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Different types of collinear magnetic order
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o Effect of the crystalline environment (i.e. spin-orbit
coupling) in 3D?

 Response to an external magnetic field; does the
altermagnetic phase survive”?

> topological transition for field directions that
respect mirror symmetries.

[PRB 109, 024404 (2024)]

Turan Birol



Low-energy model

Consider metallic altermagnets, low energies near 1 point.
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H = E 5kCL,ka,s + H; ¢ Sk

component index

1 = 1,...,dimension of irrep

Assume inversion symmetry, no ferromagnetic moment.

Order parameter ®' transforms as time-reversal-odd, even-parity irrep of
centrosymmetric point group.



Point groups and AM order parameters

time reversal X inversion vV

“Pure” altermagnet: no s-wave
component.

[Fernandes, Carvalho, Birol, RP, PRB 2024]
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Point groups and AM order parameters

o (kyks, koks, nkoky)

time reversal X inversion vV

SOC in 3D

'

noncollinear

[Fernandes, Carvalho, Birol, RP, PRB 2024]



Example: perovskites (ABO3)

Oxygen octahedra rotate to accommodate the A atom, leading to a larger unit
cell with orthorhombic symmetry (Pnma). AF becomes AM!

First-principle calculations for orthorhombic crystals show noncollinear
magnetic moments, e.g. GaCrA-.

octahedral
rotations




Dispersion relation and nodal lines

1D representations: Ising-like order parameter & (odd under time reversal).

Spin degeneracy: FE,.(k)=F_(k) < dk)=0

Example: B, representation of Dy

nodal lines |
dk) = (kykrz, kmkz,nkmky) — (0
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Fermi surfaces: F.(k) - AP|d(k)| = Ep

Inner and outer Fermi surfaces touch at pinch points
where the sphere k = kr intercepts the nodal lines.

d(k) = (kyks, koks, nkok,)
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Spin polarization rotates along a
path in the plane perpendicular
to the nodal line.

Fermi surfaces and spin texture
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Vicinity of the pinch points

Expand Hamiltonian around a given pinch point:

k=Fkrx+q q| < kp

Hq — Uan;O'O + APk R (QZUy T 77Qy0-z)

kz 0 ! 0.04

Nontrivial Berry phase around nodal line.

Cf. effective Hamiltonian for type-ll Weyl semimetals.

[Soluyanov, Gresch, Wang, Wu, Troyer, Dai, Bernevig, Nature 2015]




Robustness of nodal structure

Characterize phase by momentum-dependent spin splitting:
AFE(k)=F, (k) — F_(k) x |[d(k)]

d(k) =0 = 3 nonlinear equations for 3 components of k

Robust against perturbations”? Equivalent to asking . 7
about stability of the nodal manifold in

Hint(k) = —A0d(k) - o

Related to classification of gapless topological phases.

[Review: Chiu, Teo, Schnyder, Ryu, RMP 2016]




Symmetry-protected nodal lines

Considering only non-spatial symmetries (charge conjugation, time reversal and

chiral symmetry), nodal lines are topologically trivial.
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[Chiu & Schnyder, PRB 2014; Knoll & Timm, PRB 2022]

C =107

C_lHint (—k)C — —Hint (k)

However...



Symmetry-protected nodal lines

Nodal lines belong to mirror planes. Stable against perturbations that respect
mirror symmetry.
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D M7 M7 MZ 0 0 0 2M7Z, 0
R R DIII 0 MZ3° MZ3° MZ 0 0 0 2MZ,
ATl 2M7, 0 M7 M7 MZ 0 0 0
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[Chiu & Schnyder, PRB 2014]



Symmetry-protected nodal lines

Nodal lines belong to mirror planes. Stable against perturbations that respect
mirror symmetry.

FS within mirror plane
off high-sym. point

Topological invariant from

2MZ mirror eigenvalues.



Topological transition induced by magnetic field

Add Zeeman term as a perturbation:

Equivalent to shifting d vector: d(k) = d(k)

AP

d(k) = (ky ke, koks,nk.k,) k= ki

4
plane k., =0 field h = hz
nodal lines: d(k) =0 = |k,k, = ! “,
| ; Y Ay h=0




Topological transition induced by magnetic field

Add Zeeman term as a perturbation:

Equivalent to shifting d vector: d(k) = d(k)

AP

Special case: h perpendicular to mirror plane that contains the nodal line.

d(k) = (kyks, koks, nkok,)

plane k. =0  field h= hz h
nodal lines: d(k) =0 = |k,k, = ! “
| ; Py h >0




Topological transition induced by magnetic field

Add Zeeman term as a perturbation:

Equivalent to shifting d vector: d(k) = d(k)

AP

Special case: h perpendicular to mirror plane that contains the nodal line.

d(k) = (k ks, koks, nkok,) \

plane k., =0 field h = hz

" . "3 h
nodal lines: d(k) =0= |k k, = X \ P bt APk,




Topological transition induced by magnetic field

Pinch points move with increasing magnetic field until they meet. Above critical
field, Fermi surfaces are fully split (FM-like).




Nodal to nodeless transition

Lattice: nodal lines form closed loops that collapse at a critical magnetic field.
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Note: transition can also be driven by strain.

o607 J0.6
. . ,/
sl [110] field -
" % 40.4
0.6f . \,.’ ,'
“ . P , 4
0.4} ”. . e , ‘
AM R ) , ’ F 10.2
0.2 Lt
0 —— ’- o ‘ 2
0 0.5 1.0 1.5 8
h/h,



Another example

Dy, Bl_g . H(k) = exo’ — \O(kZ — kg)aw + 2\Pk k0¥ — APk, k, (kT — 3/@)02’

nodal line: k, = k, = 0

(27 Berry phase)

turn on
h = hx

=




Conclusions

* Altermagnets + SOC in 3D: bands are degenerate along high-symmetry
directions in momentum space (nodal lines).

 Nodal lines of altermagnets can be protected by mirror symmetries.
Magnetic fields that preserve the mirror symmetry drive a topological
transition from nodal to nodeless Zeeman splitting.

Thank you!




