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Designing light-element materials with large
effective spin-orbit coupling

Jiayu Li', Qiushi Yao', Lin Wu?3, Zongxiang Hu, Boya Gao, Xiangang Wan 238 g Qihang Liu 14,584

Spin-orbit coupling (SOC), which is the core of many condensed-matter phenomena such as
nontrivial band gap and magnetocrystalline anisotropy, is generally considered appreciable
only in heavy elements. This is detrimental to the synthesis and application of functional
materials. Therefore, amplifying the SOC effect in light elements is crucial. Herein, focusing
on 3d and 4d systems, we demonstrate that the interplay between crystal symmetry and
electron correlation can significantly enhance the SOC effect in certain partially occupied
orbital multiplets through the self-consistently reinforced orbital polarization as a pivot.
Thereafter, we provide design principles and comprehensive databases, where we list all the
Wyckoff positions and site symmetries in all two-dimensional (2D) and three-dimensional
crystals that could have enhanced SOC effect. Additionally, we predict nine material candi-
dates from our selected 2D material pool as high-temperature quantum anomalous Hall
insulators with large nontrivial band gaps of hundreds of meV. Our study provides an efficient
and straightforward way for predicting promising SOC-active materials, relieving the use of
heavy elements for next-generation spin-orbitronic materials and devices.
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pin-orbit coupling (SOC) is the core of many emerging

phenomena, including magnetocrystalline anisotropy!,

non-collinear magnetism?~4, anomalous Hall effect, spin
Hall effect®, spin Seebeck effect”8, and Rashba-Edelstein effect®.
These phenomena revolutionized and prospered various subfields
in condensed matter such as spintronics!%!1, spin-orbitronics!2,
and topological physics!3-1°. For instance, recently synthesized
two-dimensional (2D) materials with long-range ferromagnetic
order'®-18, lifting the Mermin-Wagner restriction!?, are stabi-
lized via SOC-induced magnetocrystalline anisotropy. Similarly,
SOC stabilizes the topological phases against the lattice distortion
and thermal fluctuation by a nontrivial bandgap, which deter-
mines the realization temperature of the topological phases such
as the quantum anomalous Hall (QAH) effect?0-22 and the
quantum spin Hall effect!3-14,

However, designing materials with strong SOC in realistic
materials has been quite straightforward because it simply links to
the atomic mass of the constituent elements. Therefore, the
candidates for spin-orbit active materials have mostly been lim-
ited to solids with heavy elements such as Bi, Sb, Te, Hg, Pt, and
Pb23-26, Unfortunately, compounds containing heavy atoms
usually have weaker chemical bonding; thus, they accommodate
more native defects?’, leading to poor stability for performing
exotic functionalities. A famous example is the topological insu-
lator Bi,Te; with bulk conductivity owing to the heavily n-type
self-doping?8:29,

Therefore, it is crucial to thoroughly explore the potential of
the SOC effect in materials with lighter elements. However, it is
generally believed that SOC does not play an essential role in 3d
transition metal materials, which are ideal for studying the
interplay between symmetry, electronic occupation, and electron
correlation3?. On the other hand, the SOC effect was found
comparable to the correlation in 4d and 5d series, leading to
emergent quantum phases such as Weyl semimetal3!, topological
Mott insulator32-33, and quantum spin liquid343%, The SOC effect
of these systems was found to be more prominent in the presence
of electron correlation, attributed to the electron localization
induced by Coulomb repulsion that reduces the kinetic
energy>>34. Recently, the cooperative effect between SOC and
correlation was considered to explain the Fermi surface puzzle of
the paramagnetic Fermi liquid Sr,RhO,3%, Sr,Ru0,3738, as well as
relatively large band splitting in other 4d, 5d, and 5f
compounds3*40, These studies revealed the essential role of total
angular momentum for the cooperative effects between SOC and
correlation.

In this study, we aim to theoretically design materials with light
elements but large effective SOC strength based on orbital sym-
metry, electron occupation, and the cooperative effect with cor-
relation. The focus is on transition-metal magnetic materials,
especially the 3d series, where the SOC strength is significantly
smaller than the typical spin-exchange splitting. We propose that
the cooperative effect of the electron correlation can significantly
enhance the effective SOC through orbital polarization when
there are partially occupied orbital multiplets around the Fermi
level. Thereafter, we provide design principles and comprehensive
databases, where we list all the Wyckoff positions and site sym-
metries that allow orbital multiplets in periodic crystals. The
results indicate that 32 out of 80 layer groups and 125 out of
230 space groups can support large SOC effect. Therefore, for
materials no matter recorded in existing databases or designed
artificially, one can easily resort to our symmetry principles to
predict promising candidates with strong effective SOC.

2D materials, specifically 2D magnets, have attracted sig-
nificant attention because of their engineerable and integrable
nature for future devices. Particularly, the high-temperature QAH
effect has been investigated for the potential application of

dissipationless electronics; however, it is challenging to realize*!.
Hence, we applied our procedure to Computational 2D materials
database (C2DB)4243 and screened out 71 2D materials (from
~1600 candidates) with an orbital multiplet near the Fermi
energy, enhancing the SOC effect. As opposed to the previous
case-by-case search approach, we systematically obtained nine
high-temperature QAH insulators with large nontrivial band gaps
of hundreds of meV. Additionally, our symmetry principles and
material candidates for enhanced SOC effect are valid for
searching materials with strong magnetocrystalline anisotropy,
which has a significant influence on industrial ferromagnetic
materials with ultrahigh coercive fields. Our study paves a new
avenue for realizing light-element materials with strong effective
SOC for next-generation functional materials and devices in
various fields.

Enhancing SOC self-consistently by correlation

Here, we summarize the main idea of designing a large SOC effect
in light 3d transition metal ions. First, we consider orbital mul-
tiplets to activate the first-order perturbation of SOGC, i.e., the on-
site term*4. The presence of SOC splits the orbital degeneracy and
slightly unquenches the orbital angular momentum, leading to
orbital polarization. When the orbital multiplet is partially
occupied, the strong on-site Coulomb correlation enhances the
orbital polarization as well as the effective SOC. Because of the
competition between correlation and hopping in 3d systems, the
effective SOC is enhanced via the orbital polarization self-
consistently. The mechanism is schematically shown in Fig. 1,
and is presented in the following.

For a single d-shell ion exposed to the crystal field, only four types
of orbital multiplets are allowed by the crystallographic symmetries,
including three doublets, E, ={d,;,d.}, E,= {d,,d._p},
Ey=1{d,,d._,}, and one triplet, T ={d,, d,,,d,,}. Among
them, the first-order SOC effect is absent in E;. Herein, we
demonstrate the physics using the E; doublet, whereas E, and T
multiplets can be found in Supplementary Note 1. As shown in
Fig. la, the orbital angular momentum of the orbital doublet is
quenched without SOC. Turning on the SOC, the on-site SOC
Hamiltonian reads

a ’ ~T
Hyoc= X Mm,olL-S|m',d")C,,Cppo, (1)
m,m' 0,0’

where L and § are the angular momentum and spin operators,
respectively; C;W and C,,, are the creation and annihilation opera-
tors on the electron state with orbital m; spin ¢, and A denotes the
strength of SOC. Because spin splitting typically overwhelms the
SOC effect in 3d systems, we treat SOC as a perturbation with the
spin-conserved part, L,S,, only, where the matrix representation is
diagonal on the basis of the projected orbital angular momentum
along the z-axis, ie., || =2, m = 1) = (|d,,) + i|dyz))/«/5. Under
such circumstances, the SOC Hamiltonian can be rewritten as
Hgo & AL, /2, where L, = h(f,, —f_,) is the operator of the

orbital angular momentum and 7, , = C,,C,, is the occupation
operator. In the single-ion limit, Hgy splits the degenerated levels
with a gap

AE, = Mi|L,| = A, @)

where ‘]:Z{ = Zmem_|<m|iz|m>‘ = h is the expectation of L, over
the occupied state, i.e., orbital polarization. As shown in Fig. 1b, the
splitting energy, AE,, in the 3d series is only a few dozens of meV
owing to the light atomic mass.

In periodic solids, the inter-ions hopping broadens the energy
levels of the atomic limit to form Bloch energy bands with a
bandwidth proportional to the hopping integrals typically an
order larger than A. Consequently, for a 3d state with small SOC,
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the splitting bands with opposite angular momenta lead to a
slightly unquenched orbital polarization (Fig. 1c). However, the
SOC-induced energy gap and orbital polarization can be itera-
tively enhanced by considering the electron correlation effect
between different orbitals, ie., Ho = Uit 7i_,, where U.y=
U — 3] for d shell; U and J are the Coulomb repulsion and Hund
coupling parameters, respectively*>. When the orbital doublet is
half-filled, H - modifies the effective SOC and thus the energy gap
at the mean-field level

Ll

AE 4 = AEy + Uy p (3)

The derivation of Eq. (3) is provided in Supplementary Note 1.
Starting from a tiny L, and AE,, when considering U.q the
separation between L, = *1 states enhances ’iz , which gives rise
to a larger AE.4 In response, an enhanced AE.y reduces the
overlap of different orbitals, leading to an enlarged |iz|. As a
result, the final orbital polarization is iteratively enlarged and
settled self-consistently (Supplementary Note 1), as shown in
Fig. 1d, and so is the energy gap.

Notably, a similar correlation-enhanced SOC effect was first
revealed in the paramagnetic 4d transition-metal oxide Sr,RhO,4
using a mean-field approach3® when both the SOC and Coulomb
terms involve the occupation difference between the total angular
momentum, Imjl =3/2and Imjl = 1/2 states. In comparison, we
apply the orbital polarization scheme to 3d transition systems,
which typically have a ferromagnetic ground state with a weak
SOC. Compared with the paramagnetic case, the enhancement of
SOC in the ferromagnetic system is a function of U—3] instead of
U—]J. The enhancement of SOC can result in reinforcement of
various emerging phenomena, as shown later.

Materials design for correlation-enhanced SOC effect

Based on the mechanism described above, we extract the crucial
principles to facilitate the design of light-element materials with
large effective SOC. The 3d transition-metal elements of the
materials should reside at the well-chosen Wyckoff positions, of
which the site symmetries should permit the existence of orbital
multiplets E;, E,, or T. Doublets E; and E, are allowed in both
tetragonal, trigonal, and hexagonal point groups, whereas the
triplet T only exists in the cubic point groups, leading to 24 single
point groups (Supplementary Table 1). The design principles lead
to a comprehensive database with all the Wyckoff positions and

site symmetries, allowing orbital multiplets in 2D and 3D periodic
crystals. The results indicate that 32 out of 80 layer groups and 125
out of 230 space groups can support the correlation-enhanced
SOC effect, as listed in Supplementary Tables 2 and 3, respectively.
Therefore, for materials no matter recorded in existing databases
such as C2DB*2 and ICSD#® or artificially designed, one can easily
predict candidates with potentially strong SOC effect using our
database (Supplementary Tables 2 and 3): (i) if the compound
belongs to the required layer/space groups, and ii) if the
transition-metal ion sits on the required Wyckoft positions.

For instance, we consider a 3d compound with space group
P4,/mmc (No. 131), which is one of the 125 groups. Although it
has 18 different types of Wyckoff positions, as shown in Sup-
plementary Table 2, the orbital doublet is permitted for enhanced
SOC effect only when the transition-metal ion is located at
Wryckoff positions 2e or 2f with the same site point group —4 m2.
Notably, these symmetry requirements are established under the
framework of nonmagnetic groups based on the assumption of
strong Hund’s exchange interaction in the 3d series. A similar
methodology can be extended directly to the magnetic point and
space groups.

To explicitly demonstrate the capability of our material design
principle, we focus on a complete search of 2D light-element
materials with strong effective SOC. The procedure is presented
in Fig. 2. Starting from ~1600 2D materials in C2DB4>43, we
selected 859 entries with a set of 3d and 4d elements. Among
them, by comparing the layer group each compound belongs to
and the Wyckoff positions the transition-metal ions are located
using Supplementary Table 3, we obtained 542 candidates.
Thereafter, we perform the density functional theory (DFT) cal-
culations to narrow the material pool with potentially correlation-
enhanced SOC by examining if the considered orbital multiplets
are partially occupied within 1.0 eV around the Fermi level. The
calculation is based on a simple SOC-free framework with a spin-
polarized generalized gradient approximation (GGA) exchange-
correlation functional. Because the central principle is based on
symmetry requirements, our results from such an economic
approach are not sensitive to details such as the lattice constant,
magnetic ordering configuration, and the choice of U. Finally, we
pinned down the “best of class” of 71 material candidates (Table 1
and Supplementary Table 4), for which we perform more careful
GGA+U+SOC calculations. According to Eq. (3), the enhanced
effective SOC is typically one order larger than the original SOC
strength of a dozen meV scale in 3d/4d systems.

(a) o Energy (b) A
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Fig. 1 Schematic of boosting the effective SOC by correlation. The density of states (DOS, the left part of the horizontal axis) and orbital polarization (OP,
the right part of the horizontal axis) of the orbital doublet in single-ion limit (a, b) and periodic solids (¢, d) considering the effects of SOC, inter-ion

hopping and correlation. a Without SOC, the doubly degenerated orbital multiplet has quenched orbital angular momentum,

L,| = 0. b SOC splits the

degenerated levels (denoted by red and blue colors) with an energy gap, AE, and orbital polarization |ZZ| =1 at half-filling. ¢ The hopping between ions
extends the energy levels into energy bands, leaving a tiny L, because the SOC is typically significantly weaker than the inter-ion hopping. d Competition
between the delocalized hopping and the on-site correlation effect significantly enhances L, self-consistently, as well as the SOC effect and the energy gap.
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Fig. 2 Design procedure of the 2D materials with enhanced SOC effect. First, the elements of the 3d/4d series were chosen as 3d: Sc~Ni and 4d: Y~Rh,
leading to 859 entries in C2DB. Second, the 3d/4d transition-metal ions need to reside at the Wyckoff positions whose site symmetries permit the
existence of orbital multiplets. For instance, in a 2D Ni,O, with layer group p4/mmm (LG 61), the Ni ion occupying 1a Wyckoff position Ni@1a (site point
group 4/mmm) permits orbital doublet, whereas that in Ni,S, Ni@2c (site point group mmm) does not. This filter obtains 542 entries remaining. Third, the
considered orbital multiplets are partially occupied within 1.0 eV around the Fermi level, leading to 71 material candidates as the “best of class”.

Table 1 Abstract of the 71 2D material candidates with 3d/
4d elements at selected Wyckoff positions with enhanced
SOC effect.

Layer groups Wyckoff positions Representative
(site-symmetry) compounds
p-4m2 (LG59) 1a, 1b (—42m) CrS,
p4/mmm (LG61) 1a, 1b (4/mmm); Ni, O,
2d, 2e (4 mm)
p4/mbm (LG63) 2a (4/m); 4c (4) CryS,
p4/nmm (LG64) 2a (—42m); Fe,Br;
2b (4 mm)
p3m1 (LG69) 1a, 1b, 1c 3m) KTiS,

p-31m (LG71) 1a (—=3m); 2b (32);
2c 3m); 4e (3)

1a (=3m); 2b, 2c (3m)

Vchs, VzBrsy v2|61
Fe,Clg, Fe,lg, Ruls

p—3m1 (LG72) FezSz, FestZ

p-6m2 (LG78) 1a, 1b, 1c (—6m?2); FeCl,
2d, 2e, 2f (3m)
p-62m (LG79) la (—=62m); 2b (—6);  TiyBrg

2c 3m); 4e (3)

Nine material candidates of high-temperature quantum anomalous Hall insulators are
marked bold.

As a bonus, we systematically obtain nine materials with non-
trivial SOC-induced bandgaps (Table 1), rendering them large-gap
QAH insulators against thermal excitation?! and local disorder®’.
Although some materials in Table 1 and certain artificial struc-
tures are occasionally predicted as large-gap QAH insulators*8-57,
a comprehensive understanding of the nontrivial gaps with tem-
peratures above the room temperature as well as systematic
material search are still lacking. Conversely, the large-gap QAH
insulators in our framework can be well understood and
exhaustively obtained from our material candidates (Supplemen-
tary Table 4) by performing more delicate GGA+U Wannier-
representation tight-binding calculations®$-6! (see Methods). In

the following, we consider the monolayers of honeycomb
transition-metal monochalcogenides, Fe,X, (X=S, Se), to
demonstrate our theory.

QAH insulator with huge nontrivial gap

Monolayer Fe,X,, which is shown in Fig. 3a as two stacking
honeycomb FeX sublayers, has layer group p-3 m1 (No. 72) with
each Fe atom of Fe,X, at the 2c Wyckoff position (site symmetry
group 3 m). According to Supplementary Table 3, three types (1a,
2b, and 2c¢) of the Wyckoff positions support orbital multiplets,
rendering Fe,X, a potential candidate for large effective SOC. The
{d;,d,,} orbitals of Fe ions form the basis functions of the 2D
irreducible representation at the K and K’ valleys at the Fermi
level. Hence, there is a Dirac cone with linear dispersions at each
valley owing to the constraint of the corresponding little-group®?.
Our spin-polarized GGA calculations show that the Dirac cones
are half-occupied under the ferromagnetic ground state with a
magnetic moment of 4 pp/Fe (Fig. 3b and Supplementary Note 4).
Turning on SOC, uniaxial magnetic anisotropy with out-of-plane
moments is preferred as discussed later.

Through our procedure, the SOC gap is significantly enhanced
by the correlation effect self-consistently in Fe,X,. Considering
Fe,S,, the bandgap opened solely by the first-order SOC could be
obtained by either treating SOC as a perturbation with a given U
value or by setting U=0 in a self-consistent calculation (Sup-
plementary Note 4). Both approaches yield a typical first-order
SOC gap of approximately 43 meV, which is large for Fe with
SOC strength of ~15meV®, When we consider the correlation
effect self-consistently, the SOC gap is enhanced significantly,
reaching 628 meV at the K valley (U= 3 eV), as shown in Fig. 3c.
The enhancement AE./AE, is qualitatively consistent with the
analytical results, which reveals the dependence of U= U — 3]
(Supplementary Note 4). By checking the Chern number, C=1,
and the chiral edge modes (Fig. 3d), we efficiently predict that
monolayer Fe,S, is a potential candidate for high-temperature
QAH insulators with a large nontrivial gap. Similarly, the
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Fig. 3 Fe;X; (X =S, Se) monolayer. a Sketch of the honeycomb lattice. b, € Band structure of the Fe,S, crystal without and with spin-orbit coupling with

U =3 eV, with color mapping the projection on {dxz, d,

} orbits. Here, we consider the global coordinate with the crystal c-axis along the z-axis. d Gapless

edge state inside the large bulk gap window of 400 meV. e Evolution of the SOC gap and the E-field induced gap as a function of U in DFT calculation.
f Haldane's phase diagram of transition between the normal insulator (NI) and the quantum anomalous Hall (QAH) insulator obtained from the

corresponding tight-binding model.

correlation-enhanced nontrivial gap in monolayer honeycomb
Fe,Se, reaches 798 meV at the K valley, as shown in Supple-
mentary Note 4.

Notably, the Dirac cones of Fe,X, can also be gapped in a
trivial way by an out-of-plane external electric field owing to the
onsite energy splitting of different d electrons at two FeX sub-
layers. Because the electric field could not effectively separate the
orbital degeneracy of {d,,,d .}, the correlation effect can hardly
enlarge the gap. Therefore, the electric-field-induced gap is more
insensitive with increasing U (Fig. 3e). In addition, the compe-
tition between the SOC-induced nontrivial gap and the electric
field-induced trivial gap in monolayer Fe,X, is analogous to the
Haldane phase diagram® (Fig. 3f), which is quite rare in realistic
materials. More detailed calculation results for Fe,X, are pre-
sented in Supplementary Note 4.

Discussion

The main results of our study are based on the assumption of
strong exchange splitting, for which the interaction between
electrons with parallel spins dominates. In principle, the
correlation-enhanced SOC effect should also be valid under more
general circumstances. In moderate spin-splitting case, con-
sidering a general Kanamori-type correlation (Supplementary
Note 5), we find that although spin flipping process weakens the
orbital polarization of each spin channel, including the con-
tribution of the opposite spin channels does not qualitatively
change the SOC enhancement. Even for the spin-degenerate case,
correlation can generally enhance the SOC effect. As reported in
Liu et al.3%, SOC splits the degenerated states with different total

angular momentum |mj| =3/2 and |m]-| = 1/2. The resultant
“spin-orbit polarization”, i.e., the occupation difference between
|mj| states, plays an essential role in the enhanced SOC effect
along with the correlation between parallel and antiparallel spins.
Therefore, our results together with previous studies>0-40
demonstrate that correlation can in general enhance SOC via
different polarization effects in various magnetic states.

In addition to the large-gap QAH insulators, the paradigm we
used to design materials with large SOC effects could be applied
to various scenarios. For instance, the long-range magnetism of
2D magnetic materials can only be stabilized by uniaxial
anisotropy!. The single-ion magnetocrystalline anisotropy, which
is one of the main components of uniaxial anisotropy, originates
from the SOC effect®. With the reinforcement of the orbital
polarization and SOC effect, the magnetocrystalline anisotropic

energy, Enap, for 2D magnetic materials with {d,.,d} frontier
orbital doublet can significantly increase as®
1 L
Enae = B (th + Uesr %) |cos 6], )

where 0 is the angle between the magnetic moment and the vector
normal to the 2D plane (Supplementary Note 16). This boosted
magnetic anisotropy can stabilize the magnetic order in 2D
magnetic materials with out-of-plane magnetic moments, getting
rid of the Mermin-Wagner theorem for isotropic spins. The DFT
calculations on the magnetocrystalline anisotropy of various
materials yield qualitatively consistent results, as shown in Sup-
plementary Note 4.
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To summarize, we provide design principles for large SOC
effects with the help of orbital degeneracy, electron occupation,
and correlation, eliminating the need for heavy elements. To
activate the correlation-enhanced SOC effect, we combined
symmetry analysis of the transition-metal sites residing at specific
Wyckoff positions and first-principles calculations to examine the
partially occupied orbital multiplets around the Fermi level.
Applying the guiding principles to the C2DB database, we found
71 2D material candidates supporting the correlation-enhanced
SOC effect and nine compounds as potential candidates for high-
temperature QAH insulators. The procedure can be easily
extended for designing and searching 3D light-element materials
with strong effective SOC in various fields of condensed matter
physics, such as spintronics, spin-orbitronics, and topological
phases of matter.

Methods

First-principles calculations. First-principles calculations were based on DFT
with generalized gradient approximation (GGA)®7:%8 for exchange correlation
potential. The Perdew—Burke—Ernzerholf (PBE) functional was used for the GGA
as implemented in Vienna ab initio simulation package (VASP)®’. The electron-ion
interaction was treated using projector-augmented-wave (PAW) potentials’® with a
planewave-basis cutoff of 500 eV. The entire Brillouin zone was sampled using the
Monkhorst—Pack’! method. A vacuum of 15 A was used to avoid artificial inter-
actions caused by the periodic boundary conditions. Because of the correlation
effects of 3d electrons in Fe atoms, we employed the GGA + U approach within the
Dudarev scheme’? and set U varying from 0 to 3 eV. Both Fe,S, and Fe,Se, were
fully relaxed until the force on each atom was less than 0.01 eV/A, and the total
energy minimization was performed with a tolerance of 10~>eV. The Wannier
representation was constructed by projecting the Bloch states from the first-
principles calculations to Fe-3d, S-3p, and Se-4p orbitals>®-60, The edge states and
Berry curvature were calculated in the tight-binding models constructed using the
Wannier representation as implemented in the WannierTools package®!. The
global symmetries of each material and the site symmetries of the Wyckoff posi-
tions during the screening procedure were examined via the INDSYM module”3
of the ISOTROPY software.

Data availability
The supportive data for the findings in this study are available from the corresponding
authors upon reasonable request.

Code availability
The computation code for getting the theoretical prediction is available from the
corresponding authors upon reasonable request.

Received: 26 July 2021; Accepted: 27 January 2022;
Published online: 17 February 2022

References

1. Coey, J. M. D. Magnetism and Magnetic Materials (Cambridge University
Press, 2010).

2. Sandratskii, L. M. Noncollinear magnetism in itinerant-electron systems:
theory and applications. Adv. Phys. 47, 91-160 (1998).

3. Nagaosa, N. & Tokura, Y. Topological properties and dynamics of magnetic
skyrmions. Nat. Nanotechnol. 8, 899-911 (2013).

4. Fert, A, Reyren, N. & Cros, V. Magnetic skyrmions: advances in physics and
potential applications. Nat. Rev. Mater. 2, 17031 (2017).

5. Nagaosa, N,, Sinova, J., Onoda, S., MacDonald, A. H. & Ong, N. P. Anomalous
Hall effect. Rev. Mod. Phys. 82, 1539 (2010).

6. Sinova, J., Valenzuela, S. O., Wunderlich, J., Back, C. H. & Jungwirth, T. Spin
Hall effects. Rev. Mod. Phys. 87, 1213 (2015).

7. Uchida, K. et al. Observation of the spin Seebeck effect. Nature 455, 778-781
(2008).

8. Adachi, H., Uchida, K.-i, Saitoh, E. & Maekawa, S. Theory of the spin Seebeck
effect. Rep. Prog. Phys. 76, 036501 (2013).

9. Ganichev, S. D., Trushin, M. & Schliemann, J. Handbook of Spin Transport
and Magnetism. 1st edn (Chapman and Hall, 2012).

10. Bader, S. D. & Parkin, S. S. P. Spintronics. Annu. Rev. Condens. Matter Phys. 1,
71-88 (2010).

11. Manchon, A. et al. Current-induced spin-orbit torques in ferromagnetic and
antiferromagnetic systems. Rev. Mod. Phys. 91, 035004 (2019).

13.

14.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Manchon, A., Koo, H. C., Nitta, J., Frolov, S. M. & Duine, R. A. New
perspectives for Rashba spin-orbit coupling. Nat. Mater. 14, 871-882 (2015).
Hasan, M. Z. & Kane, C. L. Colloquium: topological insulators. Rev. Mod.
Phys. 82, 3045 (2010).

Qi, X.-L. & Zhang, S.-C. Topological insulators and superconductors. Rev.
Mod. Phys. 83, 1057 (2011).

Bansil, A, Lin, H. & Das, T. Colloquium: topological band theory. Rev. Mod.
Phys. 88, 021004 (2016).

Huang, B. et al. Layer-dependent ferromagnetism in a van der Waals crystal
down to the monolayer limit. Nature 546, 270-273 (2017).

Gong, C. et al. Discovery of intrinsic ferromagnetism in two-dimensional van
der Waals crystals. Nature 546, 265-269 (2017).

Deng, Y. et al. Gate-tunable room-temperature ferromagnetism in two-
dimensional Fe;GeTe,. Nature 563, 94-99 (2018).

Mermin, N. D. & Wagner, H. Absence of ferromagnetism or
antiferromagnetism in one- or two-dimensional isotropic heisenberg models.
Phys. Rev. Lett. 17, 1133 (1966).

Yu, R. et al. Quantized anomalous hall effect in magnetic topological
insulators. Science 329, 61-64 (2010).

Chang, C.-Z. et al. Experimental observation of the quantum anomalous hall
effect in a magnetic topological insulator. Science 340, 167-170 (2013).

Liu, C.-X,, Zhang, S.-C. & Qi, X.-L. The quantum anomalous hall effect: theory
and experiment. Annu. Rev. Condens. Matter Phys. 7, 301-321 (2016).
Bernevig, B. A., Hughes, T. L. & Zhang, S.-C. Quantum spin hall effect and
topological phase transition in HgTe quantum wells. Science 314, 1757-1761
(2006).

Zhang, H. et al. Topological insulators in Bi,Ses;, Bi;Te; and Sb,Te; with a
single Dirac cone on the surface. Nat. Phys. 5, 438-442 (2009).

Liu, L., Moriyama, T., Ralph, D. C. & Buhrman, R. A. Spin-torque
ferromagnetic resonance induced by the spin hall effect. Phys. Rev. Lett. 106,
036601 (2011).

Dziawa, P. et al. Topological crystalline insulator states in Pb;_,Sn,Se. Nat.
Mater. 11, 1023-1027 (2012).

Deiseroth, H.-J., Aleksandrov, K., Reiner, C., Kienle, L. & Kremer, R. K.
Fe;GeTe, and Ni;GeTe, — two new layered transition-metal compounds:
crystal structures, HRTEM investigations, and magnetic and electrical
properties. Eur. J. Inorg. Chem. 2006, 1561-1567 (2006).

Scanlon, D. O. et al. Controlling bulk conductivity in topological insulators:
key role of anti-site defects. Adv. Mater. 24, 2154-2158 (2012).

Xia, Y. et al. Observation of a large-gap topological-insulator class with a
single Dirac cone on the surface. Nat. Phys. 5, 398-402 (2009).

Kotliar, G. et al. Electronic structure calculations with dynamical mean-field
theory. Rev. Mod. Phys. 78, 865 (2006).

Wan, X., Turner, A. M., Vishwanath, A. & Savrasov, S. Y. Topological
semimetal and Fermi-arc surface states in the electronic structure of
pyrochlore iridates. Phys. Rev. B 83, 205101 (2011).

Raghu, S., Qi, X. L., Honerkamp, C. & Zhang, S. C. Topological Mott
insulators. Phys. Rev. Lett. 100, 156401 (2008).

Pesin, D. & Balents, L. Mott physics and band topology in materials with
strong spin-orbit interaction. Nat. Phys. 6, 376-381 (2010).
Witczak-Krempa, W., Chen, G., Kim, Y. B. & Balents, L. Correlated quantum
phenomena in the strong spin-orbit regime. Annu. Rev. Condens. Matter Phys.
5, 57-82 (2014).

Zhou, Y., Kanoda, K. & Ng, T.-K. Quantum spin liquid states. Rev. Mod. Phys.
89, 025003 (2017).

Liu, G. Q., Antonov, V. N,, Jepsen, O. & Andersen, O. K. Coulomb-enhanced
spin-orbit splitting: the missing piece in the Sr,RhO, puzzle. Phys. Rev. Lett.
101, 026408 (2008).

Zhang, G., Gorelov, E., Sarvestani, E. & Pavarini, E. Fermi surface of Sr,RuO,:
spin-orbit and anisotropic Coulomb interaction effects. Phys. Rev. Lett. 116,
106402 (2016).

Kim, M., Mravlje, J., Ferrero, M., Parcollet, O. & Georges, A. Spin-orbit coupling
and electronic correlations in Sr,RuQOy. Phys. Rev. Lett. 120, 126401 (2018).
Triebl, R., Kraberger, G. J., Mravlje, J. & Aichhorn, M. Spin-orbit coupling and
correlations in three-orbital systems. Phys. Rev. B 98, 205128 (2018).
Riseborough, P. S., Magalhaes, S. G., Calegari, E. ]. & Cao, G. Enhancement of
the spin-orbit coupling by strong electronic correlations in transition metal
and light actinide compounds. J. Phys. Condens. Matter 32, 445601 (2020).
He, K., Wang, Y. & Xue, Q.-K. Quantum anomalous Hall effect. Natl Sci. Rev.
1, 38-48 (2014).

Haastrup, S. et al. The computational 2D materials database: high-throughput
modeling and discovery of atomically thin crystals. 2D Materials 5, 042002 (2018).
Gjerding, M. N. et al. Recent progress of the computational 2D materials
database (C2DB). 2D Materials 8, 044002 (2021).

Fazekas, P. Lecture Notes on Electron Correlation and Magnetism (World
Scientific Publishing, 1999).

Kanamori, J. Electron correlation and ferromagnetism of transition metals.
Prog. Theor. Phys. 30, 275-289 (1963).

6 | (2022)13:919 | https://doi.org/10.1038/541467-022-28534-y | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Allmann, R. & Hinek, R. The introduction of structure types into the Inorganic
Crystal Structure Database ICSD. Acta Crystallogr. A 63, 412-417 (2007).

Sessi, P. et al. Dual nature of magnetic dopants and competing trends in
topological insulators. Nat. Commun. 7, 12027 (2016).

Xiao, D., Zhu, W., Ran, Y., Nagaosa, N. & Okamoto, S. Interface engineering
of quantum Hall effects in digital transition metal oxide heterostructures. Nat.
Commun. 2, 596 (2011).

Wang, Y., Wang, Z., Fang, Z. & Dai, X. Interaction-induced quantum
anomalous Hall phase in (111) bilayer of LaCoOs. Phys. Rev. B 91, 125139
(2015).

Doennig, D., Baidya, S., Pickett, W. E. & Pentcheva, R. Design of Chern and
Mott insulators in buckled 3d oxide honeycomb lattices. Phys. Rev. B 93,
165145 (2016).

Wang, H. P., Luo, W. & Xiang, H. J. Prediction of high-temperature quantum
anomalous Hall effect in two-dimensional transition-metal oxides. Phys. Rev.
B 95, 125430 (2017).

Kim, H.-S. & Kee, H.-Y. Realizing Haldane model in Fe-based honeycomb
ferromagnetic insulators. npj Quant. Mater. 2, 20 (2017).

Jin, Y. et al. Large-gap quantum anomalous Hall phase in hexagonal
organometallic frameworks. Phys. Rev. B 98, 245127 (2018).

Zhang, L. et al. Two-dimensional honeycomb-kagome Ta,S;: a promising
single-spin Dirac fermion and quantum anomalous hall insulator with half-
metallic edge states. Nanoscale 11, 5666-5673 (2019).

Sui, Q., Zhang, J,, Jin, S., Xia, Y. & Li, G. Model hamiltonian for the quantum
anomalous hall state in iron-halogenide. Chin. Phys. Lett. 37, 097301 (2020).
Sun, Q., Ma, Y. & Kioussis, N. Two-dimensional Dirac spin-gapless
semiconductors with tunable perpendicular magnetic anisotropy and a robust
quantum anomalous Hall effect. Mater. Horiz. 7, 2071-2077 (2020).

Guo, S.-D., Mu, W.-Q,, Xiao, X.-B. & Liu, B.-G. Intrinsic room-temperature
piezoelectric quantum anomalous hall insulator in Janus monolayer Fe,IX (X
= Cl and Br). Nanoscale 13, 12956-12965 (2021).

Marzari, N. & Vanderbilt, D. Maximally localized generalized Wannier
functions for composite energy bands. Phys. Rev. B 56, 12847 (1997).

Souza, I, Marzari, N. & Vanderbilt, D. Maximally localized Wannier functions
for entangled energy bands. Phys. Rev. B 65, 035109 (2001).

Mostofi, A. A. et al. An updated version of wannier90: a tool for obtaining
maximally-localised Wannier functions. Comput. Phys. Commun. 185,
2309-2310 (2014).

Wu, Q, Zhang, S., Song, H.-F., Troyer, M. & Soluyanov, A. A. WannierTools:
An open-source software package for novel topological materials. Comput.
Phys. Commun. 224, 405-416 (2018).

Tang, F. & Wan, X. Exhaustive construction of effective models in 1651
magnetic space groups. Phys. Rev. B 104, 085137 (2021).

Blume, M., Watson, R. E. & Peierls, R. E. Theory of spin-orbit coupling in
atoms, II. Comparison of theory with experiment. Proc. Math. Phys. Eng. Sci.
271, 565-578 (1963).

Haldane, F. D. Model for a quantum Hall effect without Landau levels:
condensed-matter realization of the “parity anomaly”. Phys. Rev. Lett. 61, 2015
(1988).

Bruno, P. Tight-binding approach to the orbital magnetic moment and
magnetocrystalline anisotropy of transition-metal monolayers. Phys. Rev. B
39, 865 (1989).

Wang, D., Tang, F,, Du, Y. & Wan, X. First-principles study of the giant
magnetic anisotropy energy in bulk Na,IrO,. Phys. Rev. B 96, 205159 (2017).
Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation
made simple. Phys. Rev. Lett. 77, 3865 (1996).

Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation
made simple [Phys. Rev. Lett. 77, 3865 (1996)]. Phys. Rev. Lett. 78, 1396
(1997).

Kresse, G. & Furthmiiller, J. Efficient iterative schemes for ab initio total-
energy calculations using a plane-wave basis set. Phys. Rev. B 54, 11169 (1996).
Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector
augmented-wave method. Phys. Rev. B 59, 1758 (1999).

71. Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone integrations.
Phys. Rev. B 13, 5188 (1976).

72. Dudarev, S. L., Botton, G. A., Savrasov, S. Y., Humphreys, C. J. & Sutton, A. P.
Electron-energy-loss spectra and the structural stability of nickel oxide: an
LSDA+U study. Phys. Rev. B 57, 1505 (1998).

73. Stokes, H. T. & Hatch, D. M. FINDSYM: program for identifying the space-
group symmetry of a crystal. J. Appl. Crystallogr. 38, 237-238 (2005).

Acknowledgements

This work was supported by the National Key R&D Program of China under Grant Nos.
2020YFA0308900, 2017YFA0303203, and 2018YFA0305704; the National Natural Sci-
ence Foundation of China under Grant Nos. 11874195, 12188101, 51721001, and
11790311; Guangdong Innovative and Entrepreneurial Research Team Program under
Grant No. 2017ZT07C062; Guangdong Provincial Key Laboratory for Computational
Science and Material Design under Grant No. 2019B030301001; Science, Technology and
Innovation Commission of Shenzhen Municipality (No. ZDSYS20190902092905285);
Center for Computational Science and Engineering of Southern University of Science
and Technology. X.W. also acknowledges the support from the Tencent Foundation
through the XPLORER PRIZE.

Author contributions

Q.L. and X.W. supervised the whole project. LW, J.L., XW., and Q.L performed the
symmetry analysis. Q.Y. and B.G. performed DFT calculations. Z.H., J.L., and L.W.
carried out the materials screening. J.L. and Q.L. prepared the manuscript with con-
tributions from all authors. J.L., Q.Y., and L.W. contributed equally to this work.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541467-022-28534-y.

Correspondence and requests for materials should be addressed to Xiangang Wan or
Qihang Liu.

Peer review information Nature Communications thanks Markus Aichhorn and the
other, anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

| (2022)13:919 | https://doi.org/10.1038/s41467-022-28534-y | www.nature.com/naturecommunications 7


https://doi.org/10.1038/s41467-022-28534-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Designing light-element materials with large effective spin-orbit coupling
	Enhancing SOC self-consistently by correlation
	Materials design for correlation-enhanced SOC effect
	QAH insulator with huge nontrivial gap
	Discussion
	Methods
	First-principles calculations

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




