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ashba–Dresselhaus spin splitting
in two-dimensional chiral metal–organic
frameworks†

Shanshan Liu,a Ke Xu,*c Xingxing Li, *ab Qunxiang Li ab and Jinlong Yang ab

Two-dimensional (2D) nonmagnetic semiconductors with large Rashba–Dresselhaus (R–D) spin splitting at

valence or conduction bands are attractive for magnetic-field-free spintronic applications. However, so far,

the number of 2D R–D inorganic semiconductors has been quite limited, and the factors that determine R–

D spin splitting as well as rational design of giant spin splitting, remain unclear. For this purpose, by

exploiting 2D chiral metal–organic frameworks (CMOFs) as a platform, we theoretically develop a three-

step screening method to obtain a series of candidate 2D R–D semiconductors with valence band spin

splitting up to 97.2 meV and corresponding R–D coupling constants up to 1.37 eV Å. Interestingly, the

valence band spin texture is reversible by flipping the chirality of CMOFs. Furthermore, five keys for

obtaining giant R–D spin splitting in 2D CMOFs are successfully identified: (i) chirality, (ii) large spin–orbit

coupling, (iii) narrow band gap, (iv) valence and conduction bands having the same symmetry at the G

point, and (v) strong ligand field.
Introduction

One of the primary goals in spintronics is to utilize the spin
degree of freedom of electrons for data storage and information
transmission.1,2 One promising approach is using the so-called
Rashba–Dresselhaus (R–D) spin–orbit coupling (SOC) effect,
which relies on the spin–orbit interaction of carriers in an
inversion-asymmetric environment.3–11 Due to such a SOC
effect, the spin andmomentum are entangled together, forming
a spin texture in the momentum space. It holds signicant
importance for generating, manipulating, and detecting spin
currents.12 The most notable feature of the R–D effect is its
capacity to manipulate spin exclusively through electric elds,
without the need for external magnetic elds or magnetic
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exchange interactions, enabling potential applications in spin
eld-effect transistors (SFETs).13,14 Despite the great potential of
the R–D effect, achieving giant spin splitting in 2D materials is
limited to a few inorganic semiconductors.15–29 Moreover, the
underlying factors inuencing spin splitting and the general
method to achieve giant spin splitting remain to be explored.

Considering the limited structural diversity and tunability of
inorganic materials, we turn our attention to 2D metal–organic
frameworks (MOFs).30 Compared with inorganic materials, the
properties of 2D MOFs can be easily designed by adjusting the
metal nodes, ligand linkers, or connection modes between
them. For the occurrence of R–D spin splitting, one of the basic
requirements is to break the spatial inversion symmetry. Here,
the combined term, R–D spin splitting, refers to either Rashba
or Dresselhaus spin splitting. In this aspect, 2D chiral metal–
organic frameworks (CMOFs) with the absence of inversion and
mirror symmetries, provide a natural platform.31–35 Constructed
from chiral molecules and metals, 2D CMOFs serve as an
important subclass of the MOF family and have received
extensive attention in recent years,36–42 especially in asymmetric
catalysis43 and enantioselective44,45 applications. However,
whether and how notable R–D spin splitting can be achieved in
2D CMOFs and the correlation between chirality and the R–D
effect are still unclear.

To solve the above issues, we choose octahedrally coordi-
nated metals (Sr–Sn and Ba–Pb) and different substituted
bipyridine ligands with axial chirality to form a family of 2D
CMOFs. Through a three-step screening process based on rst-
principles calculations, more than 20 2D CMOFs with obvious
R–D spin splitting at the valence band (VB) are obtained. Among
© 2024 The Author(s). Published by the Royal Society of Chemistry
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them, ve structures possess R–D energies (DE) greater than 80
meV at the G point in the VB and R–D coupling constants (a)
exceeding 1.20 eV Å, which are comparable to those reported for
2D inorganic materials.15,16 In particular, the a of the 2D CMOF
structure OsH2(bipyridine_CN) reaches 1.37 eV Å, with the DE
being 97.2 meV. Furthermore, we nd that the VB spin texture is
reversible via chirality inversion of 2D CMOFs. Finally, through
systematical analysis of the above CMOFs, ve main factors
affecting the spin splitting are revealed: in addition to (i)
chirality and (ii) strength of SOC, the following three factors also
play a crucial role, that is, (iii) the size of the band gap, (iv) the
symmetry of the VB and conduction band (CB) at the G point,
and (v) ligand eld strength.

Results and discussion
2D CMOF screening workow

To generate the R–D spin splitting, two basic conditions need to
be satised: the systems (i) break the spatial inversion
symmetry3,4 and (ii) have large spin–orbit coupling.46 In addition,
it is also generally accepted that the system is not magnetic. To
fulll these conditions, we utilize two inorganic ligands (L1)
coordinated with heavy metal atoms (M) as nodes and axially
chiral ligands47–49 (L2) as linkers to form 2D CMOFs in a tetrag-
onal lattice (Fig. 1a). In this structure, the two L1 ligands are
axially connected to M, while the L2 ligands form four coordi-
nation bonds with M equatorially. Such an arrangement results
in the metal center with an octahedral coordination congura-
tion (Fig. 1a). Formetal atoms (M), those from the h period (Sr
to Sn) and sixth period (Ba to Pb) are selected. For the axial
inorganic ligands (L1), the options are –I, –Br, –Cl, –F, –CN, and –

H. For equatorial organic ligands (L2), 4,40-bipyridine derivatives
with axial chirality are chosen, and the axial chirality of the L2
ligand varies by using different substituent groups for X and Y
(Fig. 1a).50,51 If the Y group is –H, the L2 ligand is represented as
bipyridine_X, and if the Y group is changed, it is represented as
bipyridine_X_Y. The 2D CMOFs are denoted by ML1(bipyr-
idine_X_Y). By adjusting the three degrees of freedom (M, L1,
and L2), the 2D CMOFs with giant R–D energy (DE) are screened
out through the following three steps (Fig. 1b):

Step I. The axial ligand (L1) is chosen as the halogen atom Cl,
and the equatorial ligand (L2) is chosen as R-chiral bipyridine_I
(bipyridine_I][4,40-bipyridine]-3,30-diiodo). Note that such an
axially chiral ligand can be easily synthesized in experiments.52

By changing the metal center M, we obtain 23 CMOFs with the
C2 space group and screen out 10 non-magnetic semi-
conductors. When M is Sr, Ru, Cd, Os, Pt, or Pb, spin splitting
occurs in either the valence band or the conduction band (see
Table S1† for more details). Among them, the splitting for Os-
based CMOFs is signicantly larger than that of other metal-
based CMOFs, i.e., the DE of OsCl2(bipyridine_I) is 3.2 meV.

Step II. By using Os as the metal center and R-chiral bipyr-
idine_I as the L2 ligand, we adjust the ligands L1 to obtain
a larger R–D energy. The obtained CMOFs with the C2 space
group are summarized in Table S2.† The most favorable L1
ligand is found to be –H, with the DE of OsH2(bipyridine_I)
being as large as 43.5 meV.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Step III. Fixing the metal center to be Os and the L1 ligand to
be –H, the L2 ligand is now changed. The obtained CMOFs with
P1, C2 and P422 space groups are summarized in Table S3.† The
results show that when the L2 ligand is bipyridine_CN, i.e., [4,40-
bipyridine]-3,30-dicarbonitrile as synthesized in the experi-
ment,52 a giant and the biggest DE (97.2 meV) is achieved in
OsH2(bipyridine_CN).

Obviously, the combination of optimal L1 (–H) and L2
(bipyridine_CN) ligands helps largely improve the DE for Os-
based CMOFs from 3.2 to 97.2 meV. Such enhancement is ex-
pected to be also applicable to other metal-based CMOFs. For
instance, when the metal center is 4d transition metal Ru, the
DE of RuH2(bipyridine_CN) is enhanced to be 14.8 meV, rep-
resenting a 28-fold increase compared to that of RuCl2(-
bipyridine_I) (see Table S4†).

Dynamic and thermal stability analysis

Taking the outstanding OsH2(bipyridine_CN) as an example,
the structural stability is examined by phonon spectroscopy and
ab initio molecular dynamics (AIMD) simulations. As shown in
Fig. S1,† no obvious imaginary frequency is observed from the
phonon spectrum, indicating that OsH2(bipyridine_CN) is
dynamically stable. Although some extremely small imaginary
frequencies (less than 0.78 cm−1) exist near the G point, they are
considered to be unphysical and caused by size and boundary
effects,53 and a similar phenomenon has also been observed in
other reported MOFs.54–56 In addition, during 9 ps AIMD simu-
lation at 600 K (Fig. S2†), the total energy uctuates near its
equilibrium value without any sudden drops, and the lattice
structure remains intact without undergoing any reconstruc-
tion, conrming the good thermal stability of the structure.

Electronic structure and chirality

Fig. 2b and c show the band structures of the R-chiral OsH2(-
bipyridine_CN) calculated using PBE and PBE + SOC, respec-
tively. When the SOC is not considered, OsH2(bipyridine_CN) is
a direct band gap semiconductor (0.84 eV) with the valence
band maximum (VBM) and conduction band minimum (CBM)
located at the M point. All bands are spin degenerate. Aer
including the SOC effect, the band gap is reduced to 0.60 eV.
Moreover, the spin degeneracy is lied, and its VBM and CBM
are changed to locate between G andM points (near the G point)
(Fig. 2c). In particular, the valence band presents a typical
Dresselhaus spin splitting. The spin texture in the k-space for
the split upper and lower branches is plotted in Fig. 2d,
respectively. Near the G point, the in-plane spin texture of the
upper branch exhibits anti-vortex geometry, which indicates
a typical Dresselhaus-type SOC.57 Interestingly, the spin texture
of the lower branch shows a reverse anti-vortex geometry. The
PBE + SOC band structure is further conrmed by using HSE06
+ SOC calculations (Fig. S3†), which qualitatively give the same
results.

Fig. 2f and g show the band structures of the S-chiral
OsH2(bipyridine_CN) calculated with the PBE and PBE + SOC,
respectively. The band gap of S-chirality is the same as that of R-
chirality. However, the valence band spin texture is totally
Chem. Sci., 2024, 15, 6916–6923 | 6917
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Fig. 1 (a) Structural composition diagram of 2D chiral metal–organic frameworks (CMOFs) in a tetragonal lattice. (b) The proposed three-step
screening procedure to obtain 2D Rashba–Dresselhaus (R–D) semiconductors with large R–D spin splitting in CMOFs.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

4:
27

:3
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
reversed compared to R-chirality (Fig. 2h). This indicates that
the chirality inversion is a potential route to control the spin
splitting. Experimentally, the chirality inversion could be real-
ized using temperature, pressure, solvent, light, etc.58–61 Here,
a two-step transition path from R-chiral to S-chiral OsH2(-
bipyridine_CN) is simulated (Fig. S4†), where the energy barrier
is determined to be 0.7 eV. Such a big energy barrier allows the
two enantiomers to coexist independently at room temperature.
The space group of the metastable intermediate state is Cm,
with the coexistence of R- and S-chiral bipyridine_CN ligands.
Interestingly, the structure possesses a vortex Rashba-type spin
texture, with the DE being 109 meV.
The effect of the band gap

To reveal the factors that affect the magnitude of spin splitting
in 2D CMOFs, we plot DE versus band gap in Fig. 3a (see Tables
S1–S3†). As shown in the upper-le corner of Fig. 3a, the
systems OsH2(bipyridine_CN), OsH2(bipyridine_CCH),
6918 | Chem. Sci., 2024, 15, 6916–6923
OsH2(bipyridine_H), OsH2(bipyridine_F) and OsH2(-
bipyridine_OH) exhibit narrow band gaps and large R–D ener-
gies. The general trend is that the smaller the band gap, the
bigger the spin splitting. However, there are several exceptions
(marked by triangles), indicating that the band gap is not the
only factor affecting spin splitting. For example, OsH2(-
bipyridine_H) (0.52 eV) has a smaller band gap than OsH2(-
bipyridine_CN) (0.6 eV), but its DE (88.5 meV) is smaller than
that of OsH2(bipyridine_CN) (97.2 meV). To explain this
anomaly, factors other than the band gap need to be consid-
ered. Bahramy et al.62 suggest that in the presence of a strong
SOC, two states with the same symmetry can lead to a large spin
splitting. In the next section, the effect of symmetry on the spin
splitting will be investigated.

Fig. 3b shows the relationship between the DE and the a (see
Tables S2 and S3† for more details). The R–D coupling constant
is calculated using a= 2DE/k0, where k0 is themomentum-offset
from the G point and DE is the R–D energy of spin splitting. In
SFETs, a big a helps shorten the channel length,63 which is
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Structure of optimized R-chiral OsH2(bipyridine_CN). Band structures calculated with (b) PBE and (c) PBE + SOC for R-chiral
OsH2(bipyridine_CN), and (d) its spin texture of upper and lower Dresselhaus bands in the valence band (VB). (e), (f), (g) and (h) are those for S-
chiral OsH2(bipyridine_CN). The tangent vectors of the streamlines (directions indicated by the arrows) in the spin texture represent the spin
vector {sx,sy} in the (kx, ky) plane, and the red (blue) color represents the positive (negative) spin component sy. The Fermi levels are set to zero.
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benecial for maintaining spin coherence and improving inte-
gration of the spintronic devices. It is clear that the a is almost
proportional to DE. When the DE is the largest (97.2 meV), the
corresponding a reaches 1.37 eV Å. Therefore, to obtain
a signicant a, a large DE is needed.

The effect of symmetry

The symmetry characteristics of the VB and CB at the G point
are determined by rst-principles calculations combined with
Fig. 3 (a) The relationship between the band gap and DE. (b) The relatio

© 2024 The Author(s). Published by the Royal Society of Chemistry
group-theory analysis. In the absence of SOC, for OsH2(-
bipyridine_CN) with the C2 space group, all the bands at the G

point are transformed according to the single-group represen-
tations of C2. An important consideration is the presence of
crystal eld splitting (CFS), which affects the electronic struc-
ture of the system.64 The projected band structure of OsH2(-
bipyridine_CN) in Fig. 4a implies that the CB can be simply
regarded as contributed by the p-orbital, while the VB is
contributed by the d-orbital. The character table of the C2 point
nship between DE and a.

Chem. Sci., 2024, 15, 6916–6923 | 6919
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group is shown in Table S5:† for the p-type CB, {pz}/ A and {px,
py}/ B and for the d-type VB, {dxy, dz2}/ A and {dyz, dxz}/ B.
As shown in Fig. 4b, at the G point, the ordering of CFS for the
VB and CB follows the sequence B/ A and A/ B, respectively,
with increasing energy. When SOC is introduced, the previously
dened single-group representation is transformed into
a double-group representation. In the C2 double point group,
the reduction is A / G3 4 G4 and B / G3 4 G4 (G3 4 G4 is
simplied as G3,4). Fig. 4b shows that the VB and CB have the
same symmetry G3,4 at the G point. Furthermore, the SOC
introduces a splitting between the j = 3/2 and j = 1/2 states of
the p-level, and the j = 5/2 and j = 3/2 states of the d-level (a
detailed discussion is in Note S1 of the ESI†).

For OsH2(bipyridine_H), it belongs to the P422 space group and
the G point has D4 symmetry. Without SOC, all the bands at G are
thus transformed according to the single-group representations of
D4. In Fig. 4c, the projected band structure of OsH2(bipyridine_H)
shows the dominant contributions of the d-orbital at the VB and
the p-orbital at the CB. From the character table of the D4 point
group (Table S6†), it can be seen for the p-type CB that {px, py}/ E
Fig. 4 Projected band structure of (a) OsH2(bipyridine_CN) and (c)
bipyridine_CN) and (d) OsH2(bipyridine_H) due to a combination of crysta
the crystal field splitting energy and DSO denotes the atomic SOC energ

6920 | Chem. Sci., 2024, 15, 6916–6923
and {pz} / A2 and for the d-type VB, {dxy} / B2, {dxz, dyz} / E,
{dz2} / A1 and {dx2−y2} / B1. Fig. 4d gives the diagrammatic
representation of band splitting caused by CFS and SOC. Without
SOC, CFS for the VB (CB) at the G point follows the sequence E/

B2 (E / A2), in an increasing order of energy. When SOC is
incorporated, the previously dened single-group representation
is transformed into a double-group representation. In the D4

double point group, the reduction is A2/ G6, E/ G64 G7, B2/

G7, A1 / G6 and B1 / G7. In other words, B1 and B2 transform to
G7 and A1 and A2 transform to G6, whereas E splits into two two-
fold bands: G6 and G7. Obviously, the VB and CB at the G point
exhibit different symmetries. Since two states with the same
symmetry are benecial for enhancing spin splitting,62 OsH2(-
bipyridine_CN), which has the same symmetry at the G point in
the VB and CB, possesses a larger DE than OsH2(bipyridine_H).
The effect of ligand eld strength

According to ligand eld theory,65 the ligand eld strength can
be described by the spectrochemical series: –I < –Br < –Cl < –F <
OsH2(bipyridine_H). Illustration of the band splitting of (b) OsH2(-
l field splitting (CFS) and spin–orbit coupling (SOC), whereDCF denotes
y.

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06636c


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

4:
27

:3
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
–CN.66,67 During the screening process, we nd that the ligand
eld strength also has a notable inuence on the spin splitting
(see Table S2†). The ligand eld strength indirectly affects the
DE by varying the spin–orbit coupling. A stronger ligand eld
can increase the proportion of metal atoms in the VB, thereby
inducing a more efficient SOC.68 In Table S7†, the proportion of
Os metal atoms in the VB increases with the increase of ligand
eld strength, which results in an enhancement in DE.
According to the ligand eld strength, the anomalies of
Os(CN)2(bipyridine_I), OsF2(bipyridine_I) and OsI2(-
bipyridine_I) in Fig. 3a can be well explained. For OsF2(-
bipyridine_I) and Os(CN)2(bipyridine_I), their VB and CB have
the same symmetry at the G point, and the band gap of the
former (0.64 eV) is smaller than that of the latter (1.30 eV).
Without considering the inuence of ligand eld strength, the
DE of OsF2(bipyridine_I) is expected to be larger than that of
Os(CN)2(bipyridine_I). However, the stronger ligand eld
strength of –CN endows Os(CN)2(bipyridine_I) (34.9 meV) with
a larger DE than OsF2(bipyridine_I) (11.5 meV). Additionally, we
have tested other strong eld ligands including NCS−, NO2

−,
PH3, and CO. The calculation results show that the energy of
spin splitting increases as the ligand eld strength increases
(see Table S8†). Another factor worth noting is the SOC strength
of the ligand itself. For OsI2(bipyridine_I) and OsBr2(-
bipyridine_I), though the ligand eld strength of –I is weaker
than that of –Br, the ligand –I is heavier than –Br, resulting in
a much stronger SOC of OsI2(bipyridine_I). Consequently,
OsI2(bipyridine_I) has a larger DE than OsBr2(bipyridine_I) (see
Table S2†).

Finally, based on the above discussions, ve conditions
required for obtaining giant spin splitting in 2D CMOFs are
identied: (i) the presence of chiral ligands, which breaks the
inversion symmetry, (ii) the existence of heavy atoms, which
leads to a signicant spin–orbit coupling, (iii) a narrow band
gap, (iv) the same symmetry of the VB and CB at the G point, and
(v) the presence of strong eld ligands.69,70

An important factor for designing spin eld-effect transistors
(SFETs) based on R–D semiconductors is the channel length L=
pħ2/(2m*a),63 over which the spin precesses by p (180°). To
improve the integration, a short channel length is desired,
which requires a large a. Taking the best OsH2(bipyridine_CN)
as an example, the calculated carrier effective mass m* and
coupling constant a of the valence band are 1.96 me and 1.37 eV
Å, respectively. According to the formula L = pħ2/(2m*a), we
nd that to achieve a spin precession of 180°, the required
channel length (L) is 0.45 nm. This value is challenging to attain
with previous 2D semiconductors and is ideal for miniaturized
nano-spintronic devices. Moreover, a possible synthesis route
for OsH2(bipyridine_CN) is proposed (more details can be
found in Note S2 of the ESI†).

Conclusions

In summary, based on rst-principles calculations, we report an
unprecedented class of 2D CMOFs with signicant R–D spin
splitting. Among them, OsH2(bipyridine_CN) demonstrates an
R–D energy DE of 97.2 meV and a coupling constant A of 1.37 eV
© 2024 The Author(s). Published by the Royal Society of Chemistry
Å. Additionally, the underlying factors that control the R–D spin
splitting have been revealed, which can lead to the future
development of 2D R–D semiconductors with giant spin
splitting.

Computational methods
Rashba spin–orbit coupling

The Rashba spin–orbit coupling term is induced by the struc-
ture inversion asymmetry. The effective Rashba Hamiltonian
can be represented as:71

Heff ¼ p2

2m*
þ aRðs� kÞ$ẑ (1)

where p is the electron momentum, m* is the electron effective
mass, aR is the coupling constant, s is the Pauli matrix, k is the
electron wave vector, and ẑ is the unit normal vector. The cor-
responding eigenvalues are:

E�ðkÞ ¼ h2k2

8p2m*
� aRk ¼ h2

8p2m*
ðk � k0Þ2 � DER (2)

where the symbol + (−) denotes the upper (lower) branch, DER is
the energy difference between k = k0 and k = 0, and k0 is the
momentum offset between the peak and the high symmetry
point. Therefore, according to eqn (2) the Rashba coupling
constant aR can be simply calculated as:

aR ¼ 2DER

k0
(3)

Dresselhaus spin–orbit coupling

The Dresselhaus spin–orbit coupling term arises from bulk
inversion asymmetry. The 2D Dresselhaus Hamiltonian can be
represented as:72

HD(k) = aD(kxsx − kysy) (4)

where the constant aD is the Dresselhaus spin–orbit coupling
strength. The eigenvalues are:

E�ðkÞ ¼ h2k2

8p2m*
� aDk ¼ h2

8p2m*
ðk � k0Þ2 � DED (5)

where the symbol + (−) denotes the upper (lower) branch,DED is
the energy difference between k = k0 and k = 0, and k0 is the
momentum offset between the peak and the high symmetry
point. The Dresselhaus coupling constant aD can be simply
calculated as:

aD ¼ 2DED

k0
(6)

For calculating the aR/D, we nd k0 and DER/D through the
parabolic tting of the energy band where spin splitting occurs
and calculate the aR/D through eqn (3) and (6). DER and DED are
indistinguishable solely from the band structure (see Fig. S5a
and b†) but can be distinguished through the spin texture. In
general, the Rashba and Dresselhaus spin textures exhibit
Chem. Sci., 2024, 15, 6916–6923 | 6921
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vortex and antivortex geometries in the kx–ky plane (see Fig. S5c
and d†).

The electronic structures of 2D CMOFs are calculated based
on the density functional theory (DFT) method within the Per-
dew–Burke–Ernzerhof (PBE) generalized gradient approxima-
tion (GGA)73 implemented in the Vienna ab initio simulation
package (VASP).74 A projector augmented wave (PAW) potential
and a plane-wave cut-off energy of 500 eV are used. The vacuum
space along the z direction is 15 Å. The rst Brillouin zone is
sampled with a Monkhorst–Pack grid of 3 × 3 × 1. Both the
lattice constant and the positions of all atoms are relaxed until
the force is less than 0.01 eV Å−1. The criterion for the total
energy is set as 1 × 10−6 eV. In our calculations of all the
materials, each transition metal atom is given a notable initial
magnetic moment to nd its optimal value. By checking the
converged local magnetic moments, the magnetic properties of
the material are identied, that is, if the local magnetic moment
of each atom is zero, the material is determined to be non-
magnetic, otherwise, it is magnetic. The HSE06 functional (ref.
75) is used to ensure the accuracy of the PBE results, and then
all materials are screened using the PBE to save the computa-
tion time. The phonon spectrum is simulated by using the nite
displacement method as implemented in the Phonopy package
interfaced with the VASP.76 A 3 × 3 × 1 supercell with a Mon-
khorst–Pack k-point mesh of 1 × 1 × 1 is adopted. The thermal
stability is assessed according to AIMD simulations at 600 K by
using a 2 × 2 × 1 supercell. The band symmetry is calculated
using the Quantum Espresso package.77
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