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Ferromagnetism and its core spin physics and electronics INSP/RE 2
AR &
Metallic & spin-split bands Giant magnetoresistance
_ Anomalous Hall effect )
Iron lattice all 1881 Fert & Grunberg
Spin-transfer torque  Nobel Prize 2007
Slonczewski & Berger
Buckley Prize 2013
Electronically & magnetically active Transverse non-dissipative topological Longitudinal large-signal commercial
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Neel's Anti-Ferromagnetism INS Df‘q
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Ferromagnetism Metallic & spin-split bands Electronically & magnetically inert
Iron lattice Iron lattice in fluoride rutile Insulating & spin-degenerate bands
e—& P
: 1[ M
LL]
\
Er 4 . __ i

|- o—¢- ' f|

Néel 1930’s (Nobel Prize 1970) ‘

P parity/inversion  PT transform: PT 4‘( ,k)=4(,
f | ) ) —ef, k=l
| I time symmetry 1 Kramer’s Theorem 1930’s

PT symmetry: PT <( ,k)=¢€( , k)

O p , T | PT
—®- ® —O——@—

Electronically & magnetically active
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"Neel's paradox” INS :/“q
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Nobel lecture on the discovery of antiferromagnetism

_\. ) ——®

“.. 1nteresting but does not appear to have any practical applications..”

Néel come up with the defense against magnetic mines by demagnetizing entire ship hulls during 2"¢ World War

- =
F/ﬁlr\ AN - s

S SR

carrier wrapped in 5 miles of deperming cable.

Why magnets that microscopically, precisely, and for free “"demagnetize” themselves cannot be useful?
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Spintronics without magnetization INS gf‘q:
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Antiferromagnetism
CuMnAs, Mn,Au

2018 Long distance spin
transport
In insulating AFM

2044 |
Ipwse || [100]

1 =1, 111010]

pppppp

& spin-degenerate bands g 2017 Topological
» antiferromagnetic spintronics
2017 Optical manipulation of
2014 Prediction | AFMs via Neel SOT
2015+ Observations f2°15 AFM Dirac physics
I 1[ M' Néel spin-orbit torque STmIons J J J

Antiferromagnetic spintronics
- - - -

Reviews: Nature Phys. Focus ’18, Baltz et al. RMP ’18, Song et al. Nanotech. 18, Siddiqui et al. J. Appl. Phys. 220
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Spintronics INSP/R
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Ferromagnetic

- spin order in direct-space

X stray field capacity limit - net magnetization
- Spin order in recip.-space

X GHz speed W |
| @m

- Reading: Giant (tunneling) magnetoresistance
- Writing: Spin transfer torque

v/ Strong non-relativistic signals

SPINTRONICS RESEARCH O)

VPH E

Antiferromagnetic

- Spin order In direct-space

- N0 net magnetization / no stray field capacity limit
- NO spin order In recip.-space

/ K, \ v THz speed

\/ K, X Weak relativistic signals

The problem Antiferromagnetic spintronics
k / circumvents the problem

exploiting spin-orbit coupling
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What Is the possible solution?

Antiferromagnetic

2 S

- Spin order In direct-space
- N0 net magnetization
- No spin order In recip.-space

C k)

4h
NI

K he problem /

88
| %

- spin order In direct-space
- N0 net magnetization
- spin order In recip.-space (fully compensated)

k The solution /

4

INSP/R
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T-symmetry breaking d-wave spin polarization and anomalous Hall
effect in compensated collinear rutile magnet RuO, INS
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Science Advances 6. eaaz8809 (2020) rwave
Smejkal, Gonzéalez-Hernandez, Jungwirth, Sinova 1 S Y S
DFT in metallic room-T RuO.;: l
S
- Non-relativistic spin-splitting on eV-scale > 0 - Ky - L
comparable to ferromagnets i
- Anomalous Hall effect comparable to 'A\ /A
f ts experimentally confirmed L —
erromagne D Y o - R - : "

SPINTRONICS RESEARCH
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Anomalous Hall effect INSP/R
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jHall — h X E Odd in time axial vector (Onsager relations)

B || [01%01. /| [00101]
Hall vector  h = (02, 042, 0yz) rrre
3 I 11l 0170) ﬂ ianaaalll
For M along high symmetry axis g o<»fm+%,mﬁ.
his parallel to M < y
h~jga X E !
4 05 Bf)m 0.5 1
‘ IrMn
in e ‘°’
prg = RoH, + R M, pg = RoH| + RsM | + par—H
Hall, Phill.Mag. (1681) PAF—H X hy Hua Chen et al., PRL (2014)
Nagaosa, Jo, et al, RMP (2010) Nakatsuji et al., Nature (2015)

Nayak et al., Sci. Adv. (2016)
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Genealogy of Hall effects INS :fq
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The lowest sub-bands v
with broken TRS Fermi level

Spontaneous Hall effect
In collinear antiferromagnetism?

2015 Anomalous Hall effect in

non collinear antiferromagnets

without magnetization
Nakatsuji, Nature (2015)

Felser and Parkin, Sci.Adv.(2016)
2010 without dipolar-magnetic order

Machida, Nature (2010)

2013 Quantum anomalous Hall in
topological insulators

1988 Haldane: quantum Hall

effect without Landau levels 2002 Berry curvature - topological

properties of wave functions
Jungwith et al. PRL (2002), Nagaosa et al., PRL (2002)

1980 Quantum Hgﬂl effect

1879 Hall effect from field , , ,n
1881 Hall effect from _1955f_RoIe of spin-orbit coupled /H
magnetisation mpurities 2 1996 “Topological” Hall effect

1953/58+ Kohn-Luttinger NN J\ without spin-orbit coupling
Microscopically: spin-polarisation and spin-orbit coupling
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Symmetry considerations of AHE in antiferromagnets INSP/RE
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Transposing translational + time

L = M, — M>

1)

tTL =L

tT ol = —JHa = Jjray =0 no AHE

SPINTRONICS RESEARCH

Transposing inversion + time

PTL=1L

£
D)
O
.
O)

7D’Tfl%lall — _;Hall —> ;Hall = 0 no AHE
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Anomalous crystal Hall effect in RuO,

4
INSF/R

T

E 150 2

L e

N . =— (k)b (k)

n Crystal A fBz (27)° & f

% 0 Symrpetry CH Ozz (1’1, 1’1’1) T Umz(na'm)

= i ., breaking Oz = 5

S _____ - SAH _ Ozz(M, M) — 04, (n,-m)

g E ol agngtsation Uwz(na 1’1’1) — _axz(_nv 'm)
_ .

T
~le 0.5
¥>\
2 00 Microscopic mechanism
&
= _
% 05 \ ; Magnitude
A . Vi 103

= 65 00 05 10

Wavenumber k(22 4) &meika

Weak magnetisation

dk :
R Zﬂ:f(k)bz (k)

Relativistic Dzyaloshinskii—

1960s

Moriya interaction

~0.05 B per unit cell

Topological Berry curvature
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The Hall vector, not the magnetization, is the key

Anomalous Hall vector

2018

+ local magnetisation
densities

330 S/cm

Science Advances 6, eaaz8809 (2020)
Gonzalez-Hernandez, Jungwirth, Sinova
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Experimental observation of anomalous crystal Hall effect in RuO2

o

L L
h[llO]/h[HO].max

[110] [001]

HM

[110] [001] [100] [010]

L-AHE+OHE+M-AHE OHE+M-AHE (weak)

G o q 0.50
x —
gl £ 025}
- O
55
=| <= 0.00
e, L
81
“'2'-‘ '5: RuO,/TiO, (110)

-0.25} Relative to the Hall
signal of RuO,/TiO, (001)
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nature electronics 7. 482-496 (2022)
L Feng, Zhou, Smejkal, Wu, Zhu, Guo, Gonzalez

Hernandez, Wang, Yan, Qin, Zhang, Wu,

Chen, Jiang, Sinova, Jungwirth, Zhiqi Liu

Prof. Zhiqi Liu
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AHE in RuO, INSP/R
AHE can be turned on/off by symmetry controlled by the 7 |
reorientation of Neel vector u « ! .
Berry's phase structure is controled by the crystal symmetry [
RUOQ ! g

Band crossings (large Berry’'s phase AHE) are not accidental,
they are imposed by the symmetry of alternating spin-splitting Alternating spin-splitting & zero magnetization

Large AHE conductivities that require no magnetization

AHE can also be controlled by the crystal symmetry — not only
the Neel vector

AHE vector (current) direction is more complex than in

ferromagnets and depends on the magnetic crystal symmetry Met@lc
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D-wave spin polarisation: giant magnetoresistance and spin-splitter torque INS Df?

Strongly polarized current without SOC in a compensated collinear magnet (g2l (67 MR 2D AN 0N M0 2SN 0)2%2)

Smejkal, Birk Hellenes, Gonzalez-Hernandez, Sinova, and Jungwirth

Glant magnetoresistance

Energy (eV)
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Nonrelativistic electrical spin splitter
Unconventional transverse spin-current P "-Splitter torque PHYSICAL REVIEW LETTERS 126, 127701 (2021)

Gonzéalez-Hernandez, Smejkal, Vyborny, Yahagi, Sinova, Jungwirth, Zelezny

SCR 34 deg >> 20 000 SHE materials

Experimental indications: RuO2/NiFe

Bose, Ralph et al. arXiv: 2012.15651, Nat Elec (2022)
Bai et al. arXiv:2109.05933, PRL (2022)
Karube et al., arXiv:2111.07487, PRL (2022)
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Unconventional spin-splitting in collinear compensated magnets INSP/RE
INTERDISCIPLINAg
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Antiferromagnetic
4@@4&# arXiv:1901.00445, Sci. Adv. 6, eaaz8B09 (2020) |
Naka et al. arXiv:1902.02506, Nat. Com. 2019) g:
Ahn et al. arXiv:1902.04436, PRB 99, 18443
Hayami et al. arXiv:1908.08680, J. Phys.Soc. Jap. 88, 123702 (2019)
Yuan et al. arXiv:1912.12689, PRB 102, 014422|(2020)
Samanta et al. arXiv:2002.05393, JAP 127, 213904 (2020)
X - arXiv:2002.07073, PRL 126, 127701 (2021)
Feng, etal. arXiv:2002.08712, Nat. Elec.

Naka et al. arXiv:2004.04578, PRB 102,

20)
- spin or@e'r' ¢hadlirect-spdeey-2008.08532, PR
] n'; ne %tti’éatlon arXiv:2008.10815, PRg/él%ﬁ ﬁzg (ﬁ rect-space

" arxiv:2011.12459, PRBG@3”§5§H@96 )zatlon
- O Sp rké?cr a'@t'EﬁP.C'p @HR6612.15651 - spin order in recip.-space

/ Shao et al. N.’2103.09219, Nat. Com—12;
-k, " ) \

v

SR R (N
" vl
K he problem / k The solution /

el N
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INSP/R
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Altermagnets: 3" distinct spin-symmetry class of collinear magnets

PHYSICAL REVIEW X 12, 031042 (2022) PHYSICAL REVIEW X (Perspective) 12, 040501 (2022)

Smejkal, Sinova, and Jungwirth Smejkal, Sinova, and Jungwirth
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What symmetries delimits the magnetic phases? INS qu
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Ferromagnetism Antiferromagnetism

Direct space

Curie, 1896 Neel, 1930

Spin order " »

Reciprocal space
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Magnetic symmetries? (122 possibilities) INSP/R
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act simultaneously on spins and crystal

H — Hmag + Hrel

¢ Fermi surface in k,-k, plane

[ TICT] )=CaT
/ N\

Intertwines: relativistic effects and exchange effects; collinear and  Spin space Crystal space
noncollinear; ferromagnets and antiferromagnets

Unsuitable to delimit the different phases or identify exchange-driven m'm’m or %=C T ?
physics (e.g. unconventional d-wave or higher even parity magnetism) 4 y

Heesch, Shubnikov, Landau, ...
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Spin symmetries (598 possibilities) INS qu

INTERDISCIPLINARY A\
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act separately in spin and crystal space  Spin group: spin-only x non-trivial spin group

R4IR,] [R4IE] x [R4]IR:]
H = Hunag + H LN
mag rel y \ Fermi surface in k,-k, plane

Spin space  Crystal space

‘ @ ¢ e ¢
4
¢
g
4
e < @
g

[ENIC,] [Co 1 Cy ]

o [Co Il E X{E[CoT]T]] Clcd v

Spin space  Crystal space
Nonmagnetic all PHYSICAL REVIEW X 12, 031042 (2022)
rotations

Smejkal, Sinova, and Jungwirth
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What spin symmetries tell us about non-relativistic band structure of collinear systems INSP/R

4

INTERDISCIPLINARY

&

M = Honeg Il

Spin space  Crystal space

SPINTRONICS RESEARCH

act separately in spin and crystal spaceé  Spin group: spin-only x non-trivial spin group

[R4y[IE] x [R4][R;]

Fermi surface in k,-k, plane

C C ALL non-relativistic band structures
‘ i $ . ? i ‘ i of collinear systems are symmetric,
. / even for systems that break P
¢ & - - ¢ For systems with P:
c ° : “ Apply operation: P 5(1 k) ‘E(t -k)
[ENCy] [Co Il Cy ]
t is a symmetry: P E(t k) = 5(1‘, k)
collinear Apply operation:[C,T|[T] EX k) = £4, &

It is a symmetry:[C,T||T] E(t k) = E(f, k)

Therefore E(f k) = E(f -k)

PHYSICAL REVIEW X 12, 031042 (2022)

Smejkal, Sinova, and Jungwirth
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Spin symmetries delimit the three collinear magnetic orders INSP/RE 2
INTERDISCIPLINAE e
SPINTRONICS RESEARCH O)
Ferromagnetic Antiferromagnetic 1 Altjzrmagnetlc
o—e o— ¢ J/
1. spin order In direct-space 1. spln order In direct-space 1. spin order in dlrect -space
2. net magnetization 2. N0 net magnetization 2. N0 net magnetization
3. spin order in recip.-space 3. no spin order in recip.-space 3. spin order in recip.-space
, , K,
T Ky Ky /# %
N dh k
N NI T
1. broken symmetry: spin-rotation 1. broken symmetry: spin-rotation
1. brok . Spin- | : :
broken symmetry: spin-rotation 2,3. symmetry: 180° spin-rotation 2. symmetry: 180° spin-rotation with PHYSICAL REVIEW X
2,3. broken symmetry: spin-rotation with translation or inversion a crystal-rotation 12, 031042 (2022)
with crystal transformation . .
y | [Col[P or t] 3. broken symmetries: both 180° spin-| ~ Sméjkal, Sinova, ana
Pierre Weiss Louis Neel rotation with translation or inversion Jungwirth
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Altermagnetism INS qu =
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. . . . . AM material  AM spin group AM spin winding AM orbital harmonic
Spin symmetries give a complete classification of LaCuO number
collinear magnetic order: identification of ALUL4jFeSb: | 202n1n® |
altermagnetic materials KRu4Os 24/1m (8) P-2 d-wave
- RUO:, 24lm1mlm (16
La,CuQy4: Parent cuprate of high T MnOz, MnF2 #/Tm1m1m(16) | mmm Planar (kxky)
d-wave superconductor
KMnF3 141m2m2m (16) |  4/m g-wave
0(x/y,kz)
Fermi surface
16/1m2m2m (24) 6/m |_Wave
ba
<
b> CuF2 22/2m (4) 1 d-wave
Fermi surface
L, L,
CrSb: Metallic & Ty > 700 K = CoFs, FeFs, Fe20s 132m (12) Bulk
Sb 3
26/2m (12) g-wave
CrSb MnTe, VNbsSs| 262m2m1m (24) 3m
a; 1m 132m (48) m3 i-Wave
\

PHYSICAL REVIEW X 12, 031042 (2022) Smejkal, Sinova, and Jungwirth \
AM crystallographic group
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ARPES in Altermagnetic RuO, NSP/RE
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A
K
[1 - O]I Magnetic circular dichroism
Intensity MCD
/ 0
S
Q
LT
LL]
-1
M G M G M
Intensity MCD
0
< -
QL
L 4 \
L] ]
B Science Advances 10, eadj4883

Fedchenko,...,Jungwirth, Smejkal, Sinova, Elmers
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Observation of broken time reversal ARPES in altermagnetic MnTe INSP/RE
INTERDISCIPLINAR_Y e
SPINTRONICS RESEARCH O)
Altermagnetic & relativistic
nature E.
Altermagneticlifting of Kramers spin degeneracy ;
J. Krempasky 8, L. Smejkal, S. W. D'Souza, M. Hajlaoui, G. Springholz, K. Uhlifova, F. Alarab, P. C. ,1
Constantinou, V. Strocov, D. Usanov, W. R. Pudelko, R. Gonzalez-Hernandez, A. Birk Hellenes, Z. Jansa, || “ij{/ \,‘\ . / .1‘ \\ .\]\‘f“{'\"“ —
H'. Reichlova, Z Soban, R. D. Gonzalez Betancourt, P. Wadley, J. Sinova, D. Kriegner, J. Minar &, J. H. }r“‘ | hm‘;"ﬁw’-”ml”mm \\\‘\ \w % —2
Dil & T. Jungwirth ™ —_
e Juraj Krempasky = w
29
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Observation of altermagnetic band splitting in CrSb

Altermagnetic ~ CoD QS

g—wave a p-polarization b s-polarization

k 001
—_—

4

INSF/
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SPINTRONICS RESEARCH

1 A1

q

group

Q P Q P Q P
— 1A
altermagnetic altermagnetic ‘ non-magnetic
without SOC with SOC (52 with SOC Symmetrized filtered data Symmetrized filtered data
i \/x:/\ 1 with altermagnetic BS with non-magnetic BS
: 0
/—/ _1
P Q P
Sonka, ...,Smejkal, Klaui, Sinova, Jourdan, Nat. Comm. 15, 2116 (2024)
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Experimental observation of anomalous Hall effect in Mn:Si;,

INSP/R

ad
10 K
0.2 - S0 K
70 K
) 90 K
= 130 K
c .
8 O 190 K
X 300 K
0.2 A
N 4“?’.‘:-:;..
= =2 0 2 4
b Bz (T)

(o))

Viy|[[2-1-10]

Magnetization M (A/m)
o

I
0

B||[0001] j||-1100] _@_ 1 . , ,
-4 -2 0 2
B (T)

H. Reichlova, et al. arXiv: 2012.15651 (2020), Nat. Comm. 2024

4
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SPINTRONICS RESEARCH
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Overview of experiments in altermagnets INSP/R

4

500 meV

Angle resolved photo-emission

Fedchenko, et al., arXiv: 2306.02170,
Sci. Adv. 10, eadj4883 (2024)

Lee et al., arXiv:2308.11180,

PRL 132, 036702 (2024)

Osumi et al. arXiv: 2308.10117
Hajlaoul, et al., arXiv:2401.09187

Lin et al., arXiv:2402.04995

Sonka et. al. Nat. Comm. 15, 2116
(2024)

Krempasky, TJ et al., arXiv:2308.10681, Nature 2004
Anomalous Hall effect

Feng, et al., arXiv:2002.08712,

Nat. Elec. 11, 735 (2022)

Reichlova, et al., arXiv: 2012.15651
Wang et al., Nat. Com. 14, 8240 (2023)
Kluczyk et al., 2310.09134

Han et al., Sci. Adv. 10, eadn0479 (2024

-6 -3 0 3 6

UoH (T)
Betancourt, et al., arXiv:2112.06805, PRL 130, 036702 (2023)

— &3
)
— O
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SPINTRONICS RESEARCH 0O)
X-ray magnetic circular dichroism
-? MnTe
L;':T' Fedchenko, et al.,
Q- arXiv: 2306.02170,
§= Sci. Adv. 10, eadj4883 (2024)
)
al Theory
- EXp.
-
=
635 640 645
Photon Energy (eV)

Hariki, TJ et al., arXiv:2305.03588

Spin currents and switching

Bose et al. arXiv:2108.09150,
Nat. Elec. 5, 263 (2022)

Bai et al. arXiv:2109.05933,
PRL 128, 197202 (2022)
Karube et al. arXiv:2111.07487,
PRL 129, 137201 (2022)

20 40 60
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Han et al., Sci. Adv. 10, eadn0479 (2024)
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Summary of properties of ferromagnets, antiferromagnets, and altermagnets \NSP/ARE o
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Ferromagnet Antiferromagnet Altermagnet
Spin-order symmetry S-wave None D, G, | - wave

Zero magnetisation

Anisotropy/nematicitiy (breaking of lattice symmetry)

Nodal manifold 3d

Spin splitting Possible
Nonrelativistic valley
Chiral, linear THz magnons
Time-reversal symmetry broken electronic structure
Anomalous Hall/magnetooptical Kerr effect/Thermal
Switchable “crystal” anomalous Hall effect

Spin polarised currents
Tunneling/giant magnetoresistance

Spin splitter current
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Altermagnets: phenomenological description of d-wave magnetism

1\2403.10218 ¥
PHYSICAL REVIEW LETTERS 131, 256703 (2023) arXiv.2403.10218

Smejkal, Marmodoro, Ahn, Gonzalez-Hernandez, Turek, Mankovsky, Ebert, O. Gomonay, V. P. Kravchuk, R. Jaeschke—Ubiergo, K. V. Yershov, T.
D'Souza, Sipr, Sinova, Jungwirth Jungwirth, L. Smejkal, J. van den Brink, J. Sinova
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Magnons in Altermagnets INSP/R
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Ferromagnet Antiferromagnet Altermagnet

frequency/GH
frequency/THz

frequency/TH

PHYSICAL REVIEW LETTERS 131, 256703 (2023)

Smejkal, Marmodoro, Ahn, Gonzalez-Hernandez, Turek, Mankovsky, Ebert,
D'Souza, Sipr, Sinova, Jungwirth
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Chiral Magnons in Altermagnetic RuO2

E - EF (EV)

|W(q)| (meV)

L0.50 pg=?
_l -00 - __;:_-Z_ & -:

-1.50

140

120

100

80

40

20

N 7| N :
\ / \ -

A /‘-01(11) \:

\/ @ =CD \

B S X [

Smejkal, Marmodoro, et al, arXiv:2211.13806
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Phenomenological Landau Theory of d-wave altermagents INS af‘q
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arxiv:2403.10218

O. Gomonay, V. P. Kravchuk, R. Jaeschke-Ubiergo, K. V. Yershov, T. Jungwirth, L. Smejkal, J. van den Brink, J. Sinova
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Order parameters & symmetry arguments INS Df‘q
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[ C2||C4]

M, M
Symmetry: M1 PN M2 U)E;) PN _ng)
m — m n— —n

(1) (2) (2) (1)
Upy — Uyy = —Uyg, — (=Uy,) = const
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Phenomenological term INS af‘q
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Altermagnetic features:

. Hidden magnetization => m

. Exchange couplingonly=>m - n = 0

. Inhomogeneity => dm - dn

» Local symmetry US,) — Ug,) = axayn
. [Ime reversal symmetry

F = Apm|0,m - d,n + d,m - d,n]

arxiv:2403.10218

O. Gomonay, V. P. Kravchuk, R. Jaeschke-Ubiergo, K. V. Yershov, T. Jungwirth, L. Smejkal, J. van den Brink, J. Sinova
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Magnon Dispersion from Phenomenology
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Smejkal et al, arXiv:2211.13806 (PRL 2023)
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Structure of the domain wall, magnetization INSP/RE 2
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O. Gomonay, V. P. Kravchuk, R. Jaeschke-Ubiergo, K. V. Yershov, T. Jungwirth, L. Smejkal, J. van den Brink, J. Sinova
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Emerging research landscape of altermagnetism and p-wave magnetism INS 3/“?
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Ultrafast optics

> 220 material candidates Magnetic topological matter \

700 - insulating /
semiconducting

INTERDISCIPLINARY
~___—— Spintronics
Broad range of condensed-matter physics fields: 2D magnetism \

350

(O}
525 semimetallic Superconductivity & Neuromorphics
. N
metallic s
0
£

superconducting

- rutile, perovskites, corundum,.... _

. _ Magnonics
B Ferromagnets o ., Superconducting altermagnetism
B Antiferromagnets - CUprate, ferrite, silicide, pnictide, spintronics |

B Atermagnets  chalcogenide,...

175

-3D and 2D E
©
Science Advances 6, eaaz8809 (2020) | s g - | |
(arXiv:1901.00445 )Smejkal, Gonzalez-Hernandez, Valleytronics ¢ - Field-effect electronics
Jungwirth, Sinova
PHYSICAL REVIEW X 12, 031042 (2022)
PHYSICAL REVIEW X (Perspective) 12, 040501 (2022)
. Multiferroics Thermoelectrics
Smejkal, Sinova, and Jungwirth ~— e
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Unconventional p-wave magnetism: T — symmetric spin polarization

s-wave supercondyctidiie supe d-wave superconductivity
(Mercury 1911) (Helium-3 1 (Cuprates 1986)

OO0
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f?
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00.01607 | 4y

WavegGikielienes. Jungwifth, Sinova, and/aveietor
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Nonrelativistic odd parity wave spin polarisation and spin-texture  |NS ng
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Model p-wave magnetism
(magnetic exchange + single-particle physics) + symmetry-protectea

v Spin-polarization:
Ky

Spin only: CZJ_ TJ Collinear Tk, <Sz>(§>

Coplanar:

> //
o0
Y1 =
S | 0.0
> Linear
X
Noncoplanar: Spinonly: v J_T x Coplanar Wavevector L —0.5

arxiv:2309.0160/7/v2

Birk Hellenes, Jungwirth, Sinova, and Smejkal
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P-wave materials behave as expected INS :/“q
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(magnetic exchange + single-particle physics) + symmetry-protected
CeNiAsO

Collinear: T l
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arxiv:2309.0160/7/v2

Birk Hellenes, Jungwirth, Sinova, and Smejkal
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P-wave materials behave as expected INS :/“q
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(magnetic exchange + single-particle physics) + symmetry-protected
CeNiAsO

Total: 60

1%

Jeue|doo
Jeue|doo-UouU G|

~ 200 meV

arxiv:2309.0160/7/v2

Birk Hellenes, Jungwirth, Sinova, and Smejkal
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Summary: key concepts in discovering magnetic phases

Anomalies in spintronics (2018-) Altermagnetism (d-wave magnetism) Unconventional p-wave
and spin groups (2021-) magnets (2023-)
Prediction | LS et al., Science Adv. (2020) LS, Sinova, Jungwirth, Phys. Rev. X Birk Hellenes, Jungwirth,
Mazin, LS et al., PNAS 118 (2021) (2022) Sinova & LS
'S et al. Phys Rev X 12, 011028 (2022) arXiv:2309.0160/7v2
Observation | Feng*, LS* et al., Nature Electron. Krempasky*, LS* et al., Nature ( 2024)
(2022) : Lee, LS et al. Phys. Rev. Lett. (2024)
Yalelal=1alde lence AQ 024) BYaVTaly= - X ~WAlN.awislawYi
The Magnetic Susceptibility of MnO as a Function of the Neutron Diffraction by Paramagnetic and Antiferromagnetic
Temperature SUbStanceS INFLUENCE DES FLUCTUATIONS
Phys. Rev. 44, 776 — Published 1 November 1933 Phys. Rev. 83, 333 — Published 15 July 1951 PROPRIETES MAGNETIQUES DBES CORPS
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