Open Access Article. Published on 27 July 2024. Downloaded on 4/1/2026 4:00:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical
Science

W) Check for updates ‘

Cite this: Chem. Sci., 2024, 15, 13853

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 22nd June 2024
Accepted 25th July 2024

DOI: 10.1039/d4sc04125a

I ROYAL SOCIETY
PPN OF CHEMISTRY

Realizing altermagnetism in two-dimensional
metal—-organic framework semiconductors with
electric-field-controlled anisotropic spin currentf

abc

Yixuan Che, (22 Haifeng Lv, ©*° Xiaojun Wu {2 *¢ and Jinlong Yang

Altermagnets exhibit momentum-dependent spin-splitting in a collinear antiferromagnetic order due to
their peculiar crystallographic and magnetic symmetry, resulting in the creation of spin currents with
light elements. Here, we report two two-dimensional (2D) metal-organic framework (MOF)
semiconductors, M(pyz), (M = Ca and Sr, pyz = pyrazine), which exhibit both altermagnetism and
topological nodal point and line by using first-principles calculations and group theory. The
altermagnetic 2D MOFs exhibit unconventional spin-splitting and macroscopic zero magnetization
caused by 4-fold rotation in crystalline real space and 2-fold rotation in spin space, leading to the
generation and control of anisotropic spin currents when an in-plane electric field (E) is applied. In
particular, pure spin current with the spin Hall effect occurs when E is applied along the angular bisector
of the two spin arrangements. Our work indicates the existence of altermagnetic MOF systems and

a universal approach to generate electric-field-controlled spin currents for potential applications in

rsc.li/chemical-science antiferromagnetic spintronics.

Introduction

Spintronics, using only the spin freedom of electrons to store,
transport, and process information, offers the opportunity to
reduce the generation of Joule heat in conventional electronics
by utilizing spin alignment.* There are two primary phases of
spin alignment in the collinear form, i.e., ferromagnetic and
antiferromagnetic order with the spins aligned in parallel and
antiparallel directions, respectively. Ferromagnets are
disturbed by the stray fields and antiferromagnets are normally
absent of spin-splitting in energy bands, posing a formidable
challenge in their practical applications in spintronics.” In
addition, the generation of pure spin current in spintronics as
a substitute for electron current is highly desirable due to its
potential for reduced power consumption, but it still faces big
challenges.

Recently, altermagnets that exhibit a spontaneous spin-
splitting of energy bands and lack macroscopic magnetism in
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the collinear antiferromagnetic form have been proposed based
on crystalline and magnetic symmetry.>*® Compared to
conventional antiferromagnets, altermagnets possess unique
characteristics, including unconventional spin-splitting due to
the valley-dependent spin-momentum coupling, as well as
adjustable charge and spin currents through anisotropic spin-
momentum coupling.” These features make them suitable for
various applications such as spintronics,”® thermo-electric
response,’ field-effect electronics,* multiferroics,"* supercon-
ductivity,'” etc. For example, the rutile metal RuO, bulk shows
unconventional broken time-reversal (T) symmetry transport
anomalies and spintronic effects, including the anomalous Hall
effect,”>** charge-spin conversion,*'* spin-torque
phenomena,”™ and giant and tunneling magnetoresis-
tance.”*® By doping, insulating perovskite La,CuO, transforms
into a high-temperature d-wave superconductor.>** Two-
dimensional (2D) V,Se,O crystal is a multifunctional inor-
ganic material that displays giant piezomagnetism, which
enables manipulation of both spin and valley.” Furthermore,
2D CrO crystal exhibits large spin-splitting and spin-
momentum-locked transport, together with a high magnetic
transition temperature.”® Theoretically, high-throughput
screening from existing databases has enriched the quantity
of altermagnets in both 2D and 3D systems.**® Experimentally,
spin-splitting in altermagnets can be detected from photo-
emission spectroscopy and ARPES measurements.””~> However,
it is highly desirable to explore experimentally feasible alter-
magnets in the nanoscale that are beyond the limiting range of
existing inorganic altermagnetic materials.
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Metal-organic frameworks (MOFs), assembled with metal
nodes and organic linkers, provide a versatile chemical plat-
form that exhibits peculiar magnetism in 2D forms.** By
modulating the coordination modes, the spin-related properties
of 2D MOFs can be created and regulated. For instance, the
orthorhombic [Fe(pyz),(NCS),], (pyz = pyrazine) polymeric
sheet shows antiferromagnetic behavior below 8.5 K and the
neutron powder diffraction showed a three-dimensional (3D)
long-range order below 6.8 K.*“** The antiferromagnetic
triclinic M(NCS),(pzdo), (M = Mn or Co, pzdo = pyrazine
dioxide) maintain its magnetic order at the temperature below
8.4 and 11.2 K for Mn and Co, respectively.>® Non-crystal-
symmetry compensated magnets, such as the ferromagnetic
orthorhombic Cr(ptl), (ptl = pentalene),* the ferrimagnetic
tetragonal Cr(pyz),,***” and the pentafunctional ferrimagnetic
Cr(tdz), (tdz = 1,2,5-thiadiazole),®® have high magnetic transi-
tion temperatures of 560, 342, and 378 K, respectively, because
of the strong d-p direct exchange interaction between the metal
and N atoms.

Here, we present two 2D MOF altermagnetic semi-
conductors, namely M(pyz), (M = Ca and Sr), by assembling the
alkaline earth metal atoms as nodes and pyrazine (1,4-diazine)
as organic linkers based on first-principles calculations. The 2D
MOFs exhibit altermagnetism at their ground state, character-
ized by unconventional spin-splitting and macroscopic zero
magnetization caused by the 4-fold rotation (C,.) in crystalline
real space and 2-fold rotation (C,) in spin space. Particularly,
spin current (J;) can be generated and reversely regulated by the
in-plane electric field (E) direction. The spin Hall effect (SHE)*
generates pure transverse J; when E is applied along the angular
bisector of two spin configurations.

Results and discussion

Conventional antiferromagnets lack macroscopic magnetism
and have degenerate energy bands due to opposing spin chan-
nels, typically displaying similar electric behaviors to nonmag-
netic materials. Altermagnet is a novel type of antiferromagnet
that exhibits additionally unconventional spin polarization and
spin-splitting in reciprocal momentum space, which is deter-
mined by specific crystallographic symmetry and magnetic
ground state.>*%132223:27.2849 Ag shown in Fig. 1a, in conventional
antiferromagnets, opposite-spin sublattices are connected by
inversion (i) or translation (¢). These connections can be rep-
resented as the notation [C,||{] or [C,||{], where the trans-
formation on the left side of the double vertical bars affects only
the spin space, while the one on the right side affects only the
crystalline real space. Spin valleys are isotropic, and sublattices
of conventional antiferromagnets belong to the same crystal-
lographic point group G as the material. In the case of alter-
magnets, as shown in Fig. 1b, the « and § spins are connected
by rotation (R), but inversion and translation are prohibited.
The spin symmetry notation is denoted as [C,||R], and the point
group of sublattice H is a subgroup of G with an index of 2. The
a and @ spin channels in altermagnets are nondegenerate,
equally occupied, and anisotropic.

13854 | Chem. Sci., 2024, 15, 13853-13863
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The time-reversal symmetry arises from the multiplication of
[C,|IX] and the spin-only group symmetry [C, | ||T], i.e., [T]|TX].
Here, X is a set of symmetric elements, and C,, represents
a 180° rotation around an axis perpendicular to spins. In
conventional antiferromagnets, X is the crystalline point group
G including the identity element (E). Thus, the T-symmetry is an
element of its spin point group and is reflected in the band
degeneracy of « and @ spins (Fig. 1a). In the case of alter-
magnets, X =G O H, where the coset G © H does not include E.
As a result, the T-symmetry is broken, leading to the spin-
splitting of energy bands and spin polarization in momentum
space (Fig. 1b, and see details in ESI Note S17).

Due to the anisotropic spin channels, the spin current (J; =
J« — Jg) in altermagnets can be regulated by directly controlling
in-plane E direction. As E rotates, J; will undergo a rotation in
the opposite direction, maintaining the same angle (¢). When
the in-plane E is applied along a certain spin valley configura-
tion of « or @ (Fig. 1c and d), the spin current will be parallel to
the direction of the electric field and will flow in the opposite
direction depending on the spin types along which E is applied.
When E is applied at the angular bisector of two spin arrange-
ments (Fig. 1e and f), carriers with « and § spins will undergo
equal deflection but in opposite directions, leading to pure
transverse J; and SHE (see details in ESI Note S2t).** Anisot-
ropies, spin-splitting, and spin current in altermagnets arise
from their unique symmetries independent of spin-orbit
coupling (SOC), enabling their realization in materials con-
taining only light elements.?”*® The primary rules for identifying
altermagnetic phases of crystals have been proposed in previous
reports, which serve as a foundation for the rational design of
such materials.>*

Benefitting from the abundant ligands, unpaired electrons,
and various topologies, it is highly promising to construct MOFs
with targeted magnetic order, such as altermagnetism, by
selecting the core metal, organic linker, and topology.

Structure and stabilities

In 2D MOFs, metal atoms are tetra-coordinated with four
adjacent pyrazine ligands via metal-nitrogen bonds, forming
a square plane. The pyrazine ligand exhibits a C,, rotational
symmetry with the metal atom as its center (Fig. 2a-c). The
Be(pyz), and Mg(pyz), undergo a phase transition from tetrag-
onal to orthorhombic, which is caused by the small radius of
alkaline earth metal atoms, the significant steric hindrance
between hydrogen atoms in neighboring pyrazine ligands, and
a substantial torsion angle along the Be(Mg)-N bonds. However,
Ca(pyz),, Sr(pyz),, and Ba(pyz), can exhibit tetragonal phases
with the space group of P4/nbm (#125). The calculated lattice
parameters, bond lengths between the metal and N atoms,
sheet thicknesses, torsion angles, Bader charge transfer from
the metal atoms to pyrazine ligands, formation energies per
stoichiometric formula, and electronic band gaps are summa-
rized in Table 1. The lattice parameters and bond lengths
between metal and nitrogen atoms increase when the period of
metal atoms increases, while torsion angles and monolayer
thicknesses decrease.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characteristics of altermagnetism and schematic illustrations of the anisotropic spin current (J;) regulation. (a) Opposite-spin sublattices
(light-colored quadrilaterals, same below) in conventional antiferromagnets are connected by inversion (i) or translation (t) and spin valleys are
isotropic (left panel), which is reflected in the band degeneracy of « and 8 spins (right panel). (b) For altermagnets, opposite-spin sublattices are
connected by rotation (R) rather than inversion and spin valleys are anisotropic (left panel), which is reflected in the spin-splitting of energy bands
(right panel). In altermagnets, Js can be directly regulated by the in-plane electric field (E) direction due to the anisotropic spin channels, and as E
rotates, Js will rotate in the opposite direction at the same angle (¢). (c and d) When the electric field follows the direction of a certain spin
arrangement, longitudinal spin currents will appear and exhibit opposite directions under different spins. (e and f) When the electric field follows
the angular bisector of two spin arrangements, pure transverse Js with no Hall charge current will be observed, and the charge—spin conversion
ratio will reach maximum. The carriers with « and § spins undergo the same degree of deflection but in opposite directions under the in-plane E
on the angular bisector, resulting in the spin Hall effect (SHE). Particularly, for the altermagnetic M(pyz), (M = Ca and Sr) with C,, rotation
between sublattices, the longitudinal and transverse J; will alternate in cycles of 45°, and the pure transverse J and SHE will appear at ¢ = 45°. Red

and blue denote opposite spins. Dashed boxes in (a) and (b) are the unit cells in spin space.

To examine the stability of 2D MOFs, the average formation
energy per stoichiometric formula (&form ) of the two thermally
stable sheets is calculated using the following equation:

émor — (2(§M+4(§pyz)

Eform = B ; (1)

where &vor, €M, and &y, denote the energies of 2D MOFs,
metal atoms, and pyrazine rings, respectively. Table 1 provides
a summary of the calculated energies, which vary from —4.11 to
—4.65 eV. These values indicate that the synthesis of three
altermagnetic 2D MOFs using metal atoms and pyrazine ligands
is feasible. As shown in Fig. S1,f temperature, reaction time,
solvent, and additive conditions can be predicted by the MOF
Synthesis Prediction Tool.** It is shown that water is predicted
as the solvent with neutral or no additive for 2D MOFs with high
certainty, while temperature and reaction time are predicted
with medium certainty. Furthermore, the Bader charge transfer
from the metal atoms to pyrazine ligands increases as the
period of metal atoms increases, correlating to their electro-
negativities (Table 1).

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

The structural dynamical stability of 2D MOFs is examined
by the calculated phonon spectrum. Fig. S2+ shows the absence
of imaginary frequencies in the phonon spectra of Ca(pyz), and
Sr(pyz),, indicating that they are dynamically stable. On the
other hand, Ba(pyz), exhibits the presence of soft phonon
modes at around 20i cm™', corresponding to the relative
vibration of Ba atoms along c-axis. This is partly due to the large
atomic radius of Ba, which increases the lattice parameter and
causes structural instability. Thus, only Ca(pyz), and Sr(pyz),
are studied in the following (Tables S1 and S21).

The thermal stabilities of the 2D MOFs are analyzed using ab
initio molecular dynamic (AIMD) simulations. The simulations
are performed at 300, 600, and 900 K for 5 ps with a time step of
1 fs. The structural snapshots are shown in Fig. S3 and S4.1 2D
MOFs exhibit thermal stability by preserving their structural
integrity at a temperature as high as 600 K. Additionally, it is
shown that pyrazine rings can easily rotate between the metal
nodes. To verify the stability with different torsion angles, the
PBE self-consistent-field energies with different torsion angles

Chem. Sci., 2024, 15, 13853-13863 | 13855
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Fig. 2 Altermagnetic 2D Ca(pyz), with unconventional spin-splitting and valley-dependent spin-polarized sublattices. (a—c) Structure and spin
valleys of the altermagnetic 2D Ca(pyz),. (a) The P4/nbm (#125) Ca(pyz), is connected by (b) the pyrazine (1,4-diazine) ligands and Ca atoms with
(c) Ca—N tetra-coordination, where the sublattices with different spins obtain the C4, rotational symmetry in the planar square field. The iso-
surface value of spin density in (a) is 0.005 e bohr~3, where the red and blue colors represent up and down spins, respectively. Green, gray, blue,
and white balls represent Ca, C, N, and H atoms, respectively. Structural parameters in Table 1 are labeled in (a). (d) The first Brillouin zone (BZ) of
the altermagnetic 2D Ca(pyz), with high symmetry k-points and k-paths. The red and blue arrows represent the different spin-splitting paths and
the corresponding triangle areas are the two irreducible parts of the first BZ. (e) Band structure of the altermagnetic 2D Ca(pyz), with HSEO6
functional via the k-path in (d), with (f) spin-splitting of the bands around CBM. The gray shadows in (e) represent the band gap (&, = 1.81 eV). ()
Sublattice and spin resolved density of states (DOS) of the altermagnetic 2D Ca(pyz),. The « sublattice is framed with solid green lines in (a) while
the 8 lattice is the corresponding opposite one. The Fermi level (&) is set to O eV.

Table1l The calculated lattice parameters (a for length and « for angle,
in A and °, respectively), bond lengths between metal and N atoms (L,
in A), sheet thicknesses (d, in A), torsion angles (6, in °), Bader charge
transfer from the metal atoms to pyrazine ligands (C, in ™), formation
energies (&torm, iN €V per stoichiometric formula), and electronic
band gaps (&, in eV) of the tetragonal M(pyz), (M = Ca, Sr, and Ba).
The values of &, are calculated with HSEQ6 hybrid functional

Ca(pyz), St(pyz)> Ba(pyz),
a 10.86 11.34 11.84
o 90.00 90.00 90.00
L 2.39 2.56 2.74
d 2.39 2.21 2.13
0 34.66 31.71 30.49
C 1.36 1.63 1.66
Eform —4.65 —4.22 —4.15
&y 1.81 1.79 1.70

are calculated, as shown in Fig. S5.1 It is shown that the relaxed
structures are the most stable with an energy minimum to
a single value of torsion angles, indicating their stability. The
energy variation is relatively small when the torsion angle is
between 30° and 90°, corresponding to the pyrazine rotating in
AIMD simulations. Additionally, due to the lattice parameter of

13856 | Chem. Sci, 2024, 15, 13853-13863

Ca(pyz), being smaller than Sr(pyz),, the steric hindrance
between neighboring pyrazine ligands of flat Ca(pyz), is larger,
thus with a larger energy difference to the stable phase.

The stress-strain method is used to analyze the mechanical
stabilities by calculating the elastic constants. The values of C;,
C1, and Cg for Ca(pyz), are 21.85, 21.63, and 17.61 N m ™. For
Sr(pyz),, the values are 15.91, 14.00, and 15.10 N m™*, respec-
tively. Both Ca(pyz), and Sr(pyz), are mechanically stable,
confirmed by their elastic constants (see details in Methods).*

Altermagnetism and magnetic transition temperature

The magnetic ground states of 2D MOFs are determined by
considering several magnetic configurations as illustrated in
Fig. S6 and S7.7 As summarized in Table 1, the ligand becomes
spin-polarized by gaining about one electron from the metal.
The magnetism of Ca(pyz), and Sr(pyz), derives primarily from
the N atoms located on the pyrazine rings, as indicated in
Tables S3 and S4.f Fig. S61 demonstrates that Ca(pyz), is
nonmagnetic when the spin orientations of N atoms within the
same pyrazine are arranged in opposite directions. Thus, the
spin polarization is accounted for in terms of the pyrazine ring.
Four magnetic states are constructed using the D, real space
symmetry of Ca(pyz), and Sr(pyz),, including altermagnetic,
ferromagnetic, stripe antiferromagnetic, and nonmagnetic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Magnetic energies with HSEO6 functional (in meV per unit
cell) of four different magnetic states relative to the ground alter-
magnetic state, along with the deduced magnetic exchange param-
eter (J, in meV) and magnetic anisotropy parameter (D, in peV) of
Calpyz), and Sr(pyz),

Ca(pyz). Sr(pyz)z
Altermagnetic 0 0
Ferromagnetic 15.4 11.7
Stripe antiferromagnetic 7.3 5.2
Nonmagnetic 1485.3 1532.0
J 7.70 5.85
D 0.21 0.95

states, as shown in Fig. S7.1 Both Ca(pyz), and Sr(pyz), prefer
the altermagnetic state, where adjacent organic ligands tend to
be arranged in antiparallel with each other (Fig. 2a). The energy
differences between the altermagnetic and other magnetic
states are summarized in Table 2.

Fig. S8t displays the total and atomically resolved density of
states (DOS, g(&)) of the altermagnetic 2D MOFs. Both Ca(pyz),
and Sr(pyz), are semiconductors with band gap values of 1.81
and 1.79 eV, respectively (Fig. 2e and S9t). The DOS around the
Fermi level (&5) is mainly contributed by the p, orbitals of N and
C atoms, while the contribution from metal atoms is negligible,
as shown in Fig. S8.1 This can also be confirmed by the orbital-
resolved band structures, as shown in Fig. S10.f To further
understand the altermagnetic exchange, band centers (&) are
calculated as

[ e xg(e)de

€ "EF )
J's g(e)de

(2)
It is shown that in 2D MOFs, the exchange of N's p orbitals
contributes to the magnetic exchange parameters (/), resulting
in an antiparallel alignment between adjacent ligands. For
metal atoms without magnetism, there is almost no electron
population on d orbitals, so there is no superexchange inter-
actions mediated by them (Fig. S11t). The J values are small due
to the weak m-interaction between pyrazine ligands (Table 2),
resulting in altermagnetic transition temperatures of 15.5 K for
Ca(pyz), and 11.5 K for Sr(pyz), (Fig. S12). These values are
lower than that of the altermagnetic metal RuO, containing
d electrons (400 K),**** but higher than that of x-(BETS),FeBr,
(2.5 K).*

Symmetries, spin-splitting, and valley-dependent spin
polarization

As depicted in Fig. 2a, the unit cell of 2D Ca(pyz), altermagnet
consists of four magnetic pyrazine ligands. There is no inver-
sion center between the sites occupied by the magnetic atoms
from the opposite-spin sublattices. Based on the identification
theories of spin point groups,* it is shown that in Ca(pyz),, the
opposite spin sublattices are linked by a C,, transformation
without any translation. The real-space crystallographic point
group is G = 4/mmm and the molecular point group of the
sublattice is H = mmm. Thus, the nontrivial spin Laue group,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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which represents the spin-momentum locking in the alter-
magnetic phase can be decomposed as follows:

241 m' m®m = [E|lmmm] + [Cs| Ca)[E|mmm], (3)

where the superscript on the upper left corner indicates the
symmetry of the magnetic state at that place. The spin-
momentum locking in altermagnetic 2D Ca(pyz), and Sr(pyz), is
protected by the *4/'m'm*m (#15.8.193) spin symmetry, which
shows an anisotropy characterized by d-wave symmetry (d,,) and
two spin-degenerate nodal surfaces that pass through the k-
point I' (I'-X and I'-X’ in Fig. 2d).? Based on eqn (3), T-symmetry
is broken due to the absence of E in the coset 4/mmm © mmm.?
The lifted spin degeneracies in the altermagnetic phase are
allowed for crystal momenta (k) and follow the equation AHk =
k' # k, which leads to split energy isosurfaces (&) from spin up
and spin down states with an equal number (Fig. 2d-f).
Consequently, the spin (s) and k-dependent bands are repre-
sented as

&(s,k) = [Co]| AH] (s, k) = &(—5,K') (4)

Note that spin-splitting only occurs on paths of spin channel
arrangements, i.e., '-(=)-M for spin up and I'-(2')-M’ for spin
down.* Fig. S137 displays the HSE06 band structures including
SOC of 2D Ca(pyz), and Sr(pyz),. For both 2D MOFs with light
elements, SOC has no contribution to spin-splitting, ruling out
the SOC-induced weak ferromagnetism.>”*

Additionally, Ca(pyz), can be also manually constructed in
a PA/nmm (#129) phase based on the symmetry, with the C,,
rotation axis located at the edge center of the tetragonal lattice
(Fig. S14a and Table S51). This phase also satisfies the symmetry
conditions for exhibiting altermagnetism. The distinctive spin-
splitting nature can be observed in its energy band (Fig. S14bt).
However, the P4/nmm (#129) phase of Ca(pyz), is found to be
dynamically unstable (Fig. S14cf¥).

To summarize, the energy band of altermagnetic Ca(pyz),
split in opposite directions along the I'-(2)-M (red line in
Fig. 2d) and M'~(2')-T" (blue line in Fig. 2d) path directions is
opposite, leading to zero magnetization and non-polarization
for Ca(pyz), and Sr(pyz), externally, as shown in Fig. 2f.
Fig. 2g demonstrates that the sublattice in the altermagnetic 2D
Ca(pyz),, which possesses a specific momentum space valley
exhibiting spin-polarization. The spin polarizations of different
valleys lead to equal but opposite DOS, where g.(a) # g_(«),
2+(8) # g_(8), and g.(«a) = g+(6), with the symbol “+” and “—”"
denoting spin up and down, respectively.

Topological points and lines

Fig. 2f displays a trivial nodal point at the k-point X in the energy
band around CBM with a zero Chern number protected by a 2D
irreps X; @ X, in little group 2/m,*” and the spin-splitting states
along the I'-(X2)-M path leads to a narrow energy gap of 3.57
meV in Ca(pyz),. A topological line is formed along the X-X’
path with a small gap at the mean value of 1.95 meV (Fig. 3a and
S157). Similar topological properties can also be presented in
Sr(pyz), (Fig. S161). The movable nodal line of altermgnetic 2D

Chem. Sci., 2024, 15, 13853-13863 | 13857
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Fig. 3 Topological points and lines in the altermagnetic 2D Ca(pyz),. (a) =-centered 3D energy band structure of the altermagnetic spin-splitting
near CBM for Calpyz),. (b and c) Topological edge states on the (b) (100) and (c) (110) surfaces of BZ for Ca(pyz),, where the k-points T, X, and X’
are the corresponding projections along the surfaces of BZ. The red color indicates a higher state along the edge. (d) Relative energy difference of
different magnetic states according to altermagnetic phase when doping with electrons or holes. The altermagentic ground state can be
maintained within a doping range of up to 0.5 holes and 0.6 electrons (gray shadow). When the range of 0.2 electrons or holes is exceeded, the
ground state becomes stripe antiferromagnetic (blue shadows). (e and f) Band structures of doping with (e) 0.5 holes and (f) 0.6 electrons around
&f. By doping with electrons, the topological points and lines above & can move downwards towards the vicinity of &, with an opposite

direction when doping with holes. The topological properties are investigated with PBE functional and & is set to 0 eV.

MOFs is protected by the magnetic space group PA'/nbm’
(#125.367).*® To confirm the existence of the nodal point at the
k-point X, the edge states along the (100) and (110) directions of
the first Brillouin zone (BZ) are calculated using the tight-
binding approximation (TBA). The TBA Hamiltonian is
derived from the p orbitals of N and C which contribute the
most band structure around the Fermi level (&€F), as shown in
Fig. S17 and S18.f Fig. 3b, c, and S167 display a quadruple
degenerate Dirac cone edge state that is evident at the projected
k-point X in 2D MOFs. On the X-X' path, a topological line is
observed with a negligible gap. The existence of topological
points and lines can give rise to remarkable physical properties,
such as the anomalous Hall effect and transportation.**°

13858 | Chem. Sci,, 2024, 15, 13853-13863

Regulations of doping with electrons and holes in Ca(pyz),
are displayed in Fig. 3d-f, S19, and Table S6.f As shown in
Fig. 3d and Table S6,T the relative energy difference according
to altermagnetic phase decreases when more electrons or holes
are doped. The altermagnetism ground state of Ca(pyz), can be
maintained within a doping range of up to 0.5 holes and 0.6
electrons. When the range of 0.2 electrons or holes is exceeded,
the ground state turns into stripe antiferromagnetic. Fig. S197
displays altermagnetic band structures of doping with different
amounts of electrons and holes. When doping with holes, the
energy band moves upwards as a whole, and the valence band
moves near the &g (Fig. 3e). When doping with electrons, the
band moves downwards, and the conduction band along with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Anisotropic charge and spin current and spin-current conversion ratio in the altermagnetic 2D MOFs. (a) Angle-dependent anisotropy of
the longitudinal (L, top panel) and transverse (T, bottom panel) conductivities (o) contributed from spin up and down pyrazine ligands with the
electric field direction (¢) as mentioned in Fig. 1c—e. The relative values of conductivities are taken near CBM of Ca(pyz),. The total transverse
charge current (a7) is always zero due to the opposite contributions from different spins. (b) Angle-dependent anisotropy of the longitudinal and
transverse spin conductivities (a5) with the alternation in cycles of 45°, where the solid and dashed lines represent the positive and negative values
of a. (c) Spin-current conversion ratio (4) as a trigonometric function of ¢, with the maximal value of 56.85% for Ca(pyz), at 45°. (d) Spin Hall

conductivities of altermagnetic 2D MOFs where & is set to 0 eV.

topological points and lines moves near the & (Fig. 3f). Band
edges further proves that the topological points and lines
around CBM still exists when doping with electrons and holes
(Fig. S207).

Angle-dependent anisotropies and spin current

Further investigation is conducted to examine the anisotropic
behavior of mechanical, magnetic, and electrical properties of
Ca(pyz), and Sr(pyz),. Young's modulus and Poisson's ratio of
Ca(pyz), and Sr(pyz), display anisotropy in relation to angle, as
shown in Fig. S21 and S22.1 The Young's modulus values of
Ca(pyz), and Sr(pyz), are 38.91 and 30.06 N m™ ", equivalent to
162.80 and 136.02 GPa by using sheet thickness, respectively.
These values are comparable to those of the inorganic mono-
layers a-P (164 GPa)** and MoS, (270 + 100 GPa),**> and larger to
the value of Cr(tdz), sheet (39 GPa).*® Sr(pyz), has a minimal
Poisson's ratio of zero, which suggests its excellent resistance to
fracture and resilience.

Magnetic anisotropy energy (MAE) values reveal the
preferred direction of magnetization in the ground state and
demonstrate the relative resistance of the long-range magnetic
order to thermal disturbance at temperatures above zero. Table
S71 summarized that the easy axes of the altermagnetic 2D
Ca(pyz), and Sr(pyz), are both orientated out-of-plane with the
corresponding MAE values of 0.21 and 0.95 peV per unit cell.

The conductivities in the longitudinal and transverse direc-
tions exhibit periodic oscillation in response to the steady in-
plane E direction. This results in the generation of an aniso-
tropic spin current (J, see details in ESI Note S2t). Using the
classic Boltzmann transport theory and nearly free electron
model, the energy (&) of the band edge in a 2D gapped system
can be expressed as

o,
2]’}’11 X

hZ

E =
2H’I2

k., (5)

where m; and m, are the effective masses in the k, and &,
directions. The charge (¢) and spin (o) conductivity tensors for

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

an in-plane E along ¢ direction in M(pyz), (M = Ca and Sr) can
be derived as

netr | mi +my 0

o=0,+t03= [6)
mn; 0 my + ny

and

m; — my)ne’t
o= oy — (my —my) —os(2¢)

sin(2¢)

sin(2¢) } -

mymy cos(2¢)

where o, and o4 are the conductivity originating from different
spins, and n and t denote carrier density and relaxation time,
respectively, which are assumed constant at 0 K (see details in
ESI Note S27).

As shown in Fig. 4a, the longitudinal charge current
remains constant, with angle-dependent J, and Jg. In contrast,
the transverse charge current continuously remains at zero,
confirming the absence of Hall charge current in M(pyz),. In
Fig. 4b, the alternating period of longitudinal and transverse J;
is 45°, as indicated by the red and blue lines. The longitudinal
and transverse J; exhibit alternative positive and negative
values every 90° with a phase difference of 45°, as indicated by
the solid and dashed lines of each color. When an in-plane E is
applied along a certain spin valley configuration of « or 8, the
resulting J; will be longitudinal and will flow in the opposite
direction depending on the spin types along which E is
applied. When E is applied at the angular bisector of two spin
arrangements, carriers with o and g spins will undergo equal
deflection but in opposite directions. This leads to the gener-
ation of SHE and pure transverse J; with no Hall charge current
(J)- The charge-spin conversion ratio (6) achieves its maximal
my — my
Oxx my + my
from eqn (4) and anisotropy analysis, it is found that the

Tsxy| _

value of 6 =

. Based on the spin-splitting

effective mass in the k, direction (m,,) of « valley is equal to
that in the k, direction (m;y) of 8 valley, and m;y of « valley is
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equal to m,, of @ valley. By fitting the band structure with
a quadratic function from the k-point M to =’ and = (Fig. 2d),
we can determine the proportions of charge and spin currents
from up and down spins, as well as the value of ¢ (Fig. S231).
The calculated ¢ of M(pyz), varies with angle, showing a peri-
odicity of 45°. The largest ¢ values observed are 56.85% for
Ca(pyz), and 86.04% for Sr(pyz), (Fig. 4c, and see details in ESI
Note S27). The corresponding angles between the two spin
transport channels are 59.24° and 84.42°, respectively, which
are significantly greater than those reported from SOC (12%
for §-Ta (ref. 53) and 30% for 3-W/CoFeB (ref. 54)), as well as
higher than the values of recently reported altermagnets (28%
for RuO, (ref. 8) and 70% for V,Se,O (ref. 22)). Fig. 4d displays
the spin Hall conductivity (SHC) calculated by Kubo formula
with Qiao method (see details in Methods and ESI Note S27).>
The semiconducting MOFs with light elements have a largest
SHC value of 10° to 10 ie™* Secm ™! at about 3 eV above &. It is
important to emphasize that J; is consistently found in M(pyz),
(M = Ca and Sr), and the pure J; is aligned in a specific E
direction.

Conclusions

In summary, we report two 2D MOFs, namely M(pyz), (M = Ca
and Sr), which possess an altermagnetic ground state. These
MOFs exhibit unique properties, including non-degenerate
spins within zero macroscopic moments, T-magnetism, topo-
logical points and lines, and angle-dependent anisotropies by
using first-principles calculations and group theory. It is
demonstrated that magnetism is contributed by pyrazine rings
in a certain arrangement, forming a magnetic symmetry of
4/*m'm*m (#15.8.193), which leads to the broken T-symmetry
and spin-polarized bands in reciprocal momentum space. Both
Ca(pyz), and Sr(pyz), are semiconductors with band gaps of 1.81
and 1.79 eV, respectively. An electric-field-controlled spin
current can be achieved by making use of the anisotropic in-
plane spin distribution. In particular, the spin Hall effect
generates a pure spin current when an electric field is applied
along the angular bisector of two spin configurations. Our study
presents a rational design strategy to achieve multifunctional
altermagnets based on 2D MOFs with electric-field-controlled
spin currents.

Methods

The first-principles calculations are performed by density
functional theory (DFT)** implemented in the Vienna Ab initio
Simulation Package (VASP).*”*® The DFT-D3 approach with the
Becke-Johnson damping function is applied for the ©-m type
van der Waals (vdW) interactions between the neighboring
pyrazine rings around the metal atoms.>>* The Perdew-Bruke-
Ernzerhof (PBE) functional® is adopted in geometric optimi-
zation and the corrected Heyd-Scuceria-Ernzerhof (HSEO06)
hybrid functional® is applied for describing the 2D band
structure and density of states. The projector augmented-wave
(PAW) pseudopotential®*®* is employed with the plane-wave
energy cutoff of 500 eV. Monkhorst-Pack k-point meshes of
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6 x 6 x 1 are investigated for structure optimization and
property calculations with the convergence criteria of energy
and force of 107 eV and 0.01 eV A™', respectively.®® Bader
charge analyses are investigated to characterize the charge
transfer between the metal atoms and pyrazine ligands.**7°
Spin-orbit coupling (SOC) is considered non-self-consistently
for different spin orientations in the magnetic anisotropy
energy (MAE) calculations with the energy convergence criteria
of 107® eV, which is calculated as MAE = Ef100] — Efo01].” The 3D
band structure is carried out via the PBE functional with the
grid spacing of 1.85 x 10> A", corresponding to the Mon-
khorst-Pack k-point meshes of 50 x 50 x 1 in a reciprocal unit
cell.®® The edge states are performed using the WannierTools”
code based on the tight-binding approximation (TBA) model
constructed by Wannier90,”>”* where the p orbitals of N and C
are investigated to simulate the TBA Hamiltonian, including
a total of 72 bands of frozen window. The topological Chern
numbers and band irreducible representations are calculated
by VASPBERRY”® and IrRep package,”® respectively. The spin
Hall conductivity (SHC) is calculated by the Kubo formula with
the Qiao method® implemented in Wannier90 with Berry
k-point meshes of 25 x 25 x 1. All structures obtain a vacuum
layer with a thickness of at least 15 A to avoid mirror interac-
tions between periodic layers.

To investigate the dynamic and thermal stabilities, phonon
spectra are simulated within the density functional perturba-
tion theory (DFPT)”””® by the Phonopy code,””®" and ab initio
molecular dynamic (AIMD) simulations are performed for 5 ps
with the time step of 1 fs at 300, 600, and 900 K in the canonical
(NVT) ensemble by using Nose-Hoover thermostats.?>** All
calculations are performed in the 2 x 2 x 1 supercell with 168
atoms and the k-meshes of 3 x 3 x 1and 1 x 1 x 1 are inves-
tigated in the phonon spectrum and AIMD simulations,
respectively. The acoustic sum rule is included in phonon
spectrum calculations to cure the tiny imaginary frequencies of
pure translations.

The mechanical stability and properties are calculated with
the stress-strain method.*” For a tetragonal 2D crystal in the
linear elastic region, the stress-strain (0—¢) relationship follows
Hooke's law and can be represented by the Voigt notation, i.e.,

(28} Ci Cn 0 &1
g | =|Cn Cy 0 & |, (8)
03 0 0 C66 &3

where Cyq, Ci,, and Cee are the second-order in-plane elastic
constants. In order to calculate the C; values, the strain range
—2% = Ae¢ = 2% with the increment of 0.5% is investigated. The
elastic stability conditions of a tetragonal 2D crystal is C;; > 0,
Ces > 0, and C;; > |Cy,|.*> The Young's modulus and Poisson's
ratio are implemented with the VASPKIT code.®®

The estimated magnetic transition temperature is performed
by the Monte Carlo simulation based on the Heisenberg model
with a 24 x 24 x 1 supercell and a temperature step of 0.5 K
from 1 to 50 K, as implemented in the SEU-mtc package.®
Due to the D, symmetry and the magnetism completely

© 2024 The Author(s). Published by the Royal Society of Chemistry
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provided by the pyrazine rings, the spin Hamiltonian (H) can be
expressed as

H=1JY_SS;+ DSz, 9
(i)

where J and S = 1/2 represent the nearest neighbor exchange
parameter and the unit spin vector along the c-axis, respectively.
For M(pyz), (M = Ca and Sr), ] = (& — €am)/2. D denotes the
magnetic anisotropy parameter calculated from the MAE
value per pyrazine ligand. For M(pyz), (M = Ca and Sr),
DS* = MAE/4.

The anisotropy of spin conductivities is derived based on the
theories in solid state physics and condensed matter with the
DFT calculations of band structures, and more derivation
details are summarized in ESI Note S2.}
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