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Multicomponent Magnetic Domain Walls in Rhombohedral Graphene
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' Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506-0055, USA
2Department of Physics and Yale Quantum Institute, Yale University, New Haven, Connecticut 06520, USA

Spatial textures of magnetic order, such as domain walls and skyrmions, are fundamental objects in magnetism.
In rhombohedral multilayer graphene, magnetic order involves spin and valley degrees of freedom, opening the
possibility of qualitatively new spatial textures. Here, we explore this possibility through a microscopic study
of a one-dimensional domain wall in the valley-imbalanced quarter-metal phase of rhombohedral graphene. We
uncover two different classes of domain walls. One resembles a conventional magnetic domain wall, locally
rotating between the two bulk states, whereas the other is intrinsically multicomponent and explores states that
are not occupied in either bulk domain. Which texture is realized is controlled by the competition between
intervalley Hund’s coupling and spin-orbit coupling, and we identify experimental signatures to distinguish
them. For a superconducting junction formed across the wall, we further show that the superconducting phase
difference couples directly to the intervalley-coherent phase of the texture, allowing precession of this internal
phase to generate a voltage. This mechanism provides an explanation for the resistive domain walls recently
observed in chiral superconductors [arXiv2605.13303] and predicts accompanying magnetization oscillations
that could be detected using GHz-frequency AC probes. Our theory establish a microscopic connection between

multicomponent magnetic textures, their internal dynamics, and superconducting transport.

Introduction.— In a conventional metallic ferromagnet
(e.g. nickel), the local order parameter is a three-dimensional
spin magnetization, and a domain wall is described as a
smooth rotation of this vector between two bulk orientations
[1-7]. In macroscopic magnetic materials, domain formation
is determined by the competition between exchange, magnetic
anisotropy, and long-range magnetostatic interactions. Divid-
ing a uniform state into smaller domains reduces its magne-
tostatic energy at the cost of creating domain walls [8—11].
Magnetism in rhombohedral graphene is fundamentally dif-
ferent in two respects. First, because the electron system is
atomically thin, the conventional magnetostatic driving force
for domain formation is strongly reduced. Second, the mag-
netization is not carried by spin alone: in the presence of
an electric displacement field, spontaneous valley polarization
also produces a substantial orbital magnetization [12—17]. At
low carrier densities and low temperature, interactions can
spontaneously polarize the spin and valley degrees of free-
dom, producing a quarter-metal state in which only one of the
four spin-valley flavors is occupied [18-20]. Recent experi-
ments have directly imaged magnetic domains in this regime
[13, 21] and further suggest that the domain structure of the
parent quarter metal is inherited by the chiral superconduct-
ing phase[22-25]. Nevertheless, the microscopic structure of
the domain walls remains largely unexplored. In particular,
it is not known whether intrinsic spin-orbit coupling keeps
spin and valley locked throughout the wall, as in transition-
metal dichalcogenides [26], or whether they “unlock™ inside
the wall?

In this work, we address this question using a momentum-
space micromagnetic calculation in rhombohedral graphene
and a long-wavelength CP? theory. We uncover two qualita-
tively distinct classes of spin-valley domain walls, separated
by a continuous transition driven by the competition between
spin-orbit coupling and intervalley Hund’s exchange, as shown
in Fig. 1. This transition occurs entirely within the domain
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Figure 1.  Two- and four-component domain walls in the valley-
imbalanced quarter metal, determined by the competition between
spin-orbit coupling Ao and intervalley Hund’s coupling g, |n.|. In
(a), Asoc > g1 |ne| the magnetic texture only has two flavors, whereas
in (b), Asoc < g1 |ne| allows all four flavors to participate inside the
wall. The curves show the diagonal component of the local spin-
valley order parameter [ Pyg(x)] e

wall while the adjoining bulk ferromagnetic states remain un-
changed. We identify experimental signatures that distinguish
the two textures and further examine what becomes of these do-
main walls when chiral superconductivity develops in the ad-
joining domains. In this regime, the system forms an S|IVC|S
junction, in which the intervalley-coherent domain-wall region
acts as a magnetic weak link between two chiral supercon-
ductors. The resulting Josephson coupling directly links the
superconducting phase difference to the internal intervalley-
coherent phase of the magnetic texture.

Microscopic spin-valley domain walls.— Because the low-
energy electrons carry four spin-valley flavors, their local mag-
netic order is described by a 4 x 4 Hermitian matrix. Exclud-
ing the total charge density, this matrix contains 4> — 1 = 15
independent order parameters. Rather than parameterizing
this large space and assuming a particular form for the do-
main wall [27], we determine the texture using unrestricted
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Figure 2. Self-consistent HF solutions of the two-component and the four-component spin—valley domain walls. (a—c) Results for the two-
component domain wall at g, = O centered at x = xp. (a,b) Local Spin—valley texture shows that the spin and valley polarizations reverse
simultaneously while remaining locked throughout the domain wall, giving rise to s, 7,(x) = 1 throughout the space. The characteristic length
scale is the average hole spacing, £, = 1/+/m|n.| ~ 20 nm, and the domain-wall width w = 2.6 {, is indicated by the vertical dash-dotted lines.
(c) Corresponding local charge density n,. (x), showing only a weak redistribution of charge across the domain wall. The horizontal dashed line
indicates the average charge density n.. (d,e) Spin—valley texture of the four-component domain wall at g, |n.|/Asoc = 13.5 shows intervalley
coherence (7, ) and transverse spin polarization (s, ) develop near the domain-wall center, partially releasing spin—valley locking (s,7, < 1) and
producing distinct spin and valley domain-wall widths. The spin and valley widths are wy = 3.3 £, (dotted lines) and w, = 2.5 {,(dash-dotted
lines), respectively. (f) sx(xp) and 7, (xo) at the domain wall center continuously grow beyond a critical coupling g7 |n¢|/Asoc = 11.

Hartree—Fock (HF) theory. This allows the charge density and
all spin, valley, and mixed spin-valley order parameters to vary
self-consistently in space.

We use rhombohedral bilayer graphene as a minimal model
to identify magnetic domain-wall physics that we expect to
persist in systems with other numbers of layers. We consider
a one-dimensional domain wall for which the order parameter
varies along x while translational symmetry is preserved along
y. To solve the problem numerically, periodic boundary condi-
tions are imposed along the x direction, such that the magnetic
supercell forms a closed ring of circumference L. The peri-
odic geometry therefore contains two equivalent domain walls
separating the two degenerate bulk ferromagnetic states, with
reciprocal vectors G = 2zm/L. The in-plane coordinate axes
are defined by taking e, and e, to be parallel and perpendic-
ular, respectively, to the graphene Dirac-point momentum K
measured from the I" point. In this basis, the self-consistent
Hartree—Fock (HF) Hamiltonian is

H%;/[E,G’,B(ky) =0Ga’ ﬁiVBVMC(Gex +kye,) + I-Alfxcl;c

HF,C HF,Hund
+2Ga.6ky) +26a G

(1

where «, 8 collectively label the spin (s), valley (1), layer (1),
and the A/B sublattice (o) degrees of freedom. The first two
terms describe the microscopic SWMc band structure[18] and

intrinsic spin-orbit coupling[20], while the last two are the HF
self-energies arising from long-range Coulomb interactions
and intervalley Hund’s exchange. Details of the Hamiltonian
and its numerical implementation are given in Ref. [28]. We
first identify the density and displacement field for which the
uniform HF ground state is a spin- and valley-polarized quarter
metal[29]. Intrinsic spin-orbit coupling locks the relative spin
and valley orientations and reduces the fourfold flavor degen-
eracy to a time-reversal-related pair, which we denote by K T
and K’ |. We then initialize the density matrix with a texture
connecting these two states and solve Eq. (1) self-consistently.
The initial wall width parameter is estimated as & ~ /p;/K,
where pg is the spin-valley stiffness and X is the magnetic
anisotropy energy, both extracted from constrained uniform
HF calculations [28].

The converged eigenvalues and eigenvectors,

Hg]:,,G/ﬁ(ky)ZnG/ﬁ(ky) = gn(ky)ZnGa(ky)s (2)

determine the one-body density matrix p(k,) =
2n nF(En(ky))|zn(ky))(za(ky)|. To isolate the spin-valley
order carried by the doped electrons, we define the doped-
carrier density matrix p by restricting the band sum in p to the



single-particle states of those doped carriers:

ﬁGa,G'ﬁ(ky) = Z nr (En(ky)) ZnGa/(ky)Z:,G//g(ky)'
neD(ky)
3)

Here D(k,) is the set of states filled as the chemical potential
is raised/lowered from charge neutrality to its physical (HF)
value. Fourier transforming this density matrix along x and
tracing over the layer and sublattice degrees of freedom gives
the normalized local spin-valley order parameter

[ pp—_— TR o

ne(x)L (2m) GG a
ﬁGya,G'va (ky)ei(G_G’)x, (4)

where a = (I, o) runs through all the sublattices and n. (x) is
the doped local charge density such that Tr Py (x) = 1. Here,
u,ve{K1,K' 1,K |,K’ |}. The diagonal elements of P
give the local occupations of the four spin-valley flavors, as
shown in Fig. 1, and the local spin-valley order parameters are

57 (x) = Tr [Pup(x)8:7;] - (5)

This construction determines the complete spin-valley texture
without assuming a particular rotation path across the domain
wall.

The main results of our microscopic calculations are sum-
marized in Fig. 2. When spin-orbit coupling dominates the
intervalley Hund’s coupling, Asoc > g, |ne|, spin and valley
remain locked throughout the wall. The texture is confined
to the two-dimensional subspace favored by spin-orbit cou-
pling, K T and K’ |. As shown in Figs. 2(a) and 2(b), the
spin-orbit locking condition s,7,(x) = 1 remains satisfied at
every position. We refer to this solution as the two-component
domain wall. Although the two flavors form a superposition
of opposite spin inside the domain wall, they belong to oppo-
site valleys, and their coherence produces no net in-plane spin
polarization. The wall therefore carries no static in-plane spin
moment and has no direct linear Zeeman coupling to an in-
plane magnetic field. This texture is adiabatically connected
to the spin-valley-locked domain walls previously studied in
transition-metal-dichalcogenides Chern insulators [26]. An
important distinction is that the quarter-metal phase consid-
ered here is metallic and exhibits charge-density fluctuations
across the wall, as shown in Fig. 2(c).

The domain wall structure changes qualitatively in the oppo-
site, Hund-dominated limit, g, |n.| > Agoc. Intervalley Hund’s
exchange favors parallel spin alignment in the two valleys and
therefore admixes the other two flavors that are unoccupied in
either bulk domains, K | and K’ T. The resulting spin-valley
texture is shown in Figs. 2(d) and (e). The reduction of 5,7, (x)
below unity reflects a local spin-orbit-energy cost, which is
compensated by the gain in intervalley exchange energy and
accompanied by the emergence of transverse spin polarization
sx(x) and intervalley coherence 7,(x). Spin and valley are
therefore no longer locked and develop distinct spatial pro-
files, with the spin-domain-wall width slightly exceeding the

valley-domain-wall width. As shown in Fig. 2(f), these addi-
tional order parameters turn on continuously above a critical
Hund’s coupling g7 |n¢|/Asoc ~ 11, demonstrating a continu-
ous transition from the two-component to the four-component
domain wall.

As shown in companion experimental studies [30, 31], the
two textures exhibit distinct magnetotransport signatures: the
4-component domain wall carries a net in-plane spin moment
and supports a ferro-Josephson effect whose critical current
varies linearly with the applied in-plane magnetic field. Al-
though our microscopic calculations focus on rhombohedral
graphene, the same domain-wall physics may also arise in
graphene moiré superlattices. This broader applicability moti-
vates the universal long-wavelength theory outlined below and
developed further in [28].

CP? theory and its limitation.— A natural long-wavelength
description, analogous to those used for magic-angle twisted
bilayer graphene [32] and quantum Hall ferromagnets [33],
represents the local spin-valley polarization by a normalized
four-component spinor [y (x)), or equivalently by the rank-one
projector

P(x) = [y ()W (),

whose order-parameter manifold is CP3. We test this de-
scription using the reduced spin-valley density matrix Pyg(x)
obtained from the microscopic HF solution. As shown in
Fig. 3(a), Pyr is nearly idempotent in the bulk but becomes
mixed inside the domain wall, as diagnosed by the finite
value of Tr(Pyr — P}.). Microscopically, this arises be-
cause the intervalley coherence and layer-sublattice degrees
of freedom become entangled inside the domain wall. The
CP3 theory therefore captures the qualitative spin-valley tex-
ture but not the full microscopic quasiparticle wavefunctions.
For example, the idealized CP? texture would have predicted
[sx7x(x0)| = |syTy(x0)| = 1 at the center of two-component
domain wall (Fig. S6 in Ref.[28]), whereas their magnitudes
are reduced in the microscopic HF solution (Fig. 2b).

Chiral superconductivity across domain walls:— One of the
most striking aspects of chiral superconductivity in the quarter-
metal regime is the apparent intertwining of magnetism and
superconductivity [23, 34-36]. In Ref. [34], it was found that
the nominally zero-resistance state shows resistance spikes
(Ryx < h/e?) near the coercive field associated with mag-
netization reversal of the parent quarter metal. NanoSQUID
imaging further reveals that the chiral domain structure of the
superconducting phase is inherited from its valley-polarized
parent metal and that the domain walls are resistive [23]. These
observations suggest that, below 7, a normal-state spin-valley
domain wall evolves into a weak link between superconducting
domains of opposite chirality.

This picture raises two basic questions. First, what pro-
duces the observed resistance? A conventional S|N|S junction
can carry a dissipationless Josephson current mediated by An-
dreev bound states, even when the normal region has finite
resistance. The presence of a normal domain-wall region is
therefore not, by itself, sufficient to produce a voltage across

PP=P, TtP=1, (6



(a) (b) K’ 1 |K T) + eiG‘K/ “ K1 (C) 55 K’ | Domain K 1 Domain K’ | Domain
0.25 Superconductor IVC metal Superconductor o T Ag=27/\
O 3
2020 g20 A A
[\ Jasi 3 ;|
S = [l
| 0.15 g 1.5
=) w0
(e =1
< 010 < 10
=
005 = 05 | |
S i
& I
0.00 0.0 T
-10 0 10 —80 —40 0 40 80

Position = — zq (Le)

Position z (£.)

Figure 3. (a) Deviation of the microscopic HF spin—valley projector from the pure-state condition, quantified by Tr(Pyg — IS%F). A finite value
near the domain-wall center demonstrates that the local spin—valley density matrix is mixed, in contrast to the pure projector assumed in the
CP3 theory. (b) Schematic of spin—valley-selective scattering across an S|N|S junction, where time-reversal-related chiral superconductors
are separated by an intervalley-coherent(IVC) normal-metal, oc |K T) + ¢/?|K’ |). The IVC region coherently mixes the two valley flavors,
enabling normal reflection and intervalley-assisted Andreev conversion. (c) Probability density |y, x1(x) | of a representative Bloch state at
En(ky =0) —p = 5.6 meV in the K T domain. The bulk oscillation originates from the interference of two dominant Fourier components
separated by momentum difference Ag, giving an oscillation wavelength A = 27/Aq.

the junction. Moreover, because the domain wall is only a
few interparticle spacings wide, the junction can, in principle,
support a supercurrent below its critical current.

Second, when Cooper pairs tunnel across the domain wall,
what microscopic process converts pairs with center-of-mass
momentum 2K into pairs with momentum 2K’[37]? Although
the domain wall breaks translational symmetry, it varies over
the interparticle spacing, which is much larger than the atomic
scale, and therefore cannot by itself provide the large momen-
tum transfer required for intervalley conversion. We argue
below that these two question have a common resolution: the
superconducting phase couples dynamically to the intervalley-
coherent phase within the domain wall.

Let’s consider the superconducting junction shown in
Fig. 3(b). The left and right regions are time-reversal-related
chiral superconductors with order parameters Ay = |Ay|e?L,
AR = |Ag|e'?® formed respectively from electrons in the
K and K’ valleys. We model the domain-wall as a non-
superconducting intervalley-coherent state with order parame-
ter M = (c;< ck’) = |M|e'? where 6 is the intervalley-coherent
phase. To an excellent approximation, the low-energy Hamil-
tonian separately conserves the electron numbers in the two
valleys. Because the microscopic Hamiltonian is invariant un-
der independent valley rotations, ¢, — €' c; (t = K,K’),
the phases of the three order parameters transform as

(oL, PR, 0) = (¢ + 20k, ¢r + 20k, 0+ ax —ak). (7)

Consequently, the Josephson energy can depend on the phases
only through the valley-invariant combination

2e

R
®=p-20 w=¢R—¢L—;/L Adt ®

To leading harmonic order, the phase-dependent free energy
then takes the form

F=F;+ Fy=—-Ejcos(p—20)— Eycos(30), (9)

where E; describes Josephson coupling energy across the do-
main wall and Ey is the pinning potential generated by 3-body
Umklapp processes, whose strength is estimated in Ref. [38].
The corresponding Josephson current is

2¢E
= Lsind, I =21 (10)

2e OF
I —
hi

s—?%

Because 6 enters the same invariant phase combination,
Josephson coupling exerts a torque on the intervalley-coherent
phase,

oF T
19 = ——— = —I; — 3Ey sin(360). an
a0 e
The voltage drop across the junction is related to the dynamics
of both phase variables through the Josephson relation,

AR
V=op= g (0+20). (12)

This equation implies there are two distinct critical currents.
The first is the usual Josephson critical current, /. = ze,f’ s
above which @ starts precessing. The second is the depinning
current of the intervalley-coherent phase, I = 36%, above
which 6 starts precessing. A fully stationary state therefore
exists only when the applied current / < min(/., I..). Thus,
for the S|IVC|S junction, even below the conventional Joseph-
son critical current, the junction can becomes resistive once
IVC order parameter is non-stationary. Our analysis therefore
suggests that the resistance observed in Ref. [23] may origi-
nate either from conventional Josephson breakdown or from
current-driven dynamics of the intervalley-coherent phase, de-
pending on which critical current is smaller. A possible test is
to measure the nonlinear /V characteristic: below the depin-
ning threshold, Andreev bound states carry a dissipationless
supercurrent; above threshold, phase precession generates a fi-

nite voltage. Importantly, IVC precession also produces GHz




oscillations of orbital magnetization which can be detected
using AC probes [38].

Interference pattern:— Beyond their collective dynamics,
the metallic domain walls also produce interference pattern
for the stationary quasiparticle states. As shown in Fig. 3(c),
the probability density |¢j/m(x)|2 of a stationary state in a
K T domain bounded by two K’ | domains shows pronounced
spatial oscillations. These oscillations arise from interference
between the two equal-energy momenta k | and ky » shown
in the inset. Their separation, Aq = |kx 1 — kx 2|, determines
the interference wavelength: A = i—’; and N4 ~ % Here
L/2 is the length of the K T domain and N is the number of
oscillation periods across it. For the state shown in Fig. 3(c),
N = 9. This energy-dependent interference pattern provides a
microscopic signature of metallic domain structure that could
be detected using spatially resolved probes.

Summary and outlook:- We have developed a micromag-
netic theory in momentum-space to study magnetic textures in
rhombohedral graphene and uncovered two qualitatively dis-
tinct multicomponent spin-valley domain walls. Their com-
petition is determined by the competition between spin-orbit
coupling and intervalley Hund’s exchange and occurs entirely
within the wall while the adjoining bulk states remain un-
changed. This work provides a starting point for studying
more general spin-valley textures [39], including skyrmions,
as well as interactions between domain walls and quasiparti-
cles.

Note added.— During the preparation of this manuscript,
we became aware of a related work Ref. [40] on domain
walls in thombohedral multilayer graphene. That work stud-
ies transport across a prescribed valley-domain-wall texture,
while we determine the domain-wall structure microscopically.
Ref. [41] develops a theory of hydrodynamic transport across
orbital-ferromagnetic domain walls. Refs. [30, 31] report ex-
perimental evidence of unconventional transport across such
domain walls.
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