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Realizing sizable Zeeman spin splittings (ZSSs) with persistent spin textures (PSTs) in semiconductors is
promising for the design of high-performance spintronic devices. The ZSSs of this kind have long been known
in ferromagnetic semiconductors, while whether antiferromagnetic semiconductors—much more plenteous than
ferromagnetic semiconductors—can host an analogous effect remains elusive. Here, we show that such ZSSs
can occur in antiferromagnetic semiconductors. By symmetry analysis, we find 12 magnetic point groups that
can host ZSSs and PSTs, providing theoretical guidelines for screening the corresponding antiferromagnets. Our
first-principles calculations further confirm CaTcO; as an antiferromagnetic semiconductor showcasing ZSSs
that are sizable (tens of meV), possibly controllable by a magnetic field, and accompanied with PSTs. Our work
thus may open a route towards the application of antiferromagnetic semiconductors in spintronics.
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I. INTRODUCTION

Rashba, Dresselhaus, and Zeeman spin splittings in semi-
conductors are crucial for quantum computation and the
design of spintronic devices [1-4]. Of particular interest are
the Zeeman spin splittings (ZSSs) showcasing the nearly
homogeneous distribution of electronic spin magnetization
in momentum space [referred to as persistent spin textures
(PSTs)]: The PSTs enable the nondissipative spin transport
of electrons by suppressing the spin relaxation [2,5-7]. Fer-
romagnetic semiconductors are ideal materials to host sizable
ZSSs (e.g., = 26 meV [8]) belonging to the aforementioned
kind [4]. Yet ferromagnetic semiconductors are rare in nature,
and most of them showcase magnetic Curie temperatures far
below room temperature [9—11], limiting the device applica-
tions of such materials. In sharp contrast, antiferromagnetic
semiconductors are not only much more plenteous than fer-
romagnetic semiconductors, but also likely to have Néel
temperatures near or above room temperature [9,11,12]. The
realization of sizable ZSSs with PSTs in antiferromagnetic
semiconductors would thus open new doors in semiconductor
spintronics. Recent studies indicate that antiferromagnets can
host diverse patterns of spin splittings and spin textures (see,
e.g., Refs. [13-31]); sizable ZSSs that are controllable by an
electric field can be achieved in antiferromagnetic semicon-
ductors (see, e.g., Refs. [28-31]). Nonetheless, the possibility
and underlying mechanisms of realizing sizable ZSSs (in
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antiferromagnetic semiconductors) that are magnetically con-
trollable and accompanied with PSTs remain unclear.

In this paper, we identify 12 magnetic point groups (MPGs)
that are compatible with ZSSs and PSTs by symmetry anal-
ysis. Exemplified by Pnma perovskite antiferromagnets, we
find that ZSSs and PSTs can be generated via the combination
of antiferromagnetic vectors and antiferrodistortive motions,
thanks to spin-orbit coupling (SOC); a magnetic field is able
to control the ZSSs by modifying the orientation of the anti-
ferromagnetic vectors. We further predict, by first-principles
calculations, that (i) perovskite CaTcOj3 is a candidate that
presents sizable ZSSs (e.g., tens of meV) and (ii) antifer-
romagnetic CaTcO; showcases PSTs in the vicinity of the
Brillouin zone’s center.

II. METHODS

The Vienna ab initio simulation package (VASP) [32,33]
is used to perform the first-principles simulations, employing
the local spin density approximation (LSDA) [34] within
the framework of the projector augmented wave [35]. We
solve the 3s?3p%4s® electrons for Ca, 4s%4p%5s®> for Sr,
4524[764512551 for Y, 3s! for Na, 4d°5s! for Tc, 3d”4s' for Fe,
3d%4s' for Ni, 25?2p° for F, and 25*2p* for O, with a cutoff
energy of 550 eV. A k-point mesh of 6 x 4 x 6 is used to
sample the Brillouin zone of the Pnma phase of perovskites
[20-atom unitcell, sketched in Fig. 1(a)]. As for the non-
perovskite CaFe,0s, we use a k-point mesh of 6 x 2 x 6,
in accordance with its cell (sketched in Fig. S12 of the
Supplemental Material (SM) [36], which contains Refs.
[37-39]). Employing the LSDA+U approach [40], we select
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FIG. 1. Schematizations regarding ABX; perovskite. (a) Crystal structure of Pnma perovskite. The lattice vectors a, b, and ¢ are along the
x, y, and z directions, respectively. (b) In-phase wy, rotation. (c) Antiphase wy rotation. (d) The ®; and ; local rotations (depicted by curled
arrows) of two neighboring BX, octahedrons centered on i and j sites. (¢) The geometry unit yielding the Dzyaloshinskii-Moriya interaction.
Here, e;; is the unit vector along the i-j line, and d is the displacement vector of the X ion with respect to the i-j line. (f), (g), (h), and
(i) F-, A-, C-, and G-type collinear magnetic configurations, respectively, carried by the B sublattice. The cyan and red arrows in (e)—(i) denote
the magnetic moments of B ions. The x (x being x, y, or z) components of F-, A-, C-, and G-type magnetic vectors are denoted by Fy, A,, Cy,

and G, , respectively.

an effective Hubbard U (U.¢) of 2 eV for 4d orbitals of Tc,
and 3 eV for 3d orbitals of Fe and Ni, to treat the strong cor-
rection effect of d electrons. The choice of effective U values
for Tc and Fe follows from Refs. [41,42]. We first optimize the
crystal structures [without the inclusion of spin-orbit coupling
(S0OC)] of CaTcO3, SrTcO3, YFeO3, NaNiF3, and Ca,Fe,0s5
with a force convergence criterion of 0.005 eV /A. Then, we
calculate the band structures for them considering various
magnetic structures; these band structures are calculated in
the framework of noncollinear magnetism, with full SOC or
null SOC [43]. Furthermore, the following tools are employed
in this paper: VASPKIT [44,45], MATPLOTLIB [46], VESTA [47],
SEEK-PATH [48-50], FINDSYM [51-53], MATHEMATICA [54],
and BILBAO CRYSTALLOGRAPHIC SERVER [55-57] (MAGNDATA
[58-60], MPOINT [61], and MTENSOR [62]).

III. RESULTS AND DISCUSSION

A. Strategies towards realizing the ZSSs
and PSTs in antiferromagnets

To begin with, we emphasize that our purpose is to capture
the generic features (regarding spin splittings) of various anti-
ferromagnets, instead of focusing on some individual features
of a few specific antiferromagnets. In this regard, the orbital
hybridization, albeit important in electronic band structures,
is fully neglected in our analysis, since orbital hybridization
can be distinct in different materials (i.e., not generic).

To derive our models, we recall that the magnetic crys-
talline materials are assigned to 122 MPGs. These MPGs can
be compatible or incompatible with ferromagnetism. For an-
tiferromagnets with a MPG compatible with ferromagnetism
[63], a nonzero weak ferromagnetic component Fy is allowed
by symmetry, which can be thought of as the magnetization
induced by the effective magnetic field B, inside the material

(o, B =x,y,2). The component Fg connects with the B,
field via Fg = x/:*B,, where x/:* is the effective magnetic
susceptibility. This implies an energetic coupling Ay By Fp
with A, g being the coefficient. As a matter of fact, Fg trans-
forms identically as the electronic spin angular momentum
operator 3’5 (represented by the Pauli matrix o) under spatial
or temporal symmetry operations; the coupling A, gB,0p is
thus symmetrically allowed as well. The A, gBB,05 coupling
indicates ZSSs in antiferromagnetic materials (if any), where
Ag By characterizes the splitting magnitude. In this sense,
the ZSSs in antiferromagnets are driven by the effective
magnetic field instead of the weak ferromagnetism [64]. Ac-
cordingly, external stimuli (e.g., a magnetic field) may be able
to manipulate the ZSSs by controlling the B, effective field.
We will come back to this point in the following sections.

Towards the goal of realizing PSTs, a natural idea is to ex-
clude the MPGs that allow the linear-in-k spin splittings [e.g.,
kqog, k = (ky, ky, k;) being the wave vector] [65]. Such an
exclusion implies that the electronic spin textures are nearly
momentum independent when k is small. Previous symmetry
analysis indicates that 18 MPGs (i.e., 11', 21', 31/, 41/, 61,
ml', mm21’, 3m1’, 4mm1’, 6mml1’, 2221', 321’, 4221’, 6221/,
41, 42m1’, 231', and 4321") and their subgroups host the
kqop-type coupling [66]; these MPGs should be excluded.
Following this, we analyze the rest of the MPGs and identify
12 MPGs that (i) are compatible with ferromagnetism and
(i) do not involve the linear-in-k spin splittings. The 12 MPGs
and the corresponding H.g (for the description of ZSSs) are
shown in Table 1. Our derived H. can also describe the
ZSSs (at the I' point of the Brillouin zone) in crystalline
antiferromagnets, given that (i) the antiferromagnet belongs
to type I or type III magnetic space groups [67] and (ii) the
corresponding MPG of the antiferromagnet is one of the cases
listed in Table I.
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TABLE 1. The MPGs that possibly yield ZSSs, with the
ky0g-type couplings being forbidden by symmetry. For each MPG,
the F and B indicate the symmetrically allowed ferromagnetism
and effective magnetic field, respectively; the effective Hamiltonian
H.i implies the possible ZSSs arising from the effective magnetic
field B .

MPGs F Beff Heff
I (Fx’ F‘y! FL’) (B)n Bys Bz) Aa,ﬁBaGﬂ
(a,6=x,y,2)
2/m 0, F;, 0) 0, By, 0) Ay, B,oy
2 /m'* (F,0,F) (B,,0,8B,) Ay pBiog
(o, p=x,2)

m'm'm° 0,0, F) 0,0, B;) A, B.o,
m'mm’ (0, F,,0) 0, By, 0) Ay, Byoy
mm'm’ (F:,0,0) (B, 0,0) A, . B.o,
4/m 0,0, F,) 0,0,B,) A, .B.o,
4 /mm'm’ 0,0, F) 0,0, B,) A, . B.o,
3 0,0, F,) 0,0, 8,) A, B.o,
3m' 0,0,F) 0,0, B;) A, B.o,
6 0,0, F,) 0,0, B,) A, . B.o,
6/m 0,0, F) 0,0, 8,) A, B.o,
6m'2’ 0,0, F,) 0,0, B;) A, B.o,
6/mm'm’ (0,0, F) 0,0, B,) A, . B.o,

2In 2/m and 2'/m’, the twofold rotation is along the y axis.

Sm’'m'm, m'mm’, and mm’m’ belong to the same MPG.

B. Perovskite antiferromagnets: Origin of ZSSs

Table I indicates that By = (By, By, B;) can drive ZSSs in
antiferromagnets. In general, the origin of Bes can be diverse
in various antiferromagnets. For example, the occurrence
of B does not depend on SOC in electric-field-polarized
Fe,TeO¢ antiferromagnets [28], while it stems from SOC in
perovskite antiferromagnets such as rare-earth orthoferrites
and orthochromates [68,69]. Here, we take the antiferromag-
netic ABX3 perovskites as our test bed to shed light on one
possible origin of Beg (and ZSSs).

We recall that almost half of the ABX3 perovskites [70]
exhibit GdFeOs;-type structural distortions [71], yielding the
Pnma space group [see Fig. 1(a)]. As sketched in Figs. 1(f)—
1(i), the B sublattice typically hosts four collinear magnetic
configurations by endowing B ions with magnetism, where
F is ferromagnetic and the other three (i.e., A, G, and C)
are antiferromagnetic. In Pnma perovskite antiferromagnets
[72], the predominant G,, C;, C,, and G, orderings yield
Prn'm’a, Pnm'a’, Pn’m’a, and Pn'ma’ magnetic space groups,
resulting in F, F, F7, and F, weak ferromagnetic components,
respectively (see, e.g., Refs. [11,73]). These magnetic space
groups are associated with the m'm'm, m'mm’, and mm'm’
MPGs listed in Table I, suggesting the symmetrically allowed
ZSSs in antiferromagnets.

Structurally, the ABX3 perovskites have BXg octahedrons
connected with each other via intermediate X ions. Compared
with the high-symmetric cubic phase, the BXs octahedrons
of Pnma ABX; perovskite exhibit two types of primary
antiferrodistortive motions [37,38], namely, in-phase wy; and
antiphase wpg rotations [see Figs. 1(b) and 1(c)]. The wg and
wyy antiferrodistortive rotations of Pnma perovskites are along
the x and y directions, respectively (see Sec. SI of the SM).

Therefore the B-X-B bond angle is away from 180°, as shown
in Fig. 1(d). The non-180° B-X-B bond angle yields a geom-
etry unit that is responsible for the Dzyaloshinskii-Moriya
interaction (DMI) D;; - (m; x m;) [see Fig. 1(e)] [74-76].
The DMI vector D;; o< (d x €;;) can be further derived
as Djj = a(w; —w;) [68,77,78], where o is a coefficient
related to SOC. This establishes the correlation among
antiferrodistortive rotation (wr or wy), SOC, and weak fer-
romagnetism, noticing that D;; - (m; x m;) can lead to weak
ferromagnetism in antiferromagnetic perovskites [68,69]. Pre-
vious studies [68,69] indicate the energetic couplings §E =
Nawg (GyF, — G F) + AN awy y(C.F, — C,F,) describing
the weak ferromagnetism in Pnma perovskite antiferromag-
nets, with A’ and A” being material-dependent coefficients.
Differentiating E with respect to Fy, F;, or F;, the Beg fields
(rooted in wg, or wpy,y) are Beg(wgy) X a(—wpGyz +
wrxGy) and Begr(wpr,y) o< a(—wp,yCoX + wpr,,CiZ), Where
X, ¥, and z are unit vectors along the x, y, and z directions.
Such B fields yield the following effective Hamiltonians:

Heff(a)R,x) = _AR,xyzOle,xGsz + AR,xz}*awR,szq\"
Heff(wM,y) = _AM,yzxawM,yCzUx + AM,yxzawM,nyo-r

Here, the difference between Ag,,, and Ag .., (A yx
and Ay ) comes from the anisotropy of the Pnma
orthorhombic material. The occurrence of « in Heg(wg y)
and H.gr(wy,,) implies the critical role of SOC for ZSSs in
perovskite antiferromagnets. According to Heg(wgy), the
eigenenergies (¢4,e_) of G, and G configurations, with

the subscript “4” or “—” distinguishing higher and lower
sublevels, are (|Ag . awgGyl, —|Ag y.awg (Gy|) and
(AR xyawg xG:|, —| A xyawg G, |), respectively. This gives

rise t0 a ZSS of |2Ag xy.0twg <Gy| for the G, configuration
and a ZSS of [2Ag yawg G| for the G, configuration.
The spin magnetization [Si,,S+,,S+.] values associ-
ated with the G, and G, configurations are given by
[0,0, F1sgn(Agya0wp<Gy)] and [0, £1sgn(Ag yowp
G,),0], respectively [79], where sgn(x)=x/|x|] for
x # 0. Similarly, the ZSS is [2Ay 0wy, C;| for the C;
configuration and [2Ay .0y ,Cx| for the Cy configuration.
Therefore ZSSs can be realized in Pnma perovskites with
(i) Gy or G, antiferromagnetic configuration, thanks to the
wg.x Totation, or (ii) C, or C, antiferromagnetic configuration,
because of the wy,, rotation.

Interestingly, the ZSSs in perovskite antiferromagnets are
generated by the G- or C-type antiferromagnetic vectors,
instead of the weak ferromagnetic component F' [see our
Hef(wg ) and Hegr(wpy,y) models]. A magnetic field is able
to reorient or switch the G- and C-type magnetic vectors,
for example, from G, to G, or from G, to —G, (see, e.g.,
Refs. [11,80-82]). Consequently, a magnetic field can manip-
ulate the B field, enabling a pathway towards magnetically
controllable ZSSs in perovskite antiferromagnets.

C. The ZSSs with PSTs in antiferromagnetic
perovskite semiconductors

To verify our aforementioned analysis, we conduct first-
principles simulations focusing on several Pnma perovskite
antiferromagnetic semiconductors (see Sec. SII of the SM).
Our first choice is CaTcO; [83], a G-type antiferromagnet
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FIG. 2. (a) and (b) Band structures (around the I' point) of
Pnma CaTcOj3; with G, and G, configurations, respectively. The color
bar gives the spin magnetization S, for the G, configuration (a) and
the spin magnetization S, for the G, configuration (b). Here, we
set the topmost of the valence bands as E;. The Brillouin zone is
sketched in Fig. S3 of the SM.

with a Néel temperature of ~800 K [84]. According to our
first-principles calculations, aligning the predominant G-type
antiferromagnetic vectors along x, y, and z directions results
in relative energies of 0, —0.11, and —0.36 meV /f.u., respec-
tively. The G, magnetic configuration thus tends to be more
stable than the other two at zero temperature, consistent with
experiments [84]. As for the ZSSs in CaTcOj3, we concentrate
on the local band structures (e.g., around the I" point) of the
G, and G; configurations (see Fig. 2). Strikingly, the topmost
valence bands in the vicinity of E; showcase sizable ZSSs.
The ZSSs for the I'-point energy levels of the G, and G,
configurations reach ~78 and ~60 meV, respectively. The
spin magnetizations associated with the (&4, £_) sublevels are
(842, 8- ;) ~ (—0.251, 0.282) for the G, configuration and
(S+,y,5-) =~ (0.271, —0.234) for the G, configuration [85].
The S, ; and S_ , are both negative, but are opposite in sign
compared with S_; and S, ,. Besides, the band structures
for CaTcO3; with —G, and —G; configurations (see Fig. S4
of the SM) indicate that the spin magnetization is switch-
able via reversing G, or G, antiferromagnetic vectors. These
coincide with our aforementioned model analysis regarding
Hege(wrx) = _AR,xyzaa)R,xGyaz + AR.xzyawR,szoy-

To shed light on the role of wg and SOC in ZSSs, we
compute the band structures for CaTcO3; with and without
the inclusion of SOC and wg rotations. As shown in Fig. S5
of the SM, the two topmost valence energy levels showcase
ZSSs for G, and G, configurations [Figs. S5(a) and S5(d)]
[86], while the ZSSs disappear if (i) the SOC is switched
off [Figs. S5(c) and S5(f)] or (ii) antiphase wy rotations are
removed [Figs. S5(b) and S5(e)] [87]. The band structures
for other perovskites (e.g., SrTcO3, YFeOs, and NaNiF3) with
G-type antiferromagnetic ordering [11,88-90] present results
qualitatively consistent with CaTcOj3 (see Sec. SII of the SM).
This confirms the crucial roles of wg and SOC in generating
ZSSs in Pnma perovskites with G-type antiferromagnetism.

Moreover, the spin texture associated with the topmost
valence energy levels of CaTcOj is nearly homogeneous (i.e.,
persistent) in momentum space around the I' point (Fig. 3).
As shown in Figs. S9-S11 of the SM, SrTcO3, YFeO3, and
NaNiF3 also showcase PSTs. Our first-principles results re-
garding ZSSs and PSTs in these Pnma perovskites validate
our analysis in the previous section.
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FIG. 3. Spin textures of the Pnma CaTcOj; with G, [(a) and (b)]
and G, [(c) and (d)] configurations. (a) and (c) [(b) and (d)] are spin
textures for the second (first) topmost valence energy levels, around
the I point. During the calculation, we set k, = 0 and k, = 0 for G,
and G, configurations, respectively. The lengths of the arrows (at the
I' point) in (a), (b), (c), and (d) represent 0.282, 0.251, 0.234, and
0.271, respectively.

D. The limitation of our models

So far, our models provide descriptions for ZSSs and PSTs
in Pnma perovskite antiferromagnets; yet they do not cor-
rectly capture the values of spin magnetization (see Sec. SIII
of the SM). These inconsistencies are ascribed to the lim-
itation of our models. In reality, the spin magnetization is
contributed by both electronic spin and orbital degrees of
freedom, while our two-level models consider merely spin
(the orbital hybridization being fully neglected). Our models
thus cannot describe quantitatively the phenomena involving
orbital hybridization.

IV. SUMMARY AND OUTLOOK

To summarize, we have found that 12 MPGs can host ZSSs
and PSTs. We further identify one mechanism that is respon-
sible for the ZSSs in perovskite antiferromagnets (Pn'm’a,
Pnm'd’, or Pn’ma’ symmetry). Specifically, perovskite an-
tiferromagnets showcase ZSSs thanks to the combination
of antiferromagnetic vectors and antiferrodistortive rotations,
in the presence of SOC. A magnetic field may manipu-
late ZSSs in perovskite antiferromagnets by controlling the
antiferromagnetic vectors. We also identify CaTcO; as an
antiferromagnetic semiconductor for the realization of sizable
ZSSs and PSTs.

Our work highlights that antiferromagnetic semiconduc-
tors can accommodate sizable ZSSs with PSTs. Accordingly,
these antiferromagnetic semiconductors are applicable for the
design of high-performance spintronic devices. Towards the
goal of realizing antiferromagnets of this kind, we propose
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the following research avenues: (i) designing Pn'm’a, Pnm'd’,
or Pn'ma’ perovskite semiconductors that contain a magnetic
B element with a large atomic number Z, as a larger Z implies
stronger SOC [91] (i.e., sizable ZSSs), and (ii) exploring
sizable ZSSs with PSTs in nonperovskite antiferromagnetic
semiconductors [92] following our models shown in Table I.

Note added. Recently, we became aware of a work regard-
ing the spin textures in crystalline materials [93]. Therein, a
comprehensive classification of spin textures versus MPGs
is provided [93]. Our Table I falls into the category of the
Zeeman-type spin textures as shown in Ref. [93]. Further-
more, Ref. [93] indicates that MnTe (Pnm'a’ space group,
mm’'m’ point group) showcases ZSSs, which is consistent with
our discussion regarding Table I.
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