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Altermagnetism and anti-altermagnetism
in technicolor

Paolo G. Radaelli
Clarendon Laboratory, University of Oxford

 P.G. Radaelli, “Tensorial approach to altermagnetism”, Phys. Rev. B 110, 214428 (2024).
 P.G. Radaelli & G. Gurung,” Color symmetry and altermagneticlike spin textures in noncollinear
antiferromagnets”, Phys. Rev. B112, 014431 (2025)

Exploring altermagnets and beyond, Mainz 20 to 24 October 2025
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A neutron scatterer view of magnetism (circa 2010)
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Wollan, E. O. & Koehler, W. C. Neutron Diffraction Study of the Magnetic Properties of the Series of Perovskite-Type
Compounds [(1-x) La, xCa]Mn O 3. Phys. Rev. 100, 545-563 (1955).
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Scalar ordering and magnetic groups™

* Just like axial-vector ordering, TRO scalar ordering can ‘described’
by Shubnikov groups.

* For a given magnetic structure, axial and scalar ordering correspond
to different irreps of the parent groups and are therefore associated
with different groups.

* The scalar MPG generally has higher symmetry than the axial MPG.

See talk by Kirill Belashchenko on Wed.

*Heinrich Heesch, On the Structural Theory of Plane Symmetry Groups. Z. Krist. 71 95-102 (1929)
Alex M. Zamorzaev, A. M. (1953). Generalization of the Fedorov groups (PhD) Leningrad State University.
Tavger, B. A. & Zaitsev, V. M. Magnetic Symmetry of Crystals. J. Exptl. Theor. Phys 3, 564-568 (1956).



https://en.wikipedia.org/wiki/Saint_Petersburg_State_University

Altermagnetism — SGs, and “Scalar Shubnikov”

HM:P 42/m n m #136

* MPG describes the rotational part of the =g

c=3.1778

exact symmetry (crystal + magnetic). B=50.000-

¥=90.000°

* MPG also describes the symmetry of the

allowed momentum-space textures
(incl. SOC)

* SG describes the symmetry of the
momentum-space textures in the
absence of SOC (“idealized”).

* Q: What do SGs describe in real space?
A: the SG/SS is the MPG of a “simplified”
magnetic structures in which moments
have been replaced by B&W scalars



4

\

~
. . -
Tensorial expansions
- ./
* Texture in momentum space are naturally described in terms of
Cartesian tensors. For k/-k symmetric textures, the tensor are of

odd rank and totally symmetric in k.

ool = T k...

* One can define an even-rank scalar tensor that is totally symmetric
by the ‘scalar’ Shubnikov or SG, and decompose the full tensor as
follows:

L

(odd) _ 1 Ap(alt) (res)
,a8... LiTaﬁ... + 1,0.. L=S,-55

L May also contain components // L



d-wave 4 g-wave

ky (arb.un.)
o

CoF,

-6 o T '
-6 -4 -2 0 2 4 6
ky (arb.un.)

kx (arb.un.)

Both are altermagnetic, both piezomagnetic[1].

* Non-SOC piezomagnetism * Non-SOC piezomagnetism
from asymmetric exchange (no  forbidden at the lowest order.
SOC, finite T) [2] and g#2 (SOC) ¢ At RT, weak FM, XMCD,

* Xy strain makes sublattices topology....(SOC)
inequivalent.

* Noweak FM/XMCD if
unstrained.

[1] Dzialoshinskii, I. E., J. Exptl. Theor. Phys. 33, 33, 807-808 (1957); A. S. Borovik-Romanov, Sov. Phys. JTP 11, 1088 (1960).
[2] M. Khodas, Sai Mu, I. I. Mazin, K. D. Belashchenko, arXiv:2506.06257 (Cond. Mat.)



Generalisation to non-collinear structures

k endi
PRL 119, 187204 (2017) PHYSICAL REVIEW LETTERS 3 NOVEMBER 2017
Spin-Polarized Current in Noncollinear Antiferromagnets
Jakub Zelezn)",l’4 Yang Zhang,l’2 Claudia Felser,' and Binghai Yan'” Q b :
'Max Planck Institute for Chemical Physics of Solids, 01187 Dresden, Germany b U

*Leibniz Institute for Solid State and Materials Research, 01069 Dresden, Germany
3Department of Condensed Matter Physics, Weizmann Institute of Science, 7610001 Rehovot, Israel e ‘
*Institute of Physics ASCR, 162 53 Praha 6, Czech Republic ‘ 0
(Received 1 February 2017; revised manuscript received 15 May 2017; published 2 November 2017)

c
Noncollinear antiferromagnets, such as Mn3;Sn and Mn;Ir, were recently shown to be analogous to 1 b , b @
ferromagnets in that they have a large anomalous Hall effect. Here we show that these materials are similar ¥ b @
to ferromagnets in another aspect: the charge current in these materials is spin polarized. In addition, we Mnals
3

show that the same mechanism that leads to the spin-polarized current also leads to a transverse spin
current, which has a distinct symmetry and origin from the conventional spin Hall effect. We illustrate the
existence of the spin-polarized current and the transverse spin current by performing ab initio microscopic
calculations and by analyzing the symmetry. We discuss possible applications of these novel spin currents,
such as an antiferromagnetic metallic or tunneling junction.

DOI: 10.1103/PhysRevLett.119.187204

Nakatsuji, S., Kiyohara, N. & Higo, T. Large anomalous Hall effectin a non-collinear antiferromagnet at room
temperature. Nat. 2015 5277577527, 212-215(2015).
Klbler, J. & Felser, C. Non-collinear antiferromagnets and the anomalous Hall effect. Europhys. Lett. 108,

67001 (2014).
Chen, H., Niu, Q. & Macdonald, A. H. Anomalous hall effect arising from noncollinear antiferromagnetism.

Phys. Rev. Lett. 112, 017205 (2014).



Generalisation to non-collinear structures

PRL 119, 187204 (2017)

PHYSICAL REVIEW LETTERS

week ending
3 NOVEMBER 2017
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Generalisation to non-collinear structures

* Symmetry operators in scalar Shubnikov groups (or SG) consist of
ordinary space operation acting on atomic positions, composed with
B/W permutation.

* There is no reason why permutations should be limited to two colours
only.

* Colour Groups (CSFs, CPGs) comprise operators that combine spatial
transformations with permutations. They are well known due to the
Escher drawings, but did not find much use in CMP so far.

* Alternatively, one can also use non-binary SGs, but IMHO CPGs are
simpler and more intuitive.

(odd) (1) A (alt—like) (res)
Ti,a,@... _ ZL?, T(l)aﬁ... + T'i,o:B...
[

Sum over ‘colours’ '






Colour symmetry — procedure

* Replace unique real-space moment directions L; with unique
colours and determine colour symmetry group of the simplified
magnetic structure.

* Construct unique ‘coloured-scalar’ tensors and symmetrise by
the colour symmetry. TR-related colour-anti-colour pairs can be
associated with the same tensor.

* Re-associate each tensor with the corresponding L; vector and re-
assemble the full spin-texture tensor.



Mn;GaN : 3-colour permutation




Mn;GaN

DFT calculations

'5¢ (R3m)

(¢sx), (sy)) 90° rotated
SOC



SOC Without SOC

Radial Tangential

Dotted lines is the fit, Filled is DFT, Blue(Red) is positive(negative)

P.G. Radaelli & G. Gurung Phys. Rev. B112, 014431 (2025)
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Generalisation to anti-altermagnets

odd
Altermagnet Surli = T0% kaks ...
L=S -5 (odd) ~ (alt) (res)
Tfi,a,@... = LzTaﬁ T Ti,aﬁ.

Skl = T oog) kakgksy ...

Anti-altermagnet

T_(e'ue'n,) .
= = Sl X 52 t,afB7...

j’-:(gc;?’;t.'ff?,lt) + T'('res)

lam
ey,
I—Fz

1,a37...




Altermagnets  Anti-altermagnets

By definition Collinear Co-planar
k /-k sym. Symmetric Anti-symmetric
Forbidden
T P
symmetry
Vector/scalar Odd/Even Even/Odd
Tensor rank
Staggered field L=S -5 E =5, X5;
Staggered f.sym | T_gdd, P-even T-even, P-odd




Non-collinear generalisation

r Sum over ‘colours’

° odd ) A(lalt—l1ike res
Altermagnet-like T =Y LT + 10
l

T.(efuen) T(antialt—like)

T'('res)

Anti-altermagnet-like o5 =Y 5 TG ngr 7+ 105
l

L Sum over ‘colours’




CeNiAsO P4/nmm (129) MPG m2m.71’

Textures allowed by MPG
(Rashba)

S,=k, (a kZ+b k+c k,?)
s,=0
s,=k.(a’kZ+b’k2+c’k,?)

NTTx [Collt]

A. B. Hellenes, T. Jungwirth, R. Jaeschke-Ubiergo, et al. (2023), arXiv:2309.01607.
Chakraborty, A. et al. Nat. Commun. 2025 161 16, 1-8 (2025).
Brekke, B., Sukhachov, P., Giil, H. G., Brataas, A. & Linder, Phys. Rev. Lett. 133, 236703 (2024).



Simplified description: bond-centered ordering

A7V AN

o

NZRWZIN
\w \ ;_Jf &

L

\.\.a.r_f \\n
ENEAN7Z
N

SN

O

"y
SINTTINT




/IS

7N

ZIN

Simplified description: bond-centered ordering




Table of tensor components

z X

| -

=k, (a’k2+b’k2+c’k,?)

/4\ &/;\ /1\ &

Anisotropic p-

wave

Shubnikov groups!

I AN AN VNN

L=

/N




Ba,Nb,NiO, P3m (164) MPG: P32.1’

% ‘;
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S. Hayami, Y. Yanagi, and H. Kusunose, Physical Review B 101, 220403 (2020).



Ba,Nb,NiO,  P3m (164)

Table of tensor components

BT P32 37
T m m
TC" 05 . A
5'011 0 o \/\ \
3[0 [0 [0
470 [0 [0
5[0 [0 [0
EO-CHE

Number of independent coefficients: 1 003

0.02
001

S,-k,>-3k 7K,

-0.01

f-wave

-0.02

-0.03



Langasite Ba;NbFe;Si,0O,,

SG: P321 MPG 32.71°

’ Ba2+
@ Nbs+
@ Fed+
® Si++

s,=[2¢45(k 2+ ky2)+ Cas K,°1K, -C45 K, (-3 K2+ ky2)

Anisotropic p-wave +

Marty, K. et al. Phys. Rev. Lett. 101, 247201 (2008).

f-wave

P32 — 32

Table of tensor components
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