Magnetic toroidics and unconventional responses

From toroidal metals to S-type altermagnets and p-wave magnets
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Why magnetic toroidics?

® Strong Hall or ME responses can arise even when the net magnetization M is vanishingly small.
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tiny net M, large AHE signals current-induced magnetization electric-field-induced NDD
S. Nakatsuji et al., Nature 527, 212 (2015) H. Saito et al., J. Phys. Soc. Jpn. 87, 033702 (2018) T. Hayashida et al.,, Adv. Mater. 37, 2414876 (2025)

Need a language beyond ferromagnetism — toroidal and related hidden multipoles



Why magnetic toroidics?

® In compensated magnets, unconventional response follows multipole symmetry—not net M.

1. Symmetry breaking 2. Active multipole 3. Observable response

Which of B, T, or PT is broken? magnetic toroidal dipole / monopole anomalous Hall effect /ME effect

collinear / noncollinear / spin-helical? magnetic octupole / toroidal quadrupole current-induced magnetization

local or global inversion breaking odd-parity spin splitting directional dichroism / nonreciprocal response
Different broken symmetries Once the active multipole is identified, the allowed
activate different multipoles. response channels are strongly constrained.

* Mn3Sn: coplanar AFM — hidden octupole — large AHE with tiny magnetization
e UNiyB: vortex-like order — magnetic toroidal dipole — current-induced magnetization
e C0,Si104: collinear AFM — magnetic toroidal monopole — E-induced toroidal response and NDD

Understanding active multipoles provides a key framework for elucidating unconventional responses.



Magnetic toroidal multipoles as a symmetry language

® Electronic order can be organized by four multipole families distinguished by P and T.
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S. Hayami and H.

Kusunose, J. Phys. Soc. Jpn. 93, 072001 (2024)

broken symmetry typical response
T only anomalous Hall
P only Rashba / Dresselhaus
P+T ME / nonreciprocal

Magnetic toroidal multipoles
are especially useful
when both P and T are broken
in compensated magnets.

N. Spaldin, M. Fiebig, and M. Mostovoy, J. Phys.: Condens. Matter 20, 434203 (2008)
X. Xu, F.-T. Huang, and S.-W. Cheong, J. Phys.: Condens. Matter 36, 203002 (2024)



Canonical example: toroidal dipole in a metal

® vortex-like magnetic texture on local P broken sites — magnetic toroidal dipole order

inversion ® inversion
centers S symmetry
broken =
toroidal
£ moment
magnetic .. : : : : : :
Toments S similar magnetic order realized in the partial ordered states in UNi4B

S. A. M. Mentink et al., Phys. Rev. Lett. 73, 1031 (1994)

t ~ r. X S. A. Oyamada et al., J. Phys.: Cond. Matter 19, 145246 (2007)
§ : t t J. Willwater et al., Phys. Rev. B 103, 184426 (2021)

S. Hayami, H. Kusunose, and Y. Motome, Phys. Rev. B 90, 024432 (2014)



Canonical example: toroidal dipole in a metal

® toroidal dipole order — band bottom shift, current-induced magnetization (Edelstein effect),
anisotropic magneto-transport, characteristic ME responses, nonlinear Hall response, ...
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Plan of this talk

® Magnetic toroidal multipoles provide an effective handle for controlling unconventional
responses in compensated magnets. Rather than being merely a characteristic magnetic
texture, it functions as a generator of responses.

O Two interesting extensions of this concept:

& magnetic toroidal monopole and E-induced responses in antiferromagnetic olivines
T breaking collinear AFM + local P breaking — magnetic toroidal monopole
electric-field-induced magnetic toroidal dipole, nonlinear ME responses

& commensurate spin-spiral metal and unconventional AHE
p-wave type odd-parity spin splitting + SOC (P breaking) + magnetic field (T breaking)
— gapped spin nodal lines — spiral-induced AHE



magnetic toroidal monopole and E-induced responses

Y. Kato, T. Hayashida, K. Matsumoto, T. Kimura, and Y. Motome, Phys. Rev. B 113, 094411 (2026)



What is magnetic toroidal monopole?

® “magnetic polar charge”: P-even T-odd scalar

ct. electric monopole (electric charge): P-even T-even
magnetic monopole (magnetic charge): P-odd T-odd
electric toroidal monopole (chirality): P-odd T-even

® It can couple to both an electric field E (P-odd
and T-even) and a magnetic toroidal moment t

(P-odd and T-odd).

= Free energy includes aterm ~ Ty E - t

T}, : magnetic toroidal monopole

In the presence of Ty, E can induce t.
(electro-toroidic effect)
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S. Hayami and H. Kusunose, J. Phys. Soc. Jpn. 93, 072001 (2024)



Electro-toroidic eftect in C0,Si1Ou4

® AFM olivine Co,S104 exhibits nonreciprocal directional dichroism (NDD) in an applied E.

Unpolarized light

E-induced NDD
a=a,+Aa=a,+ f(k-E)
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T-broken antiferromagnet
(magnetic point group mmm,
which allows a finite Ty)

Voltage (V)
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T. Hayashida et al., Adv. Mater. 37, 2414876 (2025)

suggesting an E-induced magnetic toroidal dipole from a magnetic toroidal monopole
— Ticroscopic origin?



Model

® two Co sites in the unit cell
» Col: local P preserved, 1D zigzag chain of edge-sharing CoOg¢, non-collinear AFM

» Co02: local P broken, 2D square-like lattice of corner-sharing CoOs, collinear AFM

= spin model for ME-active Co2 sites, assuming the d-p hybridization mechanism

H=J Z Sy - Sy — A Z (Sll?)2 —E - Zpr Pr = Z)Moz(r),u(sr ' éoz(r),u)zéoz(r),u J=1,A=01X, =1

(r,r’) o

T. Arima et al., J. Phys. Soc. Jpn. 76, 073702 (2007)




Magnetic toroidal monopole

® For E=0, a collinear AFM order sets in below Tn: each Co2 site acquires a toroidal moment,
and their spatial arrangement yields a finite scalar toroidal monopole To.

/

inversion
t B center

local toroidal moment: t, = Py X My

K. Kimura and T. Kimura, Phys. Rev. Lett. 132, 036901 (2024)
T. Hayashida et al., Adv. Mater. 37, 2414876 (2025)
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Magnetic toroidal monopole originates from the collinear AFM at local P symmetry broken sites.



® To + E — magnetic toroidal moment: ¢*

E-induced magnetic toroidal moment

- E,, = E(cosB,,,sinfb,,, 0)
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linear ME tensor: diagonal

X 0 0
Xo=10 Xu 0
0 0 X
Xga = Xee = 0.188
Xpp = —3.748

X,, @nd X_.. become identical due to
symmetry and Onsager reciprocity.

H. Schmid, Ferroelectrics 252, 41 (2001); J. Phys.: Condens. Matter 20, 434201 (2008).

E-direction dependence of the
induced toroidal-moment response

The induced toroidal response is highly anisotropic and strongest along the Néel-vector direction,
providing the microscopic understanding of NDD observed in experiments.



Nonlinear ME response via E-induced t

® E-induced t — asymmetric ME tensor —(E)— uniform magnetization m L K.t
N. A. Spaldin, M. Fiebig, and M. Mostovoy, J. Phys.: Condens. Matter 20, 434203 (2008)
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E-induced toroidal moment results in a transverse even-order E-induced magnetization.
This antisymmetric toroidal-type ME effect awaits experimental verification.

NB) magnetic point group mmm: T and PT broken — S-type altermagnet, which allows transverse even-order E-induced M
S.-W. Cheong and F.-T. Huang, npj Quantum Mater. 10, 38 (2025).



commensurate spin-spiral metal and unconventional AHE

S. Okumura, M. M. Moritz, and Y. Motome, preprint (arXiv:2512.14071)
R. Yamada, M. T. Birch, P. R. Baral et al., Nature 646, 837 (2025)



Why spiral magnets?

® Coplanar spiral magnetic textures can activate odd-parity multipoles, including magnetic
toroidal dipoles, within the broader multipole framework.

® Among them, a commensurate spin spiral, which is P-odd but T-even with spatial translation
by magnetic period, can generate odd-parity spin splitting in a metal: p-wave magnet.
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A. B. Hellenes et al., arXiv:2309.01607

Spiral magnets are toroidal-adjacent odd-parity systems — unconventional responses?



p-wave magnets

® Several candidates have been reported: CeNiAsO [A. B. Hellenes et al., arXiv:2309.01607; -

arXiv:2509.07351], Nil» [Q. Song et al., Nature 642, 64 (2025)], and Gd (Ruj-sRhs)4Al12 [R. Yamac
P. R. Baral et al., Nature 646, 837 (2025)].

® An unconventional AHE was reported in Gd(Ru;-sRhs)4Al».

. Zhou et al.,
a, M. T. Birch,
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R. Yamada, M. T. Birch, P. R. Baral et al., Nature 646, 837 (2025)

giant AHE with peculiar field dependence — microscopic origin?



Model

® spin-charge coupled model with a commensurate spin spiral cf. B. Brekke et al, Phys. Rev. Lett. 133, 236708 (2024)

H = —1 Z C;SC]'S -+ h.C. _JZC;SO-SS/CZS/ y Sl

(1)s Lss'

—|— ’l)\ Z glj . C;SO-SS’CjS’ —|— h.C.

[7)ss’
(13)ss antisymmetric SOC from P breaking

g1 = —8j1

S, = S?‘B;“ X €, cos Q) + €5sin Q; + me,, Q= Qr+y

yz spiral running along x
pitch L = 4, phase ¢ = n/4



Band structure under spin spiral

® p-wave type spin splitting perpendicular to the spiral plane, forming spin-nodal lines
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Berry curvature and AHE

Berry curvature

spin splitting
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The spiral-induced AHE exhibits distinct M dependence from the conventional AHE and THE.
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® Berry curvature concentrates near the gapped nodal lines, contributing to unconventional AHE.
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Spiral-induced AHE

® low-energy effective model: Hy' = (k2 + k2)o” — pkyo” + Akyo” —mo” =dpo’ +dx - o

f. J. Mitscherli t al., arXiv:2603.09736
= Berry curvature: Qf, = Fe’Fd| 0, d} 0k, dy./(2|dk|?) oo e e, s

The spiral-induced AHE requires finite x, y, z components of the spin polarization, SOC, and M.

helical plane af XY Yz 2T
spin polarization (s1.) (81) (s1)
X M
r oy =z r Yy z r Yy z |
SOC v » The sign of o,, depends not only on
T -+ - - T the signs of SOC and M, but also on
y . o - the spiral chirality, as p changes its

B sign under Q — — Q.

The spiral-induced AHE is highly sensitive to the spiral-plane orientation and the chirality,

providing a robust and universal hallmark of commensurate spin spirals.



Summary and outlook

B take-home messages

» Magnetic toroidics provides a compact language bridging symmetry
breaking and unconventional responses in compensated magnets.

- The canonical toroidal metal shows how odd-parity magnetic order in a metal
directly produces transport and ME responses.

» The same concept extends naturally to

v AFM olivine (S-type altermagnets) — nonlinear ME responses
Y. Kato, T. Hayashida, K. Matsumoto, T. Kimura, and Y. Motome, Phys. Rev. B 113, 094411 (2026)

v spin-spiral magnets (p-wave magnets)— unconventional spin-spiral AHE

S. Okumura, M. M. Moritz, and Y. Motome, preprint (arXiv:2512.14071)
R. Yamada, M. T. Birch, P. R. Baral et al., Nature 646, 837 (2025)

outlook
» impacts of electron correlation and fluctuations beyond mean-field pictures
» connection to unconventional superconductivity
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