05-
€ ~~
> *""%
@
-0.05
-0.2 -0.1 0 0.1 0.2
By(M)
0.2
D =0.85V/nm
n=0.8
-«
o o0
=
2
«© out-plane
0. | hvsteresis -
-0.2 -0.1 0 0.1 0.2
B.(T)

device h_5 layer

0.2

-« D=0.9V/nm n=1.06
—
-0.1 0 0.1
By(T)
D =0.9V/nm n=1.06
-
[ out-plane
hysteresis >
-50 0 50
B.(mT)

device h_3 layer

.2 -0.1 0 0.1 0.2
B,(M)
in-plane hysteresis D = 0.85V/nm
L n=15
P
e Ao
—
.2 -0.1 0.1 0.2

0
BM
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