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Multicomponent Magnetic Domain Walls in Rhombohedral Graphene

Mainak Das,1 Nemin Wei,2 and Chunli Huang1, ∗

1Department 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 �%3 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

<latexit sha1_base64="FMQ07mDyp4bHdDFF/HFT8o3twL0=">AAAB8XicbVDLSgNBEJz1GeMr6tHLYBDiJeyKRI9BLx4jmAcmS5iddJIhs7PLTK8YlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXEEth0HW/nZXVtfWNzdxWfntnd2+/cHDYMFGiOdR5JCPdCpgBKRTUUaCEVqyBhYGEZjC6mfrNR9BGROoexzH4IRso0RecoZUeOghPmJbY2aRbKLpldwa6TLyMFEmGWrfw1elFPAlBIZfMmLbnxuinTKPgEib5TmIgZnzEBtC2VLEQjJ/OLp7QU6v0aD/SthTSmfp7ImWhMeMwsJ0hw6FZ9Kbif147wf6VnwoVJwiKzxf1E0kxotP3aU9o4CjHljCuhb2V8iHTjKMNKW9D8BZfXiaN87JXKVfuLorV6yyOHDkmJ6REPHJJquSW1EidcKLIM3klb45xXpx352PeuuJkM0fkD5zPH1JOkLQ=</latexit>

(a)
<latexit sha1_base64="8dgaeLR4X2FyPbpmDy1pwKzqOhI=">AAAB8XicbVDLSgNBEJz1GeMr6tHLYBDiJeyKRI9BLx4jmAcmS5iddJIhs7PLTK8YlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXEEth0HW/nZXVtfWNzdxWfntnd2+/cHDYMFGiOdR5JCPdCpgBKRTUUaCEVqyBhYGEZjC6mfrNR9BGROoexzH4IRso0RecoZUeOghPmJaCs0m3UHTL7gx0mXgZKZIMtW7hq9OLeBKCQi6ZMW3PjdFPmUbBJUzyncRAzPiIDaBtqWIhGD+dXTyhp1bp0X6kbSmkM/X3RMpCY8ZhYDtDhkOz6E3F/7x2gv0rPxUqThAUny/qJ5JiRKfv057QwFGOLWFcC3sr5UOmGUcbUt6G4C2+vEwa52WvUq7cXRSr11kcOXJMTkiJeOSSVMktqZE64USRZ/JK3hzjvDjvzse8dcXJZo7IHzifP1PUkLU=</latexit>

(b)
<latexit sha1_base64="18IX7yWE1M6R31Pbul/aL3yPcmw=">AAACAHicdVDLSsNAFJ3UV62vqgsXbgaL4EJCmta27opuBDcV7APaECbTaTt0kgkzE6WEbPwVNy4UcetnuPNvnLRVVPTAhcM593LvPV7IqFSW9W5kFhaXlleyq7m19Y3Nrfz2TkvySGDSxJxx0fGQJIwGpKmoYqQTCoJ8j5G2Nz5P/fYNEZLy4FpNQuL4aBjQAcVIacnN7zXc+LIXhUgIfnv8xRI3X7DM01rFPrGhZVpW1S5VUmJXy3YJFrWSogDmaLj5t16f48gngcIMSdktWqFyYiQUxYwkuV4kSYjwGA1JV9MA+UQ68fSBBB5qpQ8HXOgKFJyq3ydi5Es58T3d6SM1kr+9VPzL60ZqUHNiGoSRIgGeLRpEDCoO0zRgnwqCFZtogrCg+laIR0ggrHRmOR3C56fwf9KyzWLFrFyVC/WzeRxZsA8OwBEogiqogwvQAE2AQQLuwSN4Mu6MB+PZeJm1Zoz5zC74AeP1A6b6lyE=</latexit>

→,K→

<latexit sha1_base64="cxXmWqbyPY+Q3GgHYCgzl1uhx48=">AAACAnicdVDJSgNBEO2JW4zbqCfx0hhEDzL0xCQmt6AXwUsEs0AyDD2dTtKkZ6G7RwlD8OKvePGgiFe/wpt/Y2cRF/RBweO9KqrqeRFnUiH0bqTm5hcWl9LLmZXVtfUNc3OrLsNYEFojIQ9F08OSchbQmmKK02YkKPY9Thve4GzsN66pkCwMrtQwoo6PewHrMoKVllxzp+omFwftOMJChDdHX3Tkmllklcsob5chsgoI5UpFTdBxrlQoQNtCE2TBDFXXfGt3QhL7NFCEYylbNoqUk2ChGOF0lGnHkkaYDHCPtjQNsE+lk0xeGMF9rXRgNxS6AgUn6veJBPtSDn1Pd/pY9eVvbyz+5bVi1S05CQuiWNGATBd1Yw5VCMd5wA4TlCg+1AQTwfStkPSxwETp1DI6hM9P4f+knrPsolW8zGcrp7M40mAX7IFDYIMTUAHnoApqgIBbcA8ewZNxZzwYz8bLtDVlzGa2wQ8Yrx9+J5eL</latexit>

→,K→→

<latexit sha1_base64="Mp1NnSN9a4iaTMd1RYF+zVggsFA=">AAACBnicdVDNS8MwHE39nPOr6lGE4BA9yGiH1O029CJ4meA+YCslzdItLE1LkjpG2cmL/4oXD4p49W/w5n9juk2Yog8CL+/9Hsnv+TGjUlnWp7GwuLS8sppby69vbG5tmzu7DRklApM6jlgkWj6ShFFO6ooqRlqxICj0GWn6g8vMb94RIWnEb9UoJm6IepwGFCOlJc88qHnp9XGnGw05EiIans5fxp5ZsIqWhuPAjNhly9akUimXShVoTyzLKoAZap75odM4CQlXmCEp27YVKzdFQlHMyDjfSSSJER6gHmlrylFIpJtO1hjDI610YRAJfbiCE3U+kaJQylHo68kQqb787WXiX147UUHZTSmPE0U4nj4UJAyqCGadwC4VBCs20gRhQfVfIe4jgbDSzeV1Cd+bwv9Jo1S0naJzc1aoXszqyIF9cAhOgA3OQRVcgRqoAwzuwSN4Bi/Gg/FkvBpv09EFY5bZAz9gvH8BpHmZSg==</latexit>

→,K→→

<latexit sha1_base64="kcK3Is8qbU8Jvf4wYGfPIskzMyo=">AAACBHicdVDLSgMxFM3UV62vUZfdBIvgQkqm2truim4ENxVsK7TDkEnTNjSTGZKMpQxduPFX3LhQxK0f4c6/MX0IVfRA4HDOPdzc40ecKY3Qp5VaWl5ZXUuvZzY2t7Z37N29hgpjSWidhDyUtz5WlDNB65ppTm8jSXHgc9r0BxcTv3lHpWKhuNGjiLoB7gnWZQRrI3l2tuYlV+1OOBRYynB4vMDHnp1DeVQqVlAFonwROeUpQahULpxAx5AJcmCOmmd/mDSJAyo04ViploMi7SZYakY4HWfasaIRJgPcoy1DBQ6ocpPpEWN4aJQO7IbSPKHhVF1MJDhQahT4ZjLAuq9+exPxL68V627ZTZiIYk0FmS3qxhzqEE4agR0mKdF8ZAgmkpm/QtLHEhNtesuYEr4vhf+TRiHvlPKl69Nc9XxeRxpkwQE4Ag44A1VwCWqgDgi4B4/gGbxYD9aT9Wq9zUZT1jyzD37Aev8C5nuY8g==</latexit>

→,K→

<latexit sha1_base64="18IX7yWE1M6R31Pbul/aL3yPcmw=">AAACAHicdVDLSsNAFJ3UV62vqgsXbgaL4EJCmta27opuBDcV7APaECbTaTt0kgkzE6WEbPwVNy4UcetnuPNvnLRVVPTAhcM593LvPV7IqFSW9W5kFhaXlleyq7m19Y3Nrfz2TkvySGDSxJxx0fGQJIwGpKmoYqQTCoJ8j5G2Nz5P/fYNEZLy4FpNQuL4aBjQAcVIacnN7zXc+LIXhUgIfnv8xRI3X7DM01rFPrGhZVpW1S5VUmJXy3YJFrWSogDmaLj5t16f48gngcIMSdktWqFyYiQUxYwkuV4kSYjwGA1JV9MA+UQ68fSBBB5qpQ8HXOgKFJyq3ydi5Es58T3d6SM1kr+9VPzL60ZqUHNiGoSRIgGeLRpEDCoO0zRgnwqCFZtogrCg+laIR0ggrHRmOR3C56fwf9KyzWLFrFyVC/WzeRxZsA8OwBEogiqogwvQAE2AQQLuwSN4Mu6MB+PZeJm1Zoz5zC74AeP1A6b6lyE=</latexit>

→,K→
<latexit sha1_base64="Mp1NnSN9a4iaTMd1RYF+zVggsFA=">AAACBnicdVDNS8MwHE39nPOr6lGE4BA9yGiH1O029CJ4meA+YCslzdItLE1LkjpG2cmL/4oXD4p49W/w5n9juk2Yog8CL+/9Hsnv+TGjUlnWp7GwuLS8sppby69vbG5tmzu7DRklApM6jlgkWj6ShFFO6ooqRlqxICj0GWn6g8vMb94RIWnEb9UoJm6IepwGFCOlJc88qHnp9XGnGw05EiIans5fxp5ZsIqWhuPAjNhly9akUimXShVoTyzLKoAZap75odM4CQlXmCEp27YVKzdFQlHMyDjfSSSJER6gHmlrylFIpJtO1hjDI610YRAJfbiCE3U+kaJQylHo68kQqb787WXiX147UUHZTSmPE0U4nj4UJAyqCGadwC4VBCs20gRhQfVfIe4jgbDSzeV1Cd+bwv9Jo1S0naJzc1aoXszqyIF9cAhOgA3OQRVcgRqoAwzuwSN4Bi/Gg/FkvBpv09EFY5bZAz9gvH8BpHmZSg==</latexit>

→,K→→

<latexit sha1_base64="Z0npWLMsQ+MzF7hWf3XnvBqLjhs=">AAACB3icbZA7SwNBFIVn4yvGV9RSkMUgxMKwKxItgzaWEcwDsssyO7lJhsw+mLkrCUtS2fhXbCwUsfUv2PlvnDwKjR4YOJxzL8P9/FhwhZb1ZWSWlldW17LruY3Nre2d/O5eXUWJZFBjkYhk06cKBA+hhhwFNGMJNPAFNPz+9aRv3INUPArvcBiDG9BuyDucUdSRlz90EAaYViPFJ8FoPDgdeNa46IAQHpx4+YJVsqYy/xp7bgpkrqqX/3TaEUsCCJEJqlTLtmJ0UyqRMwGjnJMoiCnr0y60tA1pAMpNp3eMzGOdtM1OJPUL0ZymPzdSGig1DHw9GVDsqcVuEv7XtRLsXLopD+MEIWSzjzqJMDEyJ1DMNpfAUAy1oUxqEsxkPSopQ40upyHYiyf/NfWzkl0ulW/PC5WrOY4sOSBHpEhsckEq5IZUSY0w8kCeyAt5NR6NZ+PNeJ+NZoz5zj75JePjG2h8maY=</latexit>

Position x→ x0 (ωe)
<latexit sha1_base64="Z0npWLMsQ+MzF7hWf3XnvBqLjhs=">AAACB3icbZA7SwNBFIVn4yvGV9RSkMUgxMKwKxItgzaWEcwDsssyO7lJhsw+mLkrCUtS2fhXbCwUsfUv2PlvnDwKjR4YOJxzL8P9/FhwhZb1ZWSWlldW17LruY3Nre2d/O5eXUWJZFBjkYhk06cKBA+hhhwFNGMJNPAFNPz+9aRv3INUPArvcBiDG9BuyDucUdSRlz90EAaYViPFJ8FoPDgdeNa46IAQHpx4+YJVsqYy/xp7bgpkrqqX/3TaEUsCCJEJqlTLtmJ0UyqRMwGjnJMoiCnr0y60tA1pAMpNp3eMzGOdtM1OJPUL0ZymPzdSGig1DHw9GVDsqcVuEv7XtRLsXLopD+MEIWSzjzqJMDEyJ1DMNpfAUAy1oUxqEsxkPSopQ40upyHYiyf/NfWzkl0ulW/PC5WrOY4sOSBHpEhsckEq5IZUSY0w8kCeyAt5NR6NZ+PNeJ+NZoz5zj75JePjG2h8maY=</latexit>

Position x→ x0 (ωe)

<latexit sha1_base64="uHA1ZREULfqDarvMtR8E0KErkak="></latexit> F
la
vo
r
o
cc
u
p
at
io
n

[

P̂
H
F
(x
)]

µ
µ

<latexit sha1_base64="fQDhzvukQiVSx0WoF5pEzTLYsnY=">AAACA3icbVDJSgNBEO2JW4xb1JteGoPgxTATJHoMevEYwSyQhNDT6SRNehm6a9QwBLz4K148KOLVn/Dm39hZDpr4oODxXhVV9cJIcAu+/+2llpZXVtfS65mNza3tnezuXtXq2FBWoVpoUw+JZYIrVgEOgtUjw4gMBauFg6uxX7tjxnKtbmEYsZYkPcW7nBJwUjt70AT2AEnhlGoZ5XFHS8IVvidCjNrZnJ/3J8CLJJiRHJqh3M5+NTuaxpIpoIJY2wj8CFoJMcCpYKNMM7YsInRAeqzhqCKS2VYy+WGEj53SwV1tXCnAE/X3REKktUMZuk5JoG/nvbH4n9eIoXvRSriKYmCKThd1Y4FB43EguMMNoyCGjhBquLsV0z4xhIKLLeNCCOZfXiTVQj4o5os3Z7nS5SyONDpER+gEBegcldA1KqMKougRPaNX9OY9eS/eu/cxbU15s5l99Afe5w+GEpd3</latexit>

2-comp.
<latexit sha1_base64="fQDhzvukQiVSx0WoF5pEzTLYsnY=">AAACA3icbVDJSgNBEO2JW4xb1JteGoPgxTATJHoMevEYwSyQhNDT6SRNehm6a9QwBLz4K148KOLVn/Dm39hZDpr4oODxXhVV9cJIcAu+/+2llpZXVtfS65mNza3tnezuXtXq2FBWoVpoUw+JZYIrVgEOgtUjw4gMBauFg6uxX7tjxnKtbmEYsZYkPcW7nBJwUjt70AT2AEnhlGoZ5XFHS8IVvidCjNrZnJ/3J8CLJJiRHJqh3M5+NTuaxpIpoIJY2wj8CFoJMcCpYKNMM7YsInRAeqzhqCKS2VYy+WGEj53SwV1tXCnAE/X3REKktUMZuk5JoG/nvbH4n9eIoXvRSriKYmCKThd1Y4FB43EguMMNoyCGjhBquLsV0z4xhIKLLeNCCOZfXiTVQj4o5os3Z7nS5SyONDpER+gEBegcldA1KqMKougRPaNX9OY9eS/eu/cxbU15s5l99Afe5w+GEpd3</latexit>

. domain wall

<latexit sha1_base64="bK0UBbN/JuW5HftkzUIPhL6CtF4=">AAACA3icbVDJSgNBEO2JW4xb1JteGoPgxTAjIXoMevEYwSyQhNDT6SRNehm6a9QwBLz4K148KOLVn/Dm39hZDpr4oODxXhVV9cJIcAu+/+2llpZXVtfS65mNza3tnezuXtXq2FBWoVpoUw+JZYIrVgEOgtUjw4gMBauFg6uxX7tjxnKtbmEYsZYkPcW7nBJwUjt70AT2AEnhlGoZ5XFHS8IVvidCjNrZnJ/3J8CLJJiRHJqh3M5+NTuaxpIpoIJY2wj8CFoJMcCpYKNMM7YsInRAeqzhqCKS2VYy+WGEj53SwV1tXCnAE/X3REKktUMZuk5JoG/nvbH4n9eIoXvRSriKYmCKThd1Y4FB43EguMMNoyCGjhBquLsV0z4xhIKLLeNCCOZfXiTVs3xQzBdvCrnS5SyONDpER+gEBegcldA1KqMKougRPaNX9OY9eS/eu/cxbU15s5l99Afe5w+JQJd5</latexit>

4-comp.
<latexit sha1_base64="bK0UBbN/JuW5HftkzUIPhL6CtF4=">AAACA3icbVDJSgNBEO2JW4xb1JteGoPgxTAjIXoMevEYwSyQhNDT6SRNehm6a9QwBLz4K148KOLVn/Dm39hZDpr4oODxXhVV9cJIcAu+/+2llpZXVtfS65mNza3tnezuXtXq2FBWoVpoUw+JZYIrVgEOgtUjw4gMBauFg6uxX7tjxnKtbmEYsZYkPcW7nBJwUjt70AT2AEnhlGoZ5XFHS8IVvidCjNrZnJ/3J8CLJJiRHJqh3M5+NTuaxpIpoIJY2wj8CFoJMcCpYKNMM7YsInRAeqzhqCKS2VYy+WGEj53SwV1tXCnAE/X3REKktUMZuk5JoG/nvbH4n9eIoXvRSriKYmCKThd1Y4FB43EguMMNoyCGjhBquLsV0z4xhIKLLeNCCOZfXiTVs3xQzBdvCrnS5SyONDpER+gEBegcldA1KqMKougRPaNX9OY9eS/eu/cxbU15s5l99Afe5w+JQJd5</latexit>

. domain wall

Figure 1. Two- and four-component domain walls in the valley-

imbalanced quarter metal, determined by the competition between

spin-orbit coupling _soc and intervalley Hund’s coupling �⊥ |=4 |. In

(a), _soc ≫ �⊥ |=4 | the magnetic texture only has two flavors, whereas

in (b), _soc ≪ �⊥ |=4 | allows all four flavors to participate inside the

wall. The curves show the diagonal component of the local spin-

valley order parameter [%̂HF (G)]`` .

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 ( |IVC|(

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 × 4 Hermitian matrix. Exclud-

ing the total charge density, this matrix contains 42 − 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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ca
l
ch
ar
ge

d
en

si
ty

<latexit sha1_base64="d+MluJ4QVfIII2RsQQpyVQjWYhI="></latexit>

ty
n
e
(x
)
(→

10
1
1
cm

→
2
)

<latexit sha1_base64="hZUulH8PcnwlnXhN9hCFGgeAL7o=">AAACFHicbVDJSgNBEO1xjXEb9eilMQiCGGZEosegF48RzQKZEHo6laSxp2forgmGIR/hxV/x4kERrx68+Td2loPbg4LHe1VU1QsTKQx63qczN7+wuLScW8mvrq1vbLpb2zUTp5pDlccy1o2QGZBCQRUFSmgkGlgUSqiHtxdjvz4AbUSsbnCYQCtiPSW6gjO0Uts9DBDuMLtOhDoaMClhOAqC/FSMdQc0TZhmESDoUdsteEVvAvqX+DNSIDNU2u5H0Il5GoFCLpkxTd9LsJUxjYJLGOWD1EDC+C3rQdNSZfeYVjZ5akT3rdKh3VjbUkgn6veJjEXGDKPQdkYM++a3Nxb/85opds9amVBJiqD4dFE3lRRjOk6IdoQGjnJoCeNa2Fsp79sQuM3A5G0I/u+X/5LacdEvFUtXJ4Xy+SyOHNkle+SA+OSUlMklqZAq4eSePJJn8uI8OE/Oq/M2bZ1zZjM75Aec9y9bFJ+p</latexit>

S
p
in
-v
a
ll
ey

<latexit sha1_base64="hZUulH8PcnwlnXhN9hCFGgeAL7o=">AAACFHicbVDJSgNBEO1xjXEb9eilMQiCGGZEosegF48RzQKZEHo6laSxp2forgmGIR/hxV/x4kERrx68+Td2loPbg4LHe1VU1QsTKQx63qczN7+wuLScW8mvrq1vbLpb2zUTp5pDlccy1o2QGZBCQRUFSmgkGlgUSqiHtxdjvz4AbUSsbnCYQCtiPSW6gjO0Uts9DBDuMLtOhDoaMClhOAqC/FSMdQc0TZhmESDoUdsteEVvAvqX+DNSIDNU2u5H0Il5GoFCLpkxTd9LsJUxjYJLGOWD1EDC+C3rQdNSZfeYVjZ5akT3rdKh3VjbUkgn6veJjEXGDKPQdkYM++a3Nxb/85opds9amVBJiqD4dFE3lRRjOk6IdoQGjnJoCeNa2Fsp79sQuM3A5G0I/u+X/5LacdEvFUtXJ4Xy+SyOHNkle+SA+OSUlMklqZAq4eSePJJn8uI8OE/Oq/M2bZ1zZjM75Aec9y9bFJ+p</latexit> o
rd
er

p
a
ra
m
et
er

<latexit sha1_base64="5Au9R6xRsG5Cop/Z5nFV8tFRoYo=">AAAB83icdVDLSsNAFJ34rPVVdelmsAh1EybVxnZXdOOygn1AE8JkOmmHTh7MTKQl9DfcuFDErT/jzr9x0lZQ0QMXDufcy733+AlnUiH0Yaysrq1vbBa2its7u3v7pYPDjoxTQWibxDwWPR9LyllE24opTnuJoDj0Oe364+vc795TIVkc3alpQt0QDyMWMIKVlhzpTRyFU29SmZx5pTIykV1roAZEZg1Z9TlByK5Xz6GlSY4yWKLlld6dQUzSkEaKcCxl30KJcjMsFCOczopOKmmCyRgPaV/TCIdUutn85hk81coABrHQFSk4V79PZDiUchr6ujPEaiR/e7n4l9dPVVB3MxYlqaIRWSwKUg5VDPMA4IAJShSfaoKJYPpWSEZYYKJ0TEUdwten8H/SqZqWbdq3F+Xm1TKOAjgGJ6ACLHAJmuAGtEAbEJCAB/AEno3UeDRejNdF64qxnDkCP2C8fQI3BZHU</latexit>

sxωx(x)

<latexit sha1_base64="LEsmweqx/q75YBbrK6TxwA9jov8=">AAAB83icdVDJSgNBEO1xjXGLevTSGIR4GXpiEpNb0IvHCGaBzDD0dHqSJj0LvYhDyG948aCIV3/Gm39jZxFU9EHB470qquoFKWdSIfRhrayurW9s5rby2zu7e/uFg8OOTLQgtE0SnohegCXlLKZtxRSnvVRQHAWcdoPx1czv3lEhWRLfqiylXoSHMQsZwcpIrvQzV2HtZ6X7M79QRHajgSpOAyK7ilC5XjMEnZfr1Sp0bDRHESzR8gvv7iAhOqKxIhxL2XdQqrwJFooRTqd5V0uaYjLGQ9o3NMYRld5kfvMUnhplAMNEmIoVnKvfJyY4kjKLAtMZYTWSv72Z+JfX1yqsexMWp1rRmCwWhZpDlcBZAHDABCWKZ4ZgIpi5FZIRFpgoE1PehPD1KfyfdMq2U7NrN5Vi83IZRw4cgxNQAg64AE1wDVqgDQhIwQN4As+Wth6tF+t10bpiLWeOwA9Yb59BXZHb</latexit>

syωy(x)

<latexit sha1_base64="jg0JolDvoREUqAWfhwtoR9thkp8=">AAAB83icdVDLSsNAFJ3UV62vqks3g0Wom5CkNa27ohuXFWwrNCFMppN26OTBzERsQ3/DjQtF3Poz7vwbJ20FFT1w4XDOvdx7j58wKqRhfGiFldW19Y3iZmlre2d3r7x/0BVxyjHp4JjF/NZHgjAakY6kkpHbhBMU+oz0/PFl7vfuCBc0jm7kJCFuiIYRDShGUkmO8KaORKk3rd6feuWKoZ83bevMgoZuGA2rZufEatStGjSVkqMClmh75XdnEOM0JJHEDAnRN41EuhnikmJGZiUnFSRBeIyGpK9ohEIi3Gx+8wyeKGUAg5iriiScq98nMhQKMQl91RkiORK/vVz8y+unMmi6GY2SVJIILxYFKYMyhnkAcEA5wZJNFEGYU3UrxCPEEZYqppIK4etT+D/pWrpp6/Z1vdK6WMZRBEfgGFSBCRqgBa5AG3QABgl4AE/gWUu1R+1Fe120FrTlzCH4Ae3tEzkjkdU=</latexit>

szωz(x)

<latexit sha1_base64="hFm3hL+d0UsbMOWBNlM4CKJXBgc=">AAAB83icbVBNS8NAEJ34WetX1aOXYBE8haRI9SIUvXisYD+gCWWznbRLN5uwu1FKqT/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC1POlHbdb2tldW19Y7OwVdze2d3bLx0cNlWSSYoNmvBEtkOikDOBDc00x3YqkcQhx1Y4vJn6rQeUiiXiXo9SDGLSFyxilGgj+Y9XFaf65CPnXeyWyq7jzmAvEy8nZchR75a+/F5CsxiFppwo1fHcVAdjIjWjHCdFP1OYEjokfewYKkiMKhjPbp7Yp0bp2VEiTQltz9TfE2MSKzWKQ9MZEz1Qi95U/M/rZDq6DMZMpJlGQeeLoozbOrGnAdg9JpFqPjKEUMnMrTYdEEmoNjEVTQje4svLpFlxvKpTvTsv167zOApwDCdwBh5cQA1uoQ4NoJDCM7zCm5VZL9a79TFvXbHymSP4A+vzByerkSI=</latexit>

w = 2.6 ωe

<latexit sha1_base64="GxOA8I/01EF04eSi9lfPYHN9CaA=">AAAB8HicdVDLSgMxFM34rPVVdekmWIS6KZkiY7srunFZwT6kHUomzbShSWZIMtIy9CvcuFDErZ/jzr8x01ZQ0QMXDufcy733BDFn2iD04aysrq1vbOa28ts7u3v7hYPDlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB+Crz2/dUaRbJWzONqS/wULKQEWysdNczOOlPSpOzfqGIysjC82BG3CpyLanVqpVKDbpzC6EiWKLRL7z3BhFJBJWGcKx110Wx8VOsDCOczvK9RNMYkzEe0q6lEguq/XR+8AyeWmUAw0jZkgbO1e8TKRZaT0VgOwU2I/3by8S/vG5iwqqfMhknhkqyWBQmHJoIZt/DAVOUGD61BBPF7K2QjLDCxNiM8jaEr0/h/6RVKbte2bs5L9Yvl3HkwDE4ASXgggtQB9egAZqAAAEewBN4dpTz6Lw4r4vWFWc5cwR+wHn7BLdBkGI=</latexit>

ωx(x)

<latexit sha1_base64="Ii9OTo8xig0ofeOgXW6xgd8cM00=">AAAB8HicdVDLSsNAFJ34rPVVdelmsAh1E5K0pnVXdOOygn1IG8pkOmmHTiZhZiLW0K9w40IRt36OO//GSVtBRQ9cOJxzL/fe48eMSmVZH8bS8srq2npuI7+5tb2zW9jbb8koEZg0ccQi0fGRJIxy0lRUMdKJBUGhz0jbH19kfvuWCEkjfq0mMfFCNOQ0oBgpLd30FEr696W7k36haJlnNdc5daBlWlbVKbsZcaoVpwxtrWQoggUa/cJ7bxDhJCRcYYak7NpWrLwUCUUxI9N8L5EkRniMhqSrKUchkV46O3gKj7UygEEkdHEFZ+r3iRSFUk5CX3eGSI3kby8T//K6iQpqXkp5nCjC8XxRkDCoIph9DwdUEKzYRBOEBdW3QjxCAmGlM8rrEL4+hf+TlmParuleVYr180UcOXAIjkAJ2KAK6uASNEATYBCCB/AEng1hPBovxuu8dclYzByAHzDePgHF85Br</latexit>

ωz(x)

<latexit sha1_base64="lyggor2G0I9m0FAKGLxe2ca4kRY=">AAAB7XicdVDLTgIxFO3gC/GFunTTSExwM+mgjLAjunGJiTwSmJBOKVDpTCdtx4gT/sGNC41x6/+482/sACZq9CQ3OTnn3tx7jx9xpjRCH1ZmaXlldS27ntvY3Nreye/uNZWIJaENIriQbR8ryllIG5ppTtuRpDjwOW3544vUb91SqZgIr/Ukol6AhyEbMIK1kZqqd1+8O+7lC8hGbrmKqhDZZeRUZgQht1I6gY4hKQpggXov/97tCxIHNNSEY6U6Doq0l2CpGeF0muvGikaYjPGQdgwNcUCVl8yuncIjo/ThQEhToYYz9ftEggOlJoFvOgOsR+q3l4p/eZ1YDypewsIo1jQk80WDmEMtYPo67DNJieYTQzCRzNwKyQhLTLQJKGdC+PoU/k+aJdtxbffqtFA7X8SRBQfgEBSBA85ADVyCOmgAAm7AA3gCz5awHq0X63XemrEWM/vgB6y3T4Fnjx0=</latexit>

sz(x)

<latexit sha1_base64="J0j/1Y3xgF8ajRq2n30Rixq8nCA=">AAAB7XicdVDLSgMxFM34rPVVdekmWIS6GTK1re2u6MZlBfuAdiiZNNPGZpIhyUhL6T+4caGIW//HnX9j+hBU9MCFwzn3cu89QcyZNgh9OCura+sbm6mt9PbO7t5+5uCwoWWiCK0TyaVqBVhTzgStG2Y4bcWK4ijgtBkMr2Z+854qzaS4NeOY+hHuCxYygo2VGro7yo3OupkscisVVPAqELlFhPLlkiXoPF8uFqHnojmyYIlaN/Pe6UmSRFQYwrHWbQ/Fxp9gZRjhdJruJJrGmAxxn7YtFTii2p/Mr53CU6v0YCiVLWHgXP0+McGR1uMosJ0RNgP925uJf3ntxIRlf8JEnBgqyGJRmHBoJJy9DntMUWL42BJMFLO3QjLAChNjA0rbEL4+hf+TRt71Sm7pppCtXi7jSIFjcAJywAMXoAquQQ3UAQF34AE8gWdHOo/Oi/O6aF1xljNH4Aect0+FnY8g</latexit>

sx(x)

<latexit sha1_base64="hXfBpbfZgpApKBvmUdT4yDw+aTk=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFchaRodSMU3bisYB/QhDCZ3rZDJw9mJpYS65+4caGIW7/EnX/jtM1CWw9cOJxzL/feEyScSWXb38bK6tr6xmZhq7i9s7u3b5YOmjJOBYUGjXks2gGRwFkEDcUUh3YigIQBh1YwvJn6rQcQksXRvRon4IWkH7Eeo0RpyTdLI99VJL2qWOdPLnDug2+WbcueAS8TJydllKPum19uN6ZpCJGinEjZcexEeRkRilEOk6KbSkgIHZI+dDSNSAjSy2anT/CJVrq4FwtdkcIz9fdERkIpx2GgO0OiBnLRm4r/eZ1U9S69jEVJqiCi80W9lGMV42kOuMsEUMXHmhAqmL4V0wERhCqdVlGH4Cy+vEyaFcupWtW7s3LtOo+jgI7QMTpFDrpANXSL6qiBKBqhZ/SK3oxH48V4Nz7mrStGPnOI/sD4/AGDPJOJ</latexit>

wω = 2.5 ωe
<latexit sha1_base64="T1QfUK7qUUrC5ZDovQxZczuLd2Y=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU0isVC9C0YvHCvYD2hg220m7dLMJuxtLKfV3ePGgiFf/izf/jds2B219MPB4b4aZeUHCmdKO823lVlbX1jfym4Wt7Z3dveL+QUPFqaRQpzGPZSsgCjgTUNdMc2glEkgUcGgGg5up33wEqVgs7vUoAS8iPcFCRok20sPQV1dlu/zUAc598Islx3ZmwMvEzUgJZaj5xa9ON6ZpBEJTTpRqu06ivTGRmlEOk0InVZAQOiA9aBsqSATKG8+unuATo3RxGEtTQuOZ+ntiTCKlRlFgOiOi+2rRm4r/ee1Uh5femIkk1SDofFGYcqxjPI0Ad5kEqvnIEEIlM7di2ieSUG2CKpgQ3MWXl0njzHYrduXuvFS9zuLIoyN0jE6Riy5QFd2iGqojiiR6Rq/ozRpaL9a79TFvzVnZzCH6A+vzB7c3kgY=</latexit>

ws = 3.3 ωe<latexit sha1_base64="hZUulH8PcnwlnXhN9hCFGgeAL7o=">AAACFHicbVDJSgNBEO1xjXEb9eilMQiCGGZEosegF48RzQKZEHo6laSxp2forgmGIR/hxV/x4kERrx68+Td2loPbg4LHe1VU1QsTKQx63qczN7+wuLScW8mvrq1vbLpb2zUTp5pDlccy1o2QGZBCQRUFSmgkGlgUSqiHtxdjvz4AbUSsbnCYQCtiPSW6gjO0Uts9DBDuMLtOhDoaMClhOAqC/FSMdQc0TZhmESDoUdsteEVvAvqX+DNSIDNU2u5H0Il5GoFCLpkxTd9LsJUxjYJLGOWD1EDC+C3rQdNSZfeYVjZ5akT3rdKh3VjbUkgn6veJjEXGDKPQdkYM++a3Nxb/85opds9amVBJiqD4dFE3lRRjOk6IdoQGjnJoCeNa2Fsp79sQuM3A5G0I/u+X/5LacdEvFUtXJ4Xy+SyOHNkle+SA+OSUlMklqZAq4eSePJJn8uI8OE/Oq/M2bZ1zZjM75Aec9y9bFJ+p</latexit>

S
p
in
-v
a
ll
ey

<latexit sha1_base64="hZUulH8PcnwlnXhN9hCFGgeAL7o=">AAACFHicbVDJSgNBEO1xjXEb9eilMQiCGGZEosegF48RzQKZEHo6laSxp2forgmGIR/hxV/x4kERrx68+Td2loPbg4LHe1VU1QsTKQx63qczN7+wuLScW8mvrq1vbLpb2zUTp5pDlccy1o2QGZBCQRUFSmgkGlgUSqiHtxdjvz4AbUSsbnCYQCtiPSW6gjO0Uts9DBDuMLtOhDoaMClhOAqC/FSMdQc0TZhmESDoUdsteEVvAvqX+DNSIDNU2u5H0Il5GoFCLpkxTd9LsJUxjYJLGOWD1EDC+C3rQdNSZfeYVjZ5akT3rdKh3VjbUkgn6veJjEXGDKPQdkYM++a3Nxb/85opds9amVBJiqD4dFE3lRRjOk6IdoQGjnJoCeNa2Fsp79sQuM3A5G0I/u+X/5LacdEvFUtXJ4Xy+SyOHNkle+SA+OSUlMklqZAq4eSePJJn8uI8OE/Oq/M2bZ1zZjM75Aec9y9bFJ+p</latexit> o
rd
er

p
a
ra
m
et
er

<latexit sha1_base64="Z0npWLMsQ+MzF7hWf3XnvBqLjhs=">AAACB3icbZA7SwNBFIVn4yvGV9RSkMUgxMKwKxItgzaWEcwDsssyO7lJhsw+mLkrCUtS2fhXbCwUsfUv2PlvnDwKjR4YOJxzL8P9/FhwhZb1ZWSWlldW17LruY3Nre2d/O5eXUWJZFBjkYhk06cKBA+hhhwFNGMJNPAFNPz+9aRv3INUPArvcBiDG9BuyDucUdSRlz90EAaYViPFJ8FoPDgdeNa46IAQHpx4+YJVsqYy/xp7bgpkrqqX/3TaEUsCCJEJqlTLtmJ0UyqRMwGjnJMoiCnr0y60tA1pAMpNp3eMzGOdtM1OJPUL0ZymPzdSGig1DHw9GVDsqcVuEv7XtRLsXLopD+MEIWSzjzqJMDEyJ1DMNpfAUAy1oUxqEsxkPSopQ40upyHYiyf/NfWzkl0ulW/PC5WrOY4sOSBHpEhsckEq5IZUSY0w8kCeyAt5NR6NZ+PNeJ+NZoz5zj75JePjG2h8maY=</latexit>

Position x→ x0 (ωe)

<latexit sha1_base64="iWL8aDeR/nKqye731SEYnwUTlR8=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoMQL2E2yJrcgl48RjAPSMIyO5kkQ2Z3lpleSVjyGV48KOLVr/Hm3zh5CCpa0FBUddPdFcRSGCDkw8msrW9sbmW3czu7e/sH+cOjplGJZrzBlFS6HVDDpYh4AwRI3o41p2EgeSsYX8/91j3XRqjoDqYx74V0GImBYBSs1OkCTfxJceKTcz9fICVi4Xl4TtwKcS2pVivlchW7C4uQAlqh7uffu33FkpBHwCQ1puOSGHop1SCY5LNcNzE8pmxMh7xjaURDbnrp4uQZPrNKHw+UthUBXqjfJ1IaGjMNA9sZUhiZ395c/MvrJDCo9FIRxQnwiC0XDRKJQeH5/7gvNGcgp5ZQpoW9FbMR1ZSBTSlnQ/j6FP9PmuWS65W824tC7WoVRxadoFNURC66RDV0g+qogRhS6AE9oWcHnEfnxXldtmac1cwx+gHn7RPhHpEF</latexit>

ωx(x0)

<latexit sha1_base64="3HcJuncjQGGuPX/EankXnjG4Jps=">AAAB73icdVDLSgMxFM34rPVVdekmWIS6GTK1re2u6MZlBfuAdhgyaaYNzWTGJCMtQ3/CjQtF3Po77vwb04egogcuHM65l3vv8WPOlEbow1pZXVvf2MxsZbd3dvf2cweHLRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW37o6uZ376nUrFI3OpJTN0QDwQLGMHaSB3ljQtjD515uTyyazVUcmoQ2WWEitWKIei8WC2XoWOjOfJgiYaXe+/1I5KEVGjCsVJdB8XaTbHUjHA6zfYSRWNMRnhAu4YKHFLlpvN7p/DUKH0YRNKU0HCufp9IcajUJPRNZ4j1UP32ZuJfXjfRQdVNmYgTTQVZLAoSDnUEZ8/DPpOUaD4xBBPJzK2QDLHERJuIsiaEr0/h/6RVtJ2KXbkp5euXyzgy4BicgAJwwAWog2vQAE1AAAcP4Ak8W3fWo/VivS5aV6zlzBH4AevtE60Ij8M=</latexit>

sx(x0)

<latexit sha1_base64="0thG28VrxXAt0ykWay+fiXvAf98=">AAACDHicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BPXgzgnlAsoTZ2U4yZPbBTK8YlnyAF3/FiwdFvPoB3vwbJ8keNLFgoLq6i54uL5ZCo21/W7ml5ZXVtfx6YWNza3unuLvX0FGiONR5JCPV8pgGKUKoo0AJrVgBCzwJTW94Oek370FpEYV3OIrBDVg/FD3BGRqpWyx1EB4wvVE+KBozxQJAwxjSqyblEJpibKbssj0FXSRORkokQ61b/Or4EU8CY+eSad127BjdlCkUXMK40Ek0xIwPWR/ahoZmqXbT6TFjemQUn/YiZV6IdKr+dqQs0HoUeGYyYDjQ872J+F+vnWDv3E1FGCcIIZ8t6iWSYkQnyVBfKOAoR4YwroT5K+UDkwg3GeiCCcGZP3mRNE7KTqVcuT0tVS+yOPLkgBySY+KQM1Il16RG6oSTR/JMXsmb9WS9WO/Wx2w0Z2WeffIH1ucPoGebWw==</latexit> O
rd
er

p
a
ra
m
et
er

<latexit sha1_base64="0thG28VrxXAt0ykWay+fiXvAf98=">AAACDHicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BPXgzgnlAsoTZ2U4yZPbBTK8YlnyAF3/FiwdFvPoB3vwbJ8keNLFgoLq6i54uL5ZCo21/W7ml5ZXVtfx6YWNza3unuLvX0FGiONR5JCPV8pgGKUKoo0AJrVgBCzwJTW94Oek370FpEYV3OIrBDVg/FD3BGRqpWyx1EB4wvVE+KBozxQJAwxjSqyblEJpibKbssj0FXSRORkokQ61b/Or4EU8CY+eSad127BjdlCkUXMK40Ek0xIwPWR/ahoZmqXbT6TFjemQUn/YiZV6IdKr+dqQs0HoUeGYyYDjQ872J+F+vnWDv3E1FGCcIIZ8t6iWSYkQnyVBfKOAoR4YwroT5K+UDkwg3GeiCCcGZP3mRNE7KTqVcuT0tVS+yOPLkgBySY+KQM1Il16RG6oSTR/JMXsmb9WS9WO/Wx2w0Z2WeffIH1ucPoGebWw==</latexit>

er
a
t
D
W

ce
n
te
r

<latexit sha1_base64="Z0npWLMsQ+MzF7hWf3XnvBqLjhs=">AAACB3icbZA7SwNBFIVn4yvGV9RSkMUgxMKwKxItgzaWEcwDsssyO7lJhsw+mLkrCUtS2fhXbCwUsfUv2PlvnDwKjR4YOJxzL8P9/FhwhZb1ZWSWlldW17LruY3Nre2d/O5eXUWJZFBjkYhk06cKBA+hhhwFNGMJNPAFNPz+9aRv3INUPArvcBiDG9BuyDucUdSRlz90EAaYViPFJ8FoPDgdeNa46IAQHpx4+YJVsqYy/xp7bgpkrqqX/3TaEUsCCJEJqlTLtmJ0UyqRMwGjnJMoiCnr0y60tA1pAMpNp3eMzGOdtM1OJPUL0ZymPzdSGig1DHw9GVDsqcVuEv7XtRLsXLopD+MEIWSzjzqJMDEyJ1DMNpfAUAy1oUxqEsxkPSopQ40upyHYiyf/NfWzkl0ulW/PC5WrOY4sOSBHpEhsckEq5IZUSY0w8kCeyAt5NR6NZ+PNeJ+NZoz5zj75JePjG2h8maY=</latexit>
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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 �⊥ = 0 centered at G = G0. (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 BIgI (G) = 1 throughout the space. The characteristic length

scale is the average hole spacing, ℓ4 = 1/
√

c |=4 | ≈ 20 nm, and the domain-wall width | = 2.6 ℓ4 is indicated by the vertical dash-dotted lines.

(c) Corresponding local charge density =4 (G), showing only a weak redistribution of charge across the domain wall. The horizontal dashed line

indicates the average charge density =4. (d,e) Spin–valley texture of the four-component domain wall at �⊥ |=4 |/_soc = 13.5 shows intervalley

coherence (gG) and transverse spin polarization (BG) develop near the domain-wall center, partially releasing spin–valley locking (BIgI < 1) and

producing distinct spin and valley domain-wall widths. The spin and valley widths are |B = 3.3 ℓ4 (dotted lines) and |g = 2.5 ℓ4(dash-dotted

lines), respectively. (f) BG (G0) and gG (G0) at the domain wall center continuously grow beyond a critical coupling �∗⊥ |=4 |/_soc ≈ 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 G while translational symmetry is preserved along

~. To solve the problem numerically, periodic boundary condi-

tions are imposed along the G direction, such that the magnetic

supercell forms a closed ring of circumference !. The peri-

odic geometry therefore contains two equivalent domain walls

separating the two degenerate bulk ferromagnetic states, with

reciprocal vectors � = 2c</!. The in-plane coordinate axes

are defined by taking eG and e~ to be parallel and perpendic-

ular, respectively, to the graphene Dirac-point momentum Q

measured from the Γ point. In this basis, the self-consistent

Hartree–Fock (HF) Hamiltonian is

�MF
�U,�′V (:~) = X��′

[

�̂SWMc
UV (�eG + :~e~) + �̂

SOC
UV

]

+ Σ
HF,C
�U,�′V

(:~) + Σ
HF,Hund
�U,�′V

, (1)

where U, V collectively label the spin (B), valley (g), layer (;),

and the A/B sublattice (f) 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  ↑

and  ′ ↓. 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 b ∼
√

dB/K,

where dB is the spin-valley stiffness and K is the magnetic

anisotropy energy, both extracted from constrained uniform

HF calculations [28].

The converged eigenvalues and eigenvectors,

�MF
�U,�′V (:~)I=�′V (:~) = E= (:~)I=�U (:~), (2)

determine the one-body density matrix d̂(:~) =
∑

= =� (E= (:~)) |I= (:~)⟩⟨I= (:~) |. To isolate the spin-valley

order carried by the doped electrons, we define the doped-

carrier density matrix ˆ̃d by restricting the band sum in d̂ to the



3

single-particle states of those doped carriers:

d̃�U,�′V (:~) =
∑

=∈D(:~ )

=�
(

E= (:~)
)

I=�U (:~)I
∗
=�′V (:~).

(3)

Here D(:~) 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 G and

tracing over the layer and sublattice degrees of freedom gives

the normalized local spin-valley order parameter

[%̂HF (G)]`a =
1

=4 (G)!

∫

3:~

(2c)

∑

�,�′

∑

0

d̃�`0,�′a0 (:~)4
8 (�−�′ )G , (4)

where 0 ≡ (;, f) runs through all the sublattices and =4 (G) is

the doped local charge density such that Tr %̂HF (G) = 1. Here,

`, a ∈ { ↑,  ′ ↑,  ↓,  ′ ↓}. The diagonal elements of %̂

give the local occupations of the four spin-valley flavors, as

shown in Fig. 1, and the local spin-valley order parameters are

B8g9 (G) = Tr
[

%̂HF (G) B̂8 ĝ9
]

. (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, _soc ≫ �⊥ |=4 |, spin and valley

remain locked throughout the wall. The texture is confined

to the two-dimensional subspace favored by spin-orbit cou-

pling,  ↑ and  ′ ↓. As shown in Figs. 2(a) and 2(b), the

spin-orbit locking condition BIgI (G) = 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, �⊥ |=4 | ≫ _soc. 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,  ↓ and  ′ ↑. The resulting spin-valley

texture is shown in Figs. 2(d) and (e). The reduction of BIgI (G)

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

BG (G) and intervalley coherence gG (G). 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 �∗⊥ |=4 |/_soc ∼ 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].

�%3 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 |k(G)⟩, or equivalently by the rank-one

projector

%̂(G) = |k(G)⟩⟨k(G) |, %̂2
= %̂, Tr %̂ = 1, (6)

whose order-parameter manifold is �%3. We test this de-

scription using the reduced spin-valley density matrix %̂HF(G)

obtained from the microscopic HF solution. As shown in

Fig. 3(a), %̂HF is nearly idempotent in the bulk but becomes

mixed inside the domain wall, as diagnosed by the finite

value of Tr
(

%̂HF − %̂2
HF

)

. Microscopically, this arises be-

cause the intervalley coherence and layer-sublattice degrees

of freedom become entangled inside the domain wall. The

�%3 theory therefore captures the qualitative spin-valley tex-

ture but not the full microscopic quasiparticle wavefunctions.

For example, the idealized �%3 texture would have predicted

|BGgG (G0) | = |B~g~ (G0) | = 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

('GG ≪ ℎ/42) 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)2, 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 ( |# |( 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
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Position x (ωe)

<latexit sha1_base64="puST7FvTuQam7th2vwinufMIYAs="></latexit> P
ro
b
ab

il
it
y
d
en
si
ty

|ω
n
,K

→
(x
)|
2

<latexit sha1_base64="lKatvZYrgEw3xraC4vdNFqfFRf8=">AAACAHicdVA9SwNBEN3zM8avqIWFzWIQrMLlool2QS0EGwVjhFwIe5u9uGRv99idU8MRC/+KjYUitv4MO/+NexpBRR8MPN6bYWZeEAtuwHXfnLHxicmp6dxMfnZufmGxsLR8ZlSiKWtQJZQ+D4hhgkvWAA6CnceakSgQrBn09zO/ecm04UqewiBm7Yj0JA85JWClTmH1yE9iorW6uvGBXUN6oCLC5bBTKLql3Z2qt+1ht+S6Na9SzYhX2/IquGyVDEU0wnGn8Op3FU0iJoEKYkyr7MbQTokGTgUb5v3EsJjQPumxlqWSRMy0048HhnjDKl0cKm1LAv5Qv0+kJDJmEAW2MyJwYX57mfiX10og3GmnXMYJMEk/F4WJwKBwlgbucs0oiIElhGpub8X0gmhCwWaWtyF8fYr/J2deqVwtVU+2ivW9URw5tIbW0SYqoxqqo0N0jBqIoiG6Qw/o0bl17p0n5/mzdcwZzaygH3Be3gFGSJeG</latexit>

K → Domain
<latexit sha1_base64="C+D0v/eZvgHrkOcrvodJAZTbTO8=">AAACA3icdVDLSgMxFM3UV62vqjvdBIvoqswUqe2uqAvBTQX7gLaUTJq2wUwyJHfUMlTc+CtuXCji1p9w59+YPgQVPXDhcM69yb3HDwU34LofTmJmdm5+IbmYWlpeWV1Lr29UjYo0ZRWqhNJ1nxgmuGQV4CBYPdSMBL5gNf/yeOTXrpg2XMkLGISsFZCe5F1OCVipnd4622t21LUkWqvr2yawG4hPVEC4HLbTGTfrWuTzeES8gutZUiwWcrki9saW62bQFOV2+t0+RaOASaCCGNPw3BBaMdHAqWDDVDMyLCT0kvRYw1JJAmZa8fiGId61Sgd3lbYlAY/V7xMxCYwZBL7tDAj0zW9vJP7lNSLoFloxl2EETNLJR91IYFB4FAjucM0oiIElhGpud8W0TzShYGNL2RC+LsX/k2ou6+Wz+fODTOloGkcSbaMdtI88dIhK6BSVUQVRdIce0BN6du6dR+fFeZ20JpzpzCb6AeftEzwzmJc=</latexit>

K
→ → Domain

<latexit sha1_base64="C+D0v/eZvgHrkOcrvodJAZTbTO8=">AAACA3icdVDLSgMxFM3UV62vqjvdBIvoqswUqe2uqAvBTQX7gLaUTJq2wUwyJHfUMlTc+CtuXCji1p9w59+YPgQVPXDhcM69yb3HDwU34LofTmJmdm5+IbmYWlpeWV1Lr29UjYo0ZRWqhNJ1nxgmuGQV4CBYPdSMBL5gNf/yeOTXrpg2XMkLGISsFZCe5F1OCVipnd4622t21LUkWqvr2yawG4hPVEC4HLbTGTfrWuTzeES8gutZUiwWcrki9saW62bQFOV2+t0+RaOASaCCGNPw3BBaMdHAqWDDVDMyLCT0kvRYw1JJAmZa8fiGId61Sgd3lbYlAY/V7xMxCYwZBL7tDAj0zW9vJP7lNSLoFloxl2EETNLJR91IYFB4FAjucM0oiIElhGpud8W0TzShYGNL2RC+LsX/k2ou6+Wz+fODTOloGkcSbaMdtI88dIhK6BSVUQVRdIce0BN6du6dR+fFeZ20JpzpzCb6AeftEzwzmJc=</latexit>

K
→ → Domain

<latexit sha1_base64="2mfovkgD5KTlEg0+C1WKuNHg6EQ=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi1WXRjcsK9gFtKDeTSTt0MgkzE6GEfoQbF4q49Xvc+TdO2yy0emDgcM65zL0nSAXXxnW/nNLa+sbmVnm7srO7t39QPTzq6CRTlLVpIhLVC1AzwSVrG24E66WKYRwI1g0mt3O/+8iU5ol8MNOU+TGOJI84RWOl7kDYaIjDas2tuwuQv8QrSA0KtIbVz0GY0Cxm0lCBWvc9NzV+jspwKtisMsg0S5FOcMT6lkqMmfbzxbozcmaVkESJsk8aslB/TuQYaz2NA5uM0Yz1qjcX//P6mYmu/ZzLNDNM0uVHUSaIScj8dhJyxagRU0uQKm53JXSMCqmxDVVsCd7qyX9J56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGChN4ghd4dVLn2Xlz3pfRklPMHMMvOB/fQFePiA==</latexit>

ω

<latexit sha1_base64="eLCxZI66IkTe0KIJAW2W/G4MmA8=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxYOHCvYD0lA22027dLMbdjdCCfkZXjwo4tVf481/47bNQVsfDDzem2FmXphwpo3rfjtr6xubW9ulnfLu3v7BYeXouKNlqghtE8ml6oVYU84EbRtmOO0liuI45LQbTm5nfveJKs2keDTThAYxHgkWMYKNlfx+pDDJ7vOsng8qVbfmzoFWiVeQKhRoDSpf/aEkaUyFIRxr7XtuYoIMK8MIp3m5n2qaYDLBI+pbKnBMdZDNT87RuVWGKJLKljBorv6eyHCs9TQObWeMzVgvezPxP89PTXQdZEwkqaGCLBZFKUdGotn/aMgUJYZPLcFEMXsrImNsUzA2pbINwVt+eZV06jWvUWs8XFabN0UcJTiFM7gAD66gCXfQgjYQkPAMr/DmGOfFeXc+Fq1rTjFzAn/gfP4AZiqRWQ==</latexit>

L

2

<latexit sha1_base64="PCyLJLly3CdCqQeA8ze/C1hVrX4=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVzUpUt0IRV24rGAf0IRyM5m0QycPZyZCCQV/xY0LRdz6He78G6dtFtp6YOBwzj3cO8dLOJPKsr6NwtLyyupacb20sbm1vWPu7rVknApCmyTmseh4IClnEW0qpjjtJIJC6HHa9obXE7/9SIVkcXSvRgl1Q+hHLGAElJZ65oFzQ7kC/HBZdRJ26nAd9aFnlq2KNQVeJHZOyihHo2d+OX5M0pBGinCQsmtbiXIzEIoRTsclJ5U0ATKEPu1qGkFIpZtNzx/jY634OIiFfpHCU/V3IoNQylHo6ckQ1EDOexPxP6+bquDCzViUpIpGZLYoSDlWMZ50gX0mKFF8pAkQwfStmAxAAFG6sZIuwZ7/8iJpVSt2rVK7OyvXr/I6iugQHaETZKNzVEe3qIGaiKAMPaNX9GY8GS/Gu/ExGy0YeWYf/YHx+QMQ45Tv</latexit>

!q = 2ω/ε

<latexit sha1_base64="Z0npWLMsQ+MzF7hWf3XnvBqLjhs=">AAACB3icbZA7SwNBFIVn4yvGV9RSkMUgxMKwKxItgzaWEcwDsssyO7lJhsw+mLkrCUtS2fhXbCwUsfUv2PlvnDwKjR4YOJxzL8P9/FhwhZb1ZWSWlldW17LruY3Nre2d/O5eXUWJZFBjkYhk06cKBA+hhhwFNGMJNPAFNPz+9aRv3INUPArvcBiDG9BuyDucUdSRlz90EAaYViPFJ8FoPDgdeNa46IAQHpx4+YJVsqYy/xp7bgpkrqqX/3TaEUsCCJEJqlTLtmJ0UyqRMwGjnJMoiCnr0y60tA1pAMpNp3eMzGOdtM1OJPUL0ZymPzdSGig1DHw9GVDsqcVuEv7XtRLsXLopD+MEIWSzjzqJMDEyJ1DMNpfAUAy1oUxqEsxkPSopQ40upyHYiyf/NfWzkl0ulW/PC5WrOY4sOSBHpEhsckEq5IZUSY0w8kCeyAt5NR6NZ+PNeJ+NZoz5zj75JePjG2h8maY=</latexit>

Position x→ x0 (ωe)

<latexit sha1_base64="GrXR9+YAUaRJum+UhsBKPSySqSU=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LXjxWtB/QLiWbzbah2WSbZIWy9E948aCIV/+ON/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEdokkkvVCbCmnAnaNMxw2kkUxXHAaTsY3c789hNVmknxaCYJ9WM8ECxiBBsrdXqB5GH2MO2XK27VnQOtEi8nFcjR6Je/eqEkaUyFIRxr3fXcxPgZVoYRTqelXqppgskID2jXUoFjqv1sfu8UnVklRJFUtoRBc/X3RIZjrSdxYDtjbIZ62ZuJ/3nd1ETXfsZEkhoqyGJRlHJkJJo9j0KmKDF8YgkmitlbERlihYmxEZVsCN7yy6ukdVH1atXa/WWlfpPHUYQTOIVz8OAK6nAHDWgCAQ7P8Apvzth5cd6dj0VrwclnjuEPnM8fOuuQHQ==</latexit>

S
<latexit sha1_base64="vcIGKyMkJZw+n/J7+BMoQBu3fBg=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LXjxJBfsB7VKy2Wwbmk22SVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZFyScaeO6305hbX1jc6u4XdrZ3ds/KB8etbRMFaFNIrlUnQBrypmgTcMMp51EURwHnLaD0e3Mbz9RpZkUj2aSUD/GA8EiRrCxUqcXSB5m99N+ueJW3TnQKvFyUoEcjX75qxdKksZUGMKx1l3PTYyfYWUY4XRa6qWaJpiM8IB2LRU4ptrP5vdO0ZlVQhRJZUsYNFd/T2Q41noSB7Yzxmaol72Z+J/XTU107WdMJKmhgiwWRSlHRqLZ8yhkihLDJ5Zgopi9FZEhVpgYG1HJhuAtv7xKWhdVr1atPVxW6jd5HEU4gVM4Bw+uoA530IAmEODwDK/w5oydF+fd+Vi0Fpx85hj+wPn8ATNSkBg=</latexit>

N
<latexit sha1_base64="GrXR9+YAUaRJum+UhsBKPSySqSU=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LXjxWtB/QLiWbzbah2WSbZIWy9E948aCIV/+ON/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEdokkkvVCbCmnAnaNMxw2kkUxXHAaTsY3c789hNVmknxaCYJ9WM8ECxiBBsrdXqB5GH2MO2XK27VnQOtEi8nFcjR6Je/eqEkaUyFIRxr3fXcxPgZVoYRTqelXqppgskID2jXUoFjqv1sfu8UnVklRJFUtoRBc/X3RIZjrSdxYDtjbIZ62ZuJ/3nd1ETXfsZEkhoqyGJRlHJkJJo9j0KmKDF8YgkmitlbERlihYmxEZVsCN7yy6ukdVH1atXa/WWlfpPHUYQTOIVz8OAK6nAHDWgCAQ7P8Apvzth5cd6dj0VrwclnjuEPnM8fOuuQHQ==</latexit>

S

<latexit sha1_base64="5MVtH1zxMPdJSJUCqLzV1xkRKSo=">AAACDXicbVC5TgMxEPVyhnAFKGlWBARVtItQoIygQaIJghxSNoq8ziSx8Nore5YQrfIDNPwKDQUI0dLT8Tc4R8H1pJGe3puxZ14YC27Q8z6dmdm5+YXFzFJ2eWV1bT23sVk1KtEMKkwJpeshNSC4hApyFFCPNdAoFFALb85Gfu0WtOFKXuMghmZEu5J3OKNopVZu92I/aKu+pFqrfhBkA4Q7TK+SGDRTsp0wVHrYyuW9gjeG+5f4U5InU5RbuQ/7KEsikMgENabhezE2U6qRMwHDbJAYiCm7oV1oWCppBKaZjq8ZuntWabsdpW1JdMfq94mURsYMotB2RhR75rc3Ev/zGgl2Tpopl3GCINnko04iXFTuKBq3zTUwFANLKNPc7uqyHtWUoQ0wa0Pwf5/8l1QPC36xULw8ypdOp3FkyDbZIQfEJ8ekRM5JmVQII/fkkTyTF+fBeXJenbdJ64wzndkiP+C8fwGMz5yK</latexit>

K
→ →

<latexit sha1_base64="5MVtH1zxMPdJSJUCqLzV1xkRKSo=">AAACDXicbVC5TgMxEPVyhnAFKGlWBARVtItQoIygQaIJghxSNoq8ziSx8Nore5YQrfIDNPwKDQUI0dLT8Tc4R8H1pJGe3puxZ14YC27Q8z6dmdm5+YXFzFJ2eWV1bT23sVk1KtEMKkwJpeshNSC4hApyFFCPNdAoFFALb85Gfu0WtOFKXuMghmZEu5J3OKNopVZu92I/aKu+pFqrfhBkA4Q7TK+SGDRTsp0wVHrYyuW9gjeG+5f4U5InU5RbuQ/7KEsikMgENabhezE2U6qRMwHDbJAYiCm7oV1oWCppBKaZjq8ZuntWabsdpW1JdMfq94mURsYMotB2RhR75rc3Ev/zGgl2Tpopl3GCINnko04iXFTuKBq3zTUwFANLKNPc7uqyHtWUoQ0wa0Pwf5/8l1QPC36xULw8ypdOp3FkyDbZIQfEJ8ekRM5JmVQII/fkkTyTF+fBeXJenbdJ64wzndkiP+C8fwGMz5yK</latexit>

→

Superconductor

<latexit sha1_base64="JB9Z4MC8nPoAVdzPC2jMHTLWB6Y="></latexit>

→↑ | ↓↑

IVC metal

<latexit sha1_base64="JB9Z4MC8nPoAVdzPC2jMHTLWB6Y="></latexit>

|K →↑+ e
iω|K → ↓↑

<latexit sha1_base64="4/wKlbcisQy9gm0wtzbvwFRn3+s=">AAACCnicbVA9SwNBEN2LXzF+nVranAbBKtyJRMugjWAT0aiQC2FvM9Ele7vH7qwajtQ2/hUbC0Vs/QV2/hs3MYVfDwYe780wMy/JBDcYhh9eYWJyanqmOFuam19YXPKXV86MsppBgymh9EVCDQguoYEcBVxkGmiaCDhPegdD//watOFKnmI/g1ZKLyXvckbRSW1//Si2GdVa3cRxKUa4xfzEZqCZkh3LUOlB2y+HlXCE4C+JxqRMxqi3/fe4o5hNQSIT1JhmFGbYyqlGzgQMSrE1kFHWo5fQdFTSFEwrH70yCDad0gm6SruSGIzU7xM5TY3pp4nrTClemd/eUPzPa1rs7rVyLjOLINnXoq4VAapgmEvQ4RoYir4jlGnubg3YFdWUoUuv5EKIfr/8l5xtV6JqpXq8U67tj+MokjWyQbZIRHZJjRySOmkQRu7IA3kiz9699+i9eK9frQVvPLNKfsB7+wSBQJty</latexit>

K →
<latexit sha1_base64="4/wKlbcisQy9gm0wtzbvwFRn3+s=">AAACCnicbVA9SwNBEN2LXzF+nVranAbBKtyJRMugjWAT0aiQC2FvM9Ele7vH7qwajtQ2/hUbC0Vs/QV2/hs3MYVfDwYe780wMy/JBDcYhh9eYWJyanqmOFuam19YXPKXV86MsppBgymh9EVCDQguoYEcBVxkGmiaCDhPegdD//watOFKnmI/g1ZKLyXvckbRSW1//Si2GdVa3cRxKUa4xfzEZqCZkh3LUOlB2y+HlXCE4C+JxqRMxqi3/fe4o5hNQSIT1JhmFGbYyqlGzgQMSrE1kFHWo5fQdFTSFEwrH70yCDad0gm6SruSGIzU7xM5TY3pp4nrTClemd/eUPzPa1rs7rVyLjOLINnXoq4VAapgmEvQ4RoYir4jlGnubg3YFdWUoUuv5EKIfr/8l5xtV6JqpXq8U67tj+MokjWyQbZIRHZJjRySOmkQRu7IA3kiz9699+i9eK9frQVvPLNKfsB7+wSBQJty</latexit>

→

Superconductor

<latexit sha1_base64="5MVtH1zxMPdJSJUCqLzV1xkRKSo=">AAACDXicbVC5TgMxEPVyhnAFKGlWBARVtItQoIygQaIJghxSNoq8ziSx8Nore5YQrfIDNPwKDQUI0dLT8Tc4R8H1pJGe3puxZ14YC27Q8z6dmdm5+YXFzFJ2eWV1bT23sVk1KtEMKkwJpeshNSC4hApyFFCPNdAoFFALb85Gfu0WtOFKXuMghmZEu5J3OKNopVZu92I/aKu+pFqrfhBkA4Q7TK+SGDRTsp0wVHrYyuW9gjeG+5f4U5InU5RbuQ/7KEsikMgENabhezE2U6qRMwHDbJAYiCm7oV1oWCppBKaZjq8ZuntWabsdpW1JdMfq94mURsYMotB2RhR75rc3Ev/zGgl2Tpopl3GCINnko04iXFTuKBq3zTUwFANLKNPc7uqyHtWUoQ0wa0Pwf5/8l1QPC36xULw8ypdOp3FkyDbZIQfEJ8ekRM5JmVQII/fkkTyTF+fBeXJenbdJ64wzndkiP+C8fwGMz5yK</latexit>

K
→ →

<latexit sha1_base64="4/wKlbcisQy9gm0wtzbvwFRn3+s=">AAACCnicbVA9SwNBEN2LXzF+nVranAbBKtyJRMugjWAT0aiQC2FvM9Ele7vH7qwajtQ2/hUbC0Vs/QV2/hs3MYVfDwYe780wMy/JBDcYhh9eYWJyanqmOFuam19YXPKXV86MsppBgymh9EVCDQguoYEcBVxkGmiaCDhPegdD//watOFKnmI/g1ZKLyXvckbRSW1//Si2GdVa3cRxKUa4xfzEZqCZkh3LUOlB2y+HlXCE4C+JxqRMxqi3/fe4o5hNQSIT1JhmFGbYyqlGzgQMSrE1kFHWo5fQdFTSFEwrH70yCDad0gm6SruSGIzU7xM5TY3pp4nrTClemd/eUPzPa1rs7rVyLjOLINnXoq4VAapgmEvQ4RoYir4jlGnubg3YFdWUoUuv5EKIfr/8l5xtV6JqpXq8U67tj+MokjWyQbZIRHZJjRySOmkQRu7IA3kiz9699+i9eK9frQVvPLNKfsB7+wSBQJty</latexit>

K →

<latexit sha1_base64="bpUz6NJZd1BpqhvCy3b7+xB4TbI=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWMV+wFtKJvtpF262YTdjVBC/4EXD4p49R9589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6qGK/VHYr7hxklXg5KUOORr/01RvELI1QGiao1l3PTYyfUWU4Ezgt9lKNCWVjOsSupZJGqP1sfumUnFtlQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NhlwhcyIiSWUKW5vJWxEFWXGhlO0IXjLL6+SVrXi1Sq1+8ty/SaPowCncAYX4MEV1OEOGtAEBiE8wyu8OWPnxXl3Phata04+cwJ/4Hz+AD3sjTA=</latexit>

2e
<latexit sha1_base64="pCXQM6W/qpXEfBy0PrPdGaIb8co=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WPVi8cK9gPaWDabSbt0swm7k2oJ/R9ePCji1f/izX/j9uOgrQ8GHu/NMDPPTwTX6DjfVm5ldW19I79Z2Nre2d0r7h80dJwqBnUWi1i1fKpBcAl15CiglSigkS+g6Q9uJn5zCErzWN7jKAEvoj3JQ84oGumhg/CE2ZUMFMBw3C2WnLIzhb1M3DkpkTlq3eJXJ4hZGoFEJqjWbddJ0MuoQs4EjAudVENC2YD2oG2opBFoL5tePbZPjBLYYaxMSbSn6u+JjEZajyLfdEYU+3rRm4j/ee0Uw0sv4zJJESSbLQpTYWNsTyKwA66AoRgZQpni5lab9amiDE1QBROCu/jyMmmcld1KuXJ3Xqpez+PIkyNyTE6JSy5IldySGqkTRhR5Jq/kzXq0Xqx362PWmrPmM4fkD6zPHx7Nku8=</latexit>

Andreev

<latexit sha1_base64="/acv3EWMTRcx08R3axzbeLwYdXY=">AAAB9HicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6DHoxZNEMA9IljA7mSRD5rHO9AbDku/w4kERr36MN//GSbIHTSxoKKq66e6KYsEt+P63t7K6tr6xmdvKb+/s7u0XDg7rVieGshrVQptmRCwTXLEacBCsGRtGZCRYIxreTP3GiBnLtXqAccxCSfqK9zgl4KSwDewJ0jttJBGTTqHol/wZ8DIJMlJEGaqdwle7q2kimQIqiLWtwI8hTIkBTgWb5NuJZTGhQ9JnLUcVkcyG6ezoCT51Shf3tHGlAM/U3xMpkdaOZeQ6JYGBXfSm4n9eK4HeVZhyFSfAFJ0v6iUCg8bTBHCXG0ZBjB0h1HB3K6YDYggFl1PehRAsvrxM6ueloFwq318UK9dZHDl0jE7QGQrQJaqgW1RFNUTRI3pGr+jNG3kv3rv3MW9d8bKZI/QH3ucPaWySiQ==</latexit>

Normal

<latexit sha1_base64="FMQ07mDyp4bHdDFF/HFT8o3twL0=">AAAB8XicbVDLSgNBEJz1GeMr6tHLYBDiJeyKRI9BLx4jmAcmS5iddJIhs7PLTK8YlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXEEth0HW/nZXVtfWNzdxWfntnd2+/cHDYMFGiOdR5JCPdCpgBKRTUUaCEVqyBhYGEZjC6mfrNR9BGROoexzH4IRso0RecoZUeOghPmJbY2aRbKLpldwa6TLyMFEmGWrfw1elFPAlBIZfMmLbnxuinTKPgEib5TmIgZnzEBtC2VLEQjJ/OLp7QU6v0aD/SthTSmfp7ImWhMeMwsJ0hw6FZ9Kbif147wf6VnwoVJwiKzxf1E0kxotP3aU9o4CjHljCuhb2V8iHTjKMNKW9D8BZfXiaN87JXKVfuLorV6yyOHDkmJ6REPHJJquSW1EidcKLIM3klb45xXpx352PeuuJkM0fkD5zPH1JOkLQ=</latexit>
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Figure 3. (a) Deviation of the microscopic HF spin–valley projector from the pure-state condition, quantified by Tr(%̂HF − %̂
2
HF
). 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

�%3 theory. (b) Schematic of spin–valley-selective scattering across an ( |# |( junction, where time-reversal-related chiral superconductors

are separated by an intervalley-coherent(IVC) normal-metal, ∝ | ↑⟩ + 48 \ | ′ ↓⟩. The IVC region coherently mixes the two valley flavors,

enabling normal reflection and intervalley-assisted Andreev conversion. (c) Probability density |k=, ↑ (G) |
2 of a representative Bloch state at

E= (:~ = 0) − ` = 5.6 meV in the  ↑ domain. The bulk oscillation originates from the interference of two dominant Fourier components

separated by momentum difference Δ@, giving an oscillation wavelength _ = 2c/Δ@.

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 2 into pairs with momentum 2 ′[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 Δ! = |Δ! |4
8q! ,

Δ' = |Δ' |4
8q' formed respectively from electrons in the

 and  ′ valleys. We model the domain-wall as a non-

superconducting intervalley-coherent state with order parame-

ter " ≡ ⟨2†
 
2 ′⟩ = |" |48 \ where \ 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, 2g → 48Ug 2g (g =  ,  ′),

the phases of the three order parameters transform as

(q! , q', \) → (q! + 2U , q' + 2U ′ , \ + U ′ − U ). (7)

Consequently, the Josephson energy can depend on the phases

only through the valley-invariant combination

Φ = i − 2\ , i = q' − q! −
24

ℏ

∫ '

!

A · 3ℓ (8)

To leading harmonic order, the phase-dependent free energy

then takes the form

� = �� + �* = −�� cos(i − 2\) − �* cos(3\), (9)

where �� describes Josephson coupling energy across the do-

main wall and �* is the pinning potential generated by 3-body

Umklapp processes, whose strength is estimated in Ref. [38].

The corresponding Josephson current is

�B =
24

ℏ

m�

mi
= �2 sinΦ, �2 =

24��

ℏ
. (10)

Because \ enters the same invariant phase combination,

Josephson coupling exerts a torque on the intervalley-coherent

phase,

g\ = −
m�

m\
=

ℏ

4
�B − 3�* sin(3\). (11)

The voltage drop across the junction is related to the dynamics

of both phase variables through the Josephson relation,

+ =
ℏ

24
¤i =

ℏ

24

(

¤Φ + 2 ¤\
)

. (12)

This equation implies there are two distinct critical currents.

The first is the usual Josephson critical current, �2 =
24��

ℏ
,

above which Φ starts precessing. The second is the depinning

current of the intervalley-coherent phase, � ′2 =
34�*

ℏ
, above

which \ starts precessing. A fully stationary state therefore

exists only when the applied current � < min(�2, �
′
2). Thus,

for the ( |�+� |( 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 �+ 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
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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 |k ↑ (G) |
2 of a stationary state in a

 ↑ domain bounded by two  ′ ↓ domains shows pronounced

spatial oscillations. These oscillations arise from interference

between the two equal-energy momenta :G,1 and :G,2 shown

in the inset. Their separation, Δ@ = |:G,1 − :G,2 |, determines

the interference wavelength: _ =
2c
Δ@

and #_ ∼ !
2

. Here

!/2 is the length of the  ↑ domain and # is the number of

oscillation periods across it. For the state shown in Fig. 3(c),

# = 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 rhombohedral 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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