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Fig. 1. Schematic magnetic structures of (a) ferromagnets, (b) collinear antiferromagnets, and (c¢) noncollinear antiferromagnets;
(d) schematic band structure with Zeeman-type spin splitting; (e) schematic electronic density of states of ferromagnets. Large and
small spheres denote magnetic atoms and electrons, respectively; arrows indicate the orientations of the atomic magnetic moments

or electron spins. The red and blue solid lines in panels (d) and (e) correspond to spin-up and spin-down electronic states, respect-

ively.
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Fig. 2. Crystal structures of (a) MnPSey, (b) Fe,TeOg, and (c) CryOy; Band structures of (d) MnPSes*); (e) Fe,TeOyl"", and (f)
Cry053*8) under applied electric fields. In panel (d), the inset shows the local band structure exhibiting spin splitting/*. In panel (e),

the color bar represents the S, spin magnetization!!”. In panel (f), the red and blue solid lines correspond to spin-up and spin-down

electronic states, respectively; by (t; ) denotes the projected bottom (top) surface state; 1 and | denote the spin indices!*sl. The
applied electric fields along the z axis for panels (d), (e), and (f) are 4 MV /cm!*, 6 MV/cm!'7, and 10 MV /cm!*, respectively.
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Fig. 3. Crystal structures of (a) YI, and (b) FeOOH; Band structures of (c) YL,P!l and (d) FeOOHP! under applied electric fields.
The red and blue solid lines in panels (c) and (d) correspond to spin-up and spin-down electronic states, respectively. The applied
electric fields for panels (c) and (d) are E, = 60 MV /cmP! and E; = 6 MV /cmP, respectively, where the subscripts = and z

denote the electric-field directions.
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Fig. 4. Crystal structures of (a) V,Se,0 and (b) V,SeTeO; (¢) band structure of V,Se,O under strains of 7nzr = —5% (dotted
lines), Mgz = 0% (solid lines), and nzz = 5% (dashed lines)l; (d) band structure of V,SeTeO under strain of 1z = 4% 7). Here,
Nez denotes the tensile or compressive strain along the x axis. The red and blue lines, including dotted, dashed, and solid lines,

correspond to spin-up and spin-down electronic states, respectively.
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Fig. 5. (a) Crystal structure of CoFy; (b), (c) band structures of CoF, under strains of mzy = 0% and 71zy = 2% FU. Here, nzy de-
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notes the shear strain in the xy plane; the red and blue solid lines correspond to spin-up and spin-down electronic states, respectively.
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Fig. 6. (a) Crystal structure of NaMnP; (b) band structure of NaMnP under the electric field of E. =6 MV/cm and strain of
Noy = 4% ). Here, E. denotes the electric field along the z axis, while 73, denotes the shear strain in the xy plane. The red

and blue solid lines correspond to spin-up and spin-down electronic states, respectively.
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Fig. 7. (a) Schematic antiferromagnetic structure preserving spin degeneracy at the Brillouin-zone center in the absence of spin-or-
bit coupling; (b)—(d) three representative antiferromagnetic structures exhibiting Zeeman-type spin splitting arising from different
mechanisms: (b) in the absence of spin-orbit coupling, the external field breaks all symmetries connecting the two magnetic sublat-
tices, thereby inducing an effective magnetic field; (c) spin-orbit coupling induces an effective magnetic field; and (d) the external
field combined with spin-orbit coupling induces an effective magnetic field. In panels (b) and (d), distorted dashed boxes indicate
lattice distortions induced by the external field. Begr denotes the effective magnetic field. The spheres represent magnetic atoms,

with arrows indicating the orientations and magnitudes of the atomic magnetic moments.
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Table 1.

Nzz, Nzy s NMyz, and 7z ; and the spin Pauli matrices oy ,

Transformation rules of the electric field components Ey , E, ,and E. ; the strain tensor components 7z ,

Myy »

oy, and o, under the magnetic point group mmm.1. Here,

1 denotes the identity operation, 2190, 2010, and 2pp1 denote twofold rotations about the =, y, and z axes, respectively, 1

denotes the inversion operation, and migo, mo10, and mgpp1 denote mirror operations perpendicular to the z, y, and z

axes, respectively.
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Table 2.

Transformation rules of the electric field components E;, Ey, and E. ; the strain tensor components 7zz ,

Nyy s Mzz, Nays TMyz, and Mgz ; and the spin Pauli matrix o under the spin point group 'm®™1. Here, Ry (¢) and

R (m) denote spin rotations by ¢ and w about axes parallel and perpendicular to the magnetic moment direction Y, re-

spectively, 1 denotes the identity operation, 7 is the time-reversal operation, and mgpio denotes the mirror operation per-

pendicular to the y axis.
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Table 3. Collinear antiferromagnetic spin point groups that host external-field-induced Zeeman-type spin splitting. The su-
perscripts z, y, and z denote the Zeeman-type spin splitting induced by the electric field components E., E,, and E.,
respectively; a, b, ¢, d, e, and f denote the Zeeman-type spin splitting induced by the strain tensor components 71z , Nyy ,

Nzz, Moy, Nyz, and Mgz, respectively; and combined superscripts denote the Zeeman-type spin splitting induced by the

combined effect of the electric field and strain. In addition, the °°"1 part of the spin point groups has been omitted; for ex-

ample, 1m should be written as Iy;moom1 . The table is prepared based on Refs.[58,59,81,82].

. N 1jz,y,2 lox,z 1,y 1o/l y 1 z,2 1,110 19loloz 1,11 .2 1z 14/1,,2 1419l9z 1419l,,2
2321@:"@?5@.1 , 12w o Amy 1/ dmy 12/ m®E ) Imimlor 1212122 imimime | 14x ) 14 /tmA | 1412127 14121mE

14/lmlmlmz , igz , 13i2z , iglmz , iéz , 1612122 , 16/imz , 61m122 , lG/Tmlmlmz

éﬁ‘ﬁ}?m‘ 12d,e7 17,ncl,e7 iQ/imd,e , 17,),;7,),)/1247 17,),L11,),Li2f7 121212d7 imimlmd’ i4a,b,d7 izla,b,d7 14/1m”f7b7d7 141212a,b
= SYA AN d
m

, 1211217.”4(1,137 14/1m1m1ma,b

lmlmlmdz,ez, Y, 14/1Tnaz,bz,dz,eaw:,ey,fac,fy7 141,”,L1,rnez,fy7 1211217nu.z,bz,ey,fz7 14/1,mll7,,.L1,mlolz,e:):,fy7

XX?E‘H: 14/1,rni,,ni,rnez,fy7 13Tmaz,bw,dy,e:c,fy? igimaw,bz‘,dy,ew,fy iGaz,ay,bl‘,by,dz,dy? 161212az,bw,dy7

b
H_E‘H?\IZE 16/1,,naz,cl,y,bz,by,dz,cly7 161,rnl7nez,fy7 161,rr'117nay,by,dz7 161,rnl2az,ba:,dy7 161m12ez,fy, 16/1,,nl,rnl,,.’,Laz,bz,dy7

16 imi ime:):,fy . Tmigdz,ez,fy . T41312dz,ez,fy

imiglmdz,ez,fy

Fa RVPREREET A KA RSNG TS ISR A B R R SR AT 5, g, 2 RN R B, By, E-
iﬁﬁﬁ/‘J%%ﬂgﬁ}%%%7 a, b7 C, d7 €, fﬁ%’]?‘%ﬂ?ﬂﬂﬁjﬁ%iﬁj\% Nex s Nyy s MNzz s MNzy s Nyz s Nzz i}ﬂ%ﬁﬁg%%ﬂﬁﬁ}%%
2, WA MPRINFR B HL S RN AR BNRVE IS R i 2E 2 7 A el L. AEmI Rt e ep, SR T SCilk [47,48,82)

Table 4.  Magnetic point groups that host spontaneous and external-field-induced Zeeman-type spin splitting in antiferro-

magnets. The superscripts z, y, and z denote the Zeeman-type spin splitting induced by the electric field components FEg ,

Ey , and E. , respectively; a, b, ¢, d, e, and f denote the Zeeman-type spin splitting induced by the strain tensor compon-

ents New , NMyy, Mzz, Moy, NMyz, and Mg, , respectively; and combined superscripts denote the Zeeman-type spin splitting
induced by the combined effect of the electric field and strain. The table is prepared based on Refs.[47,48,82].
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AL, 5 Liu 5 B iR AR —3 7E SrFe,
S,0 /1, FH A BE SR 'm I mimoom 1 SR y I EL
PR FES R [ By 4L, T HRE SR m/mm [F FoF
iy A 2 D7 I RIS 2 s B A g (UL 3
e 40 XKW, iy 7 [ T K G 2E S R
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R FE SR e 2N T Z i A EE R
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Zeeman-type spin splittings in antiferromagnets
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Abstract

Unlike ferromagnets, antiferromagnets typically exhibit fully compensated magnetic moments and thus
nearly zero net magnetization, posing challenges to the design and manipulation of antiferromagnetic spintronic
devices. Recent studies have demonstrated that antiferromagnets can host spin-orbit coupling (SOC)-induced
spontaneous Zeeman-type spin splittings (ZSSs), while electric fields and strain can also induce such spin
splittings, giving rise to spin-polarized carriers in these materials and therefore opening new avenues for
antiferromagnetic spintronics. In this review, we systematically discuss the physical mechanisms underlying
7ZSSs in antiferromagnetic materials, with particular emphasis on the linear magnetoelectric, linear
piezomagnetic, and bilinear piezomagnetoelectric effects that induce ZSSs via electric fields, strain, and electric
field-strain coupling, respectively. We also construct the corresponding effective Hamiltonians for spontaneous
and the aforementioned field-induced ZSSs. Within both nonrelativistic and relativistic frameworks, we classify
the spin point groups (SPGs) and magnetic point groups (MPGs) that allow for spontaneous and externally
induced ZSSs. By comparing the symmetry constraints imposed by SPGs and MPGs, we can elucidate the SOC
dependence of the corresponding ZSSs in antiferromagnets. This review aims to provide a theoretical basis for

screening antiferromagnetic materials with tunable ZSSs and designing antiferromagnetic spintronic devices.
Keywords: spintronics, antiferromagnets, Zeeman-type spin splittings, symmetry analysis
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