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ABSTRACT

The metal-organic framework (MOF) is a large family of nanomaterials with tunable structural and electronic properties. Discovering
half-metallic MOF can broaden the selection pool of half-metals for specific applications in the areas of electronics and catalysis. In this
study, seven one-dimensional first-row transition metal-dithiolene MOFs have been systematically investigated using the first-principles
density functional theory method. Our theoretical outcomes reveal that the electrical conductivities of these MOFs are determined by the
electronic configurations of the metal cations. They can change from a semiconductor to a half-metal and further to a metal as the
atomic number increases. Among all MOFs we considered, Cr(III)/Mn(III)/Fe(III)/Co(III)-dithiolene MOFs are promising candidates for
spintronic applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5079421

I. INTRODUCTION

The control of spin degrees of freedom of materials has
attracted great interest since it is a promising nanotechnology for
advanced spintronic applications, e.g., next-generation data storage,
computing-technology devices, and spin catalysis.1–8 The main
challenge is to manipulate the small spin texture and efficiently
utilize it. Half-metallic materials, in which one of its spin directions
is metallic while the other spin direction is semiconducting or insu-
lating, have been considered as important candidates for engineer-
ing spin degrees of freedom. Half metal was first predicted in 19839

and has greatly developed recently.10–13 Given the high cost of the
experimental fabrication and characterization of materials, the
establishment of the candidate pool based on high-accuracy com-
putations is a more efficient and economic approach to discover
novel half-metals. Indeed, theoretical studies have predicted the
existence of a series of half-metals14–18 and some of them were
experimentally confirmed later.19

The metal-organic frameworks (MOFs), which are made by
linking metal nodes with organic ligands through strong bonds, have
many potential applications in the fields of nanoscience and nanotech-
nology since they offer specific advantages owing to tunable pore
metrics for ion transport, tunable electronic properties, high surface
areas, high density of active catalytic sites, and quantum size effect.20–22

Most of the traditional MOFs are insulators or semiconductors.
However, the electrical conductive MOFs have been synthesized and
applied in electrocatalysis and sensing,23 which indicates that the
electronic properties of MOFs can be well tuned by adjusting their
inorganic and organic components. As such, previous studies open
the door to develop half-metallic MOFs for spintronic applications
through the manipulation of properties of MOFs. Yet, studies on
the half-metallic MOFs are still at a fledging stage.

Recently, one-dimensional (1D) cobalt(III)-dithiolene MOFs
have been successfully synthesized and demonstrated to possess
high electrical conductivity with considerably high thermal and
dynamic stability.24,25 Soon, other transition metal-dithiolene MOFs
have also been synthesized,26 which demonstrate the capability of
synthesis of 1D MOFs with different metal nodes. Thus, it provides
the opportunity to discover half-metallic low-dimensional materials
from this class of 1D MOFs.

In this study, seven types of 1D first-row TM-dithiolene MOFs
(TM= Ti, V, Cr, Mn, Fe, Co, or Ni) were systematically investigated
using the first-principles density functional theory (DFT). We inves-
tigated their electrical conductivities based on their electronic struc-
tures, electron localization function (ELF),27 and Bader charges.28

The theoretical findings demonstrate that the 1D TM-dithiolene
MOFs change from a semiconductor to a half-metallic and further
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to metallic materials with the increase of the atomic number of the
first-row TM in the periodic table.

II. COMPUTATIONAL DETAILS

All spin-polarized theoretical computations were performed
using the DFT within the Vienna Ab Initio Simulation Package
(VASP) code in this study.29–31 Ion-electron interactions were
described using the projected augmented wave (PAW)32 potentials,
with valence configurations of 3s23p64s23d2 for Ti (Ti_sv_GW),
3s23p64s23d3 for V (V_sv_GW), 3s23p64s23d4 for Cr (Cr_sv_GW),
3s23p64s23d5 for Mn (Mn_sv_GW), 3s23p64s23d6 for Fe
(Fe_sv_GW), 3s23p64s23d7 for Co (Co_sv_GW), 3s23p64s23d8 for
Ni (Ni_sv_GW), 3s23p4 for S (S_GW), 2s22p2 for C (C_GW_new),
and 1s1 for H (H_GW). For the exchange-correlation functional,
the generalized gradient approximation (GGA) level with the
format of Perdew-Burke-Ernzerhof (PBE) was used.33 A plane-wave
basis set with a cutoff kinetic energy of 520 eV was employed to
expand the smooth part of wave functions.

The 1D TM-dithiolene MOF was modeled with a supercell,
which is periodic along the x direction and separated by vacuum
layers of 15 Å in the y and z directions, respectively, as shown in
Fig. S1 in the supplementary material. Each unit cell includes one
first-row TM cation, four S atoms, six C atoms, two H atoms, and
one unit of the negative charge, which was set based on the experi-
mental observations by Downes et al.24 When the geometries of 1D
MOFs were optimized, all the atoms were allowed to relax until
Hellmann-Feynman forces were smaller than 0.01 eV/Å and the
convergence criterion for the electronic self-consistent loop was set
to 1 × 10−5 eV. For the structural optimization and analyses of elec-
tronic properties, we performed Brillouin zone integrations using
the gamma-centered (8 × 1 × 1) and (40 × 1 × 1) k-point grids,
respectively. Considering the Coulomb repulsion between the local-
ized d-electrons of transition metals, the GGA +U approach was
used with U–J values of 4.3, 3.4, 3.2, 3.5, 4.3, 4.0, and 5.5 eV for Ti,
V, Cr, Mn, Fe, Co, and Ni, respectively. The U–J values were
selected from the work of Carter et al., who adopted an ab initio
approach to generate these values.34–40

III. RESULTS AND DISCUSSION

To figure out the most stable geometric and electronic struc-
tures of these 1D TM-dithiolene MOFs, we optimized the structures
by considering all possible electronic configurations of TM cations.
Figure 1(a) gives the atomic geometry of the TM-dithiolene MOFs.
Here, the z axis is along the normal of the 1D planar MOFs, and
the x axis is along the 1D MOF direction. On the basis of the crystal
field theory, the 3d orbitals of metals split into three groups due to
the impact from the ligands with the square-plane symmetry and
the D2h point group. dz2 and dx2�y2 have the lowest energy level,
followed by dxz and dyz. dxy has the highest energy level, as demon-
strated by the previous theoretical study on the Co(III)-dithiolene
monoanion.41 The electrons can occupy the 3d orbitals with
different electronic configurations in terms of the splitting energy of
the orbitals.42,43 As such, there are different electronic configurations
for Cr(III), Mn(III), Fe(III), Co(III), and Ni(III)/Ni(II), which lead
to different spin states and magnetic moments [see Figs. 1(b)–1(h)].
It is noted that there is a Ni(III)↔Ni( II) transformation due to the

existence of the resonance structure through the interaction between
the ligands and the cations in the 1D nickel-dithiolene MOF. Thus,
there is a spin state of 0.0 μB/unit for the Ni(II)-based MOF [see
Fig. 1(h)]. The details about the Ni(III)↔Ni(II) transformation
will be discussed in detail in subsequent analyses.

The structural optimization results reveal that the 1D MOFs
keep the planar geometry with the D2h point group. Their structural
and energetic properties with the possible spin states of TM cations
are listed in Table I. Our results demonstrate that the spin state of
TM(III) cations significantly affects the energy of the most stable
structures. For the Ti(III) and V(III)-dithiolene MOFs, there is only
one possible spin state. As evidenced by Table I, the high-spin states
of Cr(III) (3.0 μB/unit) and Mn(III) (4.0 μB/unit) are more thermo-
dynamically favored in the 1D MOF. Fe(III) has three possible spin
states with magnetic moments of 1.0, 3.0, and 5.0 μB/unit, respec-
tively. The spin state with the magnetic moment of 3.0 μB/unit is the
most stable electronic configuration. The Co(III) is thermodynami-
cally stable at a low-spin state (2.0 μB/unit) in the MOF, which is
consistent with previous experimental and theoretical conclusions
that the triplet is more thermodynamically preferred.44 The prefer-
ence of the spin states of different TM cations suggests that the split-
ting energies between the low-energy 3d orbitals (dz2 and dx2�y2 ) and
the middle-energy orbitals (dxz and dyz) are small. As a result, the
high-spin states of Cr(III) and Mn(III) are more stable than their
low-spin states. As a comparison, the splitting energy between the
middle-energy 3d orbitals and the high-energy dxy orbital is so large
that the spin-states of Fe(III) and Co(III) with the unoccupied dxy
orbital are more energetically preferred.

Surprisingly, Ni cation in the 1D MOF prefers to thermody-
namically stabilize at the spin state with a magnetic moment of 0.0
μB/unit. Based on the electronic configuration of Ni(III), its lowest
spin state possesses a magnetic moment of 1.0 μB/unit. The stable
singlet state suggests the existence of Ni(II) cations. In regard to
the electronic structure of the square-planar monoanionic complex
[M(L)2]

1−, the mixed metal-ligand character frontier states in the
1D M(III)−dithiolene MOF make it complicated to identify the
exact oxidation states of transition metal cations in these MOFs. A
recent study indicated the existence of multiple oxidation states in
the low-dimensional cobalt-dithiolene MOF and the resonance
forms of [Co(III)(L2−)(L2−)]−↔ [Co(II)(L•−)(L2−)]−, while [Co(III)
(L2−)(L2−)]− is the dominant state.41 Here, L represents the dithio-
lene ligand. Our results, therefore, suggest that [Ni(II)(L•−)(L2−)]−

is more energetically preferred in this type of 1D MOFs. This can
be understood because the four 3d orbitals with the lower energy
level of Ni(II) are fully occupied with a magnetic moment of 0.0
μB/unit, which can stabilize the [Ni(II)(L•−)(L2−)]− state.

The impact of the different magnetic moments along the
neighboring units is also considered here. To investigate the antifer-
romagnetic (AFM) structure, the unit cell is doubled along the x
direction with two TM cations. The major spin component of each
TM cation has a different direction. The energy difference between
the AFM and the FM structures is listed in Table S1 in the supple-
mentary material. Here, it is found that most of the 1D
TM-dithiolene MOFs, except Cr, with AFM structures are less than
15 meV/unit more stable than that with FM structures. The consid-
erably weak magnetic coupling can be ascribed to the long distance
between the neighboring metal cations (>8 Å, see Table I). Since
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1 κBT is about 25 meV at room temperature, the small energy
differences suggest that the long-range AFM ordering may not be
kept under the mild condition. The FM state with the smaller unit
cell, therefore, can be used to save the computational time and be
further studied.

The calculated lattice constants along the periodic table
decrease, while the calculated TM–S bond lengths also gradually
decrease from Ti to Ni (see Fig. S2 in the supplementary material).
Their change trends are strongly relevant to the trend of the radii
of their cations in the periodic table. The radii of first-row TM

atoms will decrease with the increase of the atomic number due to
the increased protons. The ELF images (see Fig. 2) suggest that the
nature of TM–S bonds is ionic since there is no shared electron
density between them.27 The change in the length of the ionic
bonds can, therefore, be ascribed to the change of the radii of the
TM cations, which can affect the corresponding lattice constants.

The Bader charge of TM and S ions, which is shown in Fig. 3,
was calculated to analyze the electronic properties of the 1D MOFs.
The result reveals that the TM cations lose less electrons as the
atomic number increases. Accordingly, the S atoms gain less electrons

FIG. 1. (a) The atomic configuration of the 1D TM(III)-dithiolene MOFs, TM = Ti, V, Cr, Mn, Fe, Co, or Ni. The red dotted box shows a unit cell. Yellow, sulfur; brown,
carbon; and white, hydrogen; (b)–(h) Electronic configurations of TM(III) in 1D MOFs and the corresponding magnetic moment per unit cell in μB.
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from TM when the TM becomes heavier. This can be ascribed to the
change of the electronegativity of TM, which gradually increases from
Ti to Ni (except Mn due to its half-fill 3d feature). The smaller elec-
tronegativity value suggests a stronger capability of losing electrons of
particles. As such, less charge densities of the TM atoms are lost with
the increase of their atomic number after the formation of TM–S
ionic bonds within 1D MOFs.

To evaluate the electrical conductivity of 1D TM-dithiolene
MOFs, their density of states (DOS) were calculated by considering
the spin polarizations. Figure 4 shows that the electronic structures
of different TM ions significantly change. As shown in Figs. 4(a)
and 4(b), the total DOS of both spin components of Ti(III)-/V
(III)-dithiolene MOFs are zero at the Fermi level with bandgap
energies of 1.01 and 0.69 eV, respectively, indicating the semicon-
ducting behaviors in both spin directions. As a comparison, there

is a selectivity of spin orientation for the electronic structures of
Cr–S, Mn–S, Fe–S, and Co–S MOFs, which indicates that they are
half-metals [see Figs. 4(c)–4(f )]. For the spin-up state, these MOFs
are metallic, while they are semiconductors in terms of their spin-
down states. Interestingly, the Ni–S MOFs possess metallic proper-
ties in both two spin directions. The electronic structures of
different 1D TM-dithiolene MOFs are also confirmed by their
band structures, as shown in Fig. 5.

To understand the origin of the change of the electronic struc-
tures of 1D TM-dithiolene MOFs, the partial DOS of their frontier
states, e.g., S 3pz, TM 3dxz, 3dyz, and 3dxy, are calculated and shown
in Fig. 6. The TM 3dz2 and 3dx2�y2 states are not shown here since
dz2 and dx2�y2 locate at the lowest energy level in the square-planar

TABLE I. Spin states (μB), lattice constant (L, Å), TM–S bond length (dTM–S, Å),
and the total energy of each unit (E, eV) of 1D TM-dithiolene MOFs with different
spin states. The properties of the thermodynamically most stable species are high-
lighted using boldface.

TM Spin state (μB) L dTM–S E

Ti 1 9.03 2.43 −89.89
V 2 8.88 2.35 −90.25
Cr 1 8.79 2.26 −89.05

3 8.85 2.35 −90.47
Mn 0 8.68 2.21 −87.80

4 8.80 2.32 −90.11
Fe 1 8.70 2.25 −86.98

3 8.70 2.25 −87.56
5 8.80 2.36 −87.04

Co 2 8.62 2.20 −86.18
4 8.81 2.36 −85.43

Ni 0 8.54 2.18 −83.71
1 8.57 2.18 −83.58
3 8.70 2.32 −83.08

FIG. 2. The electron localization functions of 1D TM-dithiolene MOFs. (a) Ti; (b) V; (c) Cr; (d) Mn; (e) Fe; (f ) Co; and (g) Ni.

FIG. 3. The diagram of electronegativity of TM (black triangle) and the corre-
sponding transferred.
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FIG. 4. The total DOS of the 1D TM
(III)-dithiolene MOFs.
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field. As such, both states are in the bonding area and their energies
are far from the Fermi energy level without direct impact on their
electronic structures. For Ti and V [see Figs. 6(a)–6(b)], the main
component of the valence band maximum (VBM) is from the S

3pz state, and the Ti/V 3dxz and 3dyz states are the main compo-
nents of their conduction band minimum (CBM). This is in agree-
ment with the electronic configuration of these two trivalent
cations. Since the S 3pz state is fully occupied and the CBM is fully

FIG. 5. The band structures of the 1D
TM(III)-dithiolene MOFs.
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empty, as such, the semiconductor behaviors have been observed in
these two MOFs. For other TMs, dyz and dxz states locate at the
non-bonding area around the Fermi energy level since they have
been partially occupied (see Fig. 1). For the most stable spin

configuration of the Cr(III)-Co(III) cations, the non-bonding dyz
and dxz states are occupied by electrons only with the same spin
direction. Consequently, these materials show the half-metallic
characteristics. Dissimilarly, in the most stable 1D Ni–S MOFs with

FIG. 6. The partial DOS of the 1D TM
(III)-dithiolene MOFs.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 125, 142906 (2019); doi: 10.1063/1.5079421 125, 142906-7

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


the [Ni(II)(L•−)(L2−)]− state, all bonding orbitals and non-bonding
3d states are fully occupied, leading to the metallic characteristics at
both spin orientations.

IV. CONCLUSIONS

In summary, our first-principles DFT calculations were per-
formed to investigate the electronic properties of the 1D first-row
TM-dithiolene MOFs. First, the most stable configurations of the
MOFs have been identified by considering the possible spin states.
The electrons prefer to first occupy the dz2 , dx2�y2 , dxz, and dyz
orbitals with the high-spin structure due to a small splitting energy
between them. As a comparison, the high energy level of the 3dxy
orbital leads to the 3dxy orbital being unoccupied in the electronic
ground state. The analysis based on the electronic structures, ELF,
Bader charges, DOS, and band structures demonstrates that the 1D
first-row TM-dithiolene MOFs have good electrical conductivities.
In addition, changing metal cations with different transition metals
in the 1D MOFs can trigger the transition from a semiconductor to
a half-metal and to a metal due to their different electronic configu-
rations. Our theoretical results present that the 1D Cr(III)/Mn(III)/
Fe(III)/Co(III)-dithiolene MOFs have the desired half-metallic
properties. The findings in this study may, therefore, offer the theo-
retical guidance for the molecular design of half-metals with the
low-dimensional MOF structures.

SUPPLEMENTARY MATERIAL

See supplementary material for the supercell model, structural
properties, and energy difference between different magnetic struc-
tures of the 1D TM-dithiolene MOF materials.
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