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Recently, a three dimensional metal-organic framework (MOF) based on Dy(III) and the L-tartrate
ligand was experimentally shown to exhibit a spin polarization (SP) power of 100% at room
temperature. The material’s spin filtering ability was ascribed to the chiral-induced spin selectivity
(CISS) effect. In this work, we computationally characterize the electronic structure of this MOF,
revealing that the high SP of the material is linked to the asymmetric arrangement, around the Fermi
level, of the alpha- and beta-spin electron states arising from the 4f-states of the lanthanide Dy atom,
which results in two different conduction channels (band gaps) for each spin state. Based on the
understanding gathered in this work, we propose that the substitution of the hydroxyl groups of the
ligand by mercaptan groups should boost the electrical conductivity, while retaining the spin filtering
power of the material.

Spin-polarized electron currents (SPECs), where the proportion of electrons
of one spin is larger than the other, are of major importance due to their
applicability in spintronics1 (data storage devices, sensors, etc.) and in spin-
dependent physical-chemical processes2,3 (water electrolysis, organic pho-
tovoltaics, etc.). However, very few filtering materials capable of generating
SPEC of high intensity are known. The few ones characterized up-to-date,
featuredwithhigh spin–orbit coupling (SOC) ferromagneticmaterials, based
on transitionmetal ferromagnets or their alloys.Nevertheless, thesematerials
usually exhibit only a moderate spin polarization (SP)4 of around 45%.

Recently, since the discovery of the chirality-induced spin selectivity
(CISS) effect5 in 2012 it is nowwell established that chiral molecules can act
as spin-filtering materials6–9, namely, they conduct preferentially electrons
of one spinover theother, inprocesses involving electron transfer, transport,
and transmission. In this vein, recently, the SP power of an enantiomerically
pure 3D chiralMetal Organic framework (MOF) based onDy(III) ions and
L-2,3-dihydroxybutanediate as coordinating ligand (herein L-tartrate),
belonging to the chiral and non-centrosymmetric P-1 triclinic space group
(SupplementaryNote 1 and Supplementary Fig. 1) was reported to be 100%
at room temperature10. The highest SP power reported up-to-date for

molecular systems. Earlier reports for the SP power of self-assembled chiral
monolayers made of helical DNA11,12, oligopeptides13, helicenes14, and
cysteine-capped-CdSe chiral quantum dots15, or a 2D lead-iodide-based
perovskite16, were within the 40–85% range. The recently synthesized lan-
thanide containing chiral metallopeptides17, highlight that the inclusion of
paramagnetic atomic centers enhances the spin polarization power of
molecular systems.

The spin-filtering ability of the chiral 3D Dy-L MOF was tentatively
ascribed to the CISS effect, arising from the coupling between the chirality
and helicity of the material with the magnetic dipole of the transmitted
electrons, enhancedby the large SOCeffectof theDy(III) ions. Furthermore,
this MOF behaved as a semiconductor for the transmitted electrons with a
measured bandgap of 1.15 eV.

In this communication, we report a thorough investigation of the
electronic structure of our 3D Dy-L MOF. We found an asymmetric
arrangement of the electronic states of its alpha- and beta-spin electrons
around the Fermi energy, featuring different band gaps for each electronic
spin. Moreover, by analyzing the electronic structure of an analogous non-
chiral but centrosymmetric 3D Dy MOF, the helicity (or chirality of the
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space group) of the system is ruled out as an essential factor for the spin-
filtering capacity. Finally, we propose that the second generation of con-
ducting spin-filtering 3D-MOFs, should be engineered with sulfur-based
tartrate derivative bridging ligands in order to yield stronger covalent
interactions with the metal, since they are known to boost electric con-
ductivity via the through-bond charge delocalization18,19. Suchmaterials are
predicted to show structural integrity, enhanced conductivity and yet, 100%
spin polarizability power.

Results and discussion
The geometry of the 3D Dy-L-Tar MOF was optimized using PBE-D3 and
placing the f electrons of the lanthanide in the pseudopotential. The unit cell
contains 62 atoms, including 2 Dy3+ ions that are nonacoordinated to the
oxygen atoms of surrounding L-tartrate and water molecules (see Supple-
mentary Note 5 and Supplementary Fig. 5). Upon geometry optimization,
the electronic structure was computed with the HSE06-D3 functional and
explicitly treating the f electrons of Dy3+. The most stable electronic con-
figuration was found to have ten unpaired electrons per unit cell, with five
unpaired electrons located on each Dy atom.

The computed PDOSof the 3DDy-L-TarMOF is shown in Fig. 1. The
Fermi level corresponds to the fully polarized beta-spin electronic states
arising from the 4f orbitals of the Dy ion. Furthermore, notice the asym-
metrical arrangement of the alpha and beta electronic states around the
Fermi energy level. Alpha electrons could be only conducted between the
occupied and unoccupied p states of the ligands’ oxygen atoms, by sur-
passing an energy gap of 6.25 eV. For the beta electrons, we believe that our
system behaves similarly to extrinsic semiconductors where the states
introduced by the impurity (dopant or defect) at the Fermi level are
responsible for the insulator-semiconductor transition by lowering the
bandgap and therefore enhancing the conductivity. Such is the case of the
transition metal oxides, for example, the well-studied NiO20,21. Analogous
behavior has also been claimed for Li-ion battery cathodematerials22. In our
case, the origin of those impurity levels is not temperature, pressure, doping,
or defect-induced, but inherent to the material, due to the splitting of the f
orbitals in the nonagonal crystal field23. Moreover, those states belong to a
unique type of spin, lowering only one of the band gaps (for beta-spin
electrons) while maintaining the barrier for alpha electrons unaffected. In
this manner, the 4f asymmetric states are responsible for both the SF ability
(as suggested for EuO, or EuS)24–26 of the material as well as for the semi-
conductor behavior for beta electrons and insulator behavior for alpha
electrons, in line with experimental measurements. In addition, we cannot
rule out that the conductivity is affected by the strongly localized magnetic
moment by opposing a higher resistance to alpha spin electrons27,28. In this
way, the conductivity is affected by two factors: the number of carriers
related with the accessible vacant states and the proximity of the valence
band (1.25 eV from ligands’ 2p to the 4f states, Fig. 1) that regulates the
contribution to the conductivity via charge-transfer transitions29–32.

Importantly, in this work we additionally determined experimentally
the electronic bandgap of the 3D Dy-L-Tar MOF, following a standard
electrochemical characterization protocol as explained in the Supplemen-
tary Information,Note 9. The experimental value for the bandgap is 1.15 eV
(see Supplementary Note 9 and Supplementary Fig. 10), which is in perfect
agreement with the computed band gap value obtained using DFT calcu-
lations. Furthermore, the calculated band gaps of 1.25 eV for beta electrons
and 6.25 eV for alpha electrons are aligned with the previously experi-
mentally measured conductivity values of 2.9 × 10−7S/cm for one spin
component electrons and 2.2 × 10−10S/cm for the opposite spin electrons,
since the latter values fall within the typical ranges for semiconductors and
insulators, respectively10,33–35.

Consequently, we propose that the experimentally observed out-
standing spin-filtering capacity of this material has its origin in the spin
asymmetrynear the fermi energy arising from the 4f states of the lanthanide,
and this implies that the conducting electrons, only beta-spin electrons, are
transmitted through Dy 4f band.

Effect of the chirality of the space group
In order to determine the influence of the fact that 3D Dy-L-Tar MOF is
non-centrosymmetric and belongs to a chiral space group in the generation
or enlargement of the spin asymmetry of 4f states, the electronic structure of
a centrosymmetric 3D Dy MOF which does not belong to any chiral space
groupwas characterized. Specifically, the PDOS of a previously reported 3D
MOF based on Dy(III) atoms and the achiral ligand 9,10-anthracenedi-
carboxylic acid36 (see Supplementary Note 6 and Supplementary Fig. 6 for
crystal structure) was computed and depicted in Fig. 2. As in the previous
case, this MOF (which crystallizes in the non-centrosymmetric P-1 space
group), shows a spin asymmetry of the 4f states of the Dymetal. Moreover,
the shape and f–f distanceof the f states of the achiralMOFare the sameas in
the original chiral 3D Dy-L MOF. This feature can be understood con-
sidering that the f states of the lanthanidemetal are very localized anddonot
interact strongly with the ligands. Our results indicate that the spin asym-
metryon the lanthanide’s 4f states is independentof the chirality of the space
group of the material. Nevertheless, notice that in this case the conduction
and the valence band are not composed of the 4f states of Dy, and thus no
spin-filtering ability is expected in the electron transmission (conductivity)
for this material because spin symmetry is not preserved at the Fermi level.

Effect of the softness/hardness of the ligand atoms
Although the 3DDy-L-TarMOFwas proven to exhibit anoutstanding spin-
filtering ability with a spin polarization of 100%, it is a poor conductor. The
latter might be a consequence of the large ionicity of the chemical bond
between Dy3+ and the hard oxygens of the carboxylates of the tartrate
ligands, a factwhich is usually related to insulating behavior.With the aimof
identifying the key features of second-generation MOFs with enhanced
electrical conductivity retaining 100% spin-filtering capacity, we tested the
effect of substituting various oxygen atoms of the L-tartrate ligand by the
softer sulfur atom. Such strategy has indeed been proven successful for
various similar conducting MOFs, as reviewed recently by Xie et al.37. We
envisagedfive alternativeMOFs represented in Fig. 3 alongwith the original
structure (Fig. 3a). In these MOFs, a reduction in the electronic band gap is
expected due to a larger through-bond charge delocalization due to an
increase in the covalent character of themetal-ligand chemical bond. In this
vein, inspection of the atomic Bader charges (see SupplementaryNote 7 and
Supplementary Fig. 7) reveals that oxygen thiolation of 3D Dy-L-Tar leads
to the atomic charge equalization of theDy-S bonds as compared to theDy-
O ones, indicative of an increased covalent character of the former bonds.

The thiolated tartrate ligands shown in Fig. 3 include the oxygen
substitution from the structure shown in Fig. 3a by sulfur atoms of either: all
(six) oxygen atoms in the structure (L-6S-Tar, Fig. 3b), all (four) hydroxylic
oxygen atoms (L-4Sa-Tar, Fig. 3c), all (four) carboxylic oxygen atoms (L-
4Sb-Tar, Fig. 3d), only carboxylic hydroxyl oxygen atoms (L-2Sa-Tar,
Fig. 3e) or only chiral-center bound hydroxylic oxygen atoms (L-2Sb-Tar,
Fig. 3f). The mentioned thiolated ligands, yielded five computationally
generated 3D-MOFs (3D-Dy-L-6S-Tar, 3D-Dy-L-4S-Tar, 3D-Dy-L-4Sb-
Tar, 3D-Dy-L-2Sa-Tar, and 3D-Dy-L-2Sb-Tar), whose structures were
optimized and the corresponding PDOSs computed as described before and
shown in Fig. 4.

The optimization of the geometry of theMOFs based on L-4Sa-Tar, L-
2Sa-Tar and L-2Sb-Tar yielded isostructural materials with minor changes
in the bond distances around the metal (see Supplementary Note 10, Sup-
plementary Table 2, and Supplementary Fig. 11). On the contrary, and
considering the large oxophylicity and low thiophilicity of Dy(III) ions38, as
well as their preferential coordination to carboxylate oxygens as opposed to
hydroxyl oxygen atoms (see Supplementary Fig. 6), thiolation of all car-
boxylic oxygen atoms in L-6S-Tar and L-4Sb-Tar destabilized the 3D lattice
of the corresponding MOFs and were therefore excluded from further
analysis (see Supplementary Note 8, Supplementary Figs. 8 and 9 of the
Supplementary Information).

In the case of 3D-Dy-L-4Sa-Tar and 3D-Dy-L-2Sa-Tar, their PDOS
(Fig. 4a, b) revealed the disappearance of the electronic band gap for the beta
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electrons leading to a single non-polarized band gap of 2.50 and 3.50 eV,
respectively, defined by the p states of the S atoms.

The electronic bandgap for the material with the ligand containing
4S atoms (2.50 eV) is smaller than the one for the ligand with 2S atoms
(3.50 eV) as expected for the larger number of softer atoms in the

structure. Also, even if the spin asymmetry of the dysprosium 4f states
remains, we found that the conduction bands and valence band edges are
not composed of such states, which suggests that even though the con-
duction might be larger, electrons would travel from occupied to unoc-
cupied p states of the S atoms, which are not spin-polarized, and therefore
no SP capability is foreseen. On the contrary, inspection of the PDOS of
3D-Dy-L-2Sb-Tar (Fig. 4c), with only two sulfur atoms, reveals that the
edge of the conduction band is composed of the beta 4f states of dys-
prosium. Although the electronic band gap for alpha electrons remains in
the range of insulators, e.g., 5.55 eV vs 6.25 eV of the unthiolated one, the
band gap for beta electrons is reduced from the 1.25 eV of the unthiolated
3D Dy-L-Tar to 0.55 eV in 3D-Dy-L-2Sb-Tar, suggesting that the latter
MOF should behave as a low bandgap semiconductor. Such a reduction is
a consequence of the presence of the p states of the S atoms between the
oxygen’s p and dysprosium’s f states. Hence, we propose that the 3D
chiral MOF based on Dy(III) atoms and L-2Sb-Tar (L-2,3-dimercapto-
succinate) as ligands will exhibit an enhanced conductivity for the beta-
spin electrons with respect to its 3D-Dy-L-Tar MOF precursor, without
compromising the 100% spin-filtering ability and its structural integrity.
The reduction of the bandgap arising from the dysprosium 4f orbitals to
0.55 eV in 3D-Dy-L-2Sb-Tar with respect to 3D-Dy-L-Tar, and con-
sidering that the number of hole carriers is unaltered, will enhance the
overall conductivity of the former MOF.

All in all, our results suggest that the asymmetric arrangement, around
the Fermi level, of the alpha- and beta-spin electron states arising from the f
states of the lanthanide Dy atom, can produce spin-filtering properties and
has its origin in the lanthanidemetal, although thefinal electronic properties
of the MOF will be largely dictated by the ligands.

Conclusions
Recent experimental work has demonstrated that the Dy-L-Tar MOF
exhibits an ideal spin-filtering ability with a SP power close to 100% at
room temperature. Although such a spin-filtering ability was ascribed to
the chirality of the material, an alternative explanation is proposed based
on the theoretical electronic structure of the material. In particular, an
asymmetric arrangement of alpha andbeta-spin states is observed around
the Fermi energy, which arises from the 4f states of the lanthanide. As a
consequence, electrons of different spin have to overcome different band
gaps to be transmitted through the material. This accounts for the
semiconductor and insulator behavior of electrons of different spin.
Importantly, the calculated band gaps of 1.25 eV for beta electrons (in the
range of semiconductors) and 6.25 eV for alpha electrons (in the range of
insulators) is in full agreement with the experimentally measured con-
ductivity values of 2.9 × 10−7 S/cm for one spin component electrons and
2.2 × 10−10 S/cm for the opposite spin electrons. Our results point to the
spin-polarized electronic states of 3D Dy-L-Tar MOF, around the Fermi
level, to be at least partly responsible for the unique electron spin-filtering
ability of the material. Furthermore, we show that the chirality of the

Fig. 1 | Projected density of states (PDOS) of the 3D Dy-LMOF. The zero-energy
corresponds to the Fermi level. Alpha spin states are shown above the horizontal line
and beta-spin states below. The projected DOS into the p states of C, f states of Dy, s
states of H, p states of O and total states are shown in blue, yellow, magenta, green,
and black, respectively.

Fig. 2 | The projected density of states (PDOS) of the non-chiral (space group)
and non-centrosymmetric 3DDyMOF.The zero-energy corresponds to the Fermi
level. Alpha spin states are shown above the horizontal line and beta-spin states
below. The projectedDOS into the p states of C, f states of Dy, s states of H, p states of
N, p states of O and total states are shown in blue, yellow, magenta, red, green, and
black, respectively.

Fig. 3 | Chemical structure of different ligands
explored in this work. a L-tartaric acid (L-Tar);
b 2,3-dithio-butanebis (dithioic) acid (L-6S-Tar);
c 2,3-dimercapto-L-butanebis(thioic) acid (L-4Sa-
Tar); d 2,3-dihydroxybutanebis(dithioic) acid (L-
4Sb-tar); e 2,3-dihydroxybutanebis(thioic) O,O-
acid (L-2Sa-Tar); f 2,3-dimercaptosuccinic acid (L-
2Sb-Tar).
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material and/or at its space-group chirality (helicity), is not an essential
feature in order to exhibit a spin asymmetric display of the DOS near the
fermi energy. In fact, such asymmetry arises exclusively from the f states
of the dysprosium atom.

In addition, the investigation of the origin of the spin-filtering
capacity of the 3D Dy-L-Tar MOF offers key features for the rational
design ofMOFs with enhanced electron conductivity and optimum spin-
filtering properties. The substitution of the chemically hard oxygen atoms
of the tartrate ligand by the chemically softer sulfur atoms results in an
increased electronic conductivity, although at the risk of losing the spin
asymmetry of the DOS around the Fermi energy, i.e., failing to keep the
spin-filtering capacity. However, the substitution of a reduced number of
sulfur atoms, i.e., thiolation of only the oxygens attached to the chiral
centers of tartrate, is predicted to boost the conductivity of electrons of
one of the spins, and simultaneously retain the structural integrity and
spin-filtering capacity.

Methods
All the calculations were performed using PW-DFT with Projected Aug-
mented Wave (PAW) potentials39,40 implemented in the Vienna Ab initio
Simulation Package (VASP)41–44. The geometry of the 3D Dy-L-Tar MOF
was obtained from experimental X-ray crystallographic data deposited on
the Cambridge Crystallographic Data Center (CCDC 1981576). Although
lanthanide atoms are known to have open-shell configurations with large
multiplicities, closed-shell configurations have been reported to yield almost
identical geometries, which allows to save substantial computational time
without compromising the accuracy45,46. Thus, the geometry of 3D Dy-L-
Tar MOF was fully optimized using the PBE exchange-correlation
functional47, along with the Grimme’s DFT-D3 scheme48 for the disper-
sion interactions, and the f electrons of the Dy(III) cation included in the
pseudopotential. Convergence for the geometry optimization under spin-
restricted conditions was performed with a cut-off energy of 400 eV and a
2 × 2 × 1 Γ-centered k points grid (see Supplementary Notes 2 and 3, Sup-
plementary Figs. 2 and 3 and Supplementary Table 1).

The characterization of the electronic structure was carried out
explicitly treating the f electrons of the lanthanide metal atom in a spin
unrestricted fashion; this calculation was performed with the HSE06
hybrid functional, often reported as highly accurate for band gap energies
inMOFmaterials49–52. Due to the large size of the unit cell of the Ln-MOF,
the reciprocal space was sampled at the Γ point. Indeed, increasing the
number of k points (from 1 × 1 × 1 to 3 × 3 × 1) did not result any sig-
nificant change neither for the energy nor for the electronic states (see SI),
in accordancewith earlierworkswithMOFs53. ProjectedDensity of States
(PDOS) were plotted with Python script sumo54 and molecular repre-
sentations were done using the VESTA55 software. The inclusion of SOC
effects on the calculation has a negligible effect on the computed bandgap
and DOS results of the material (see Supplementary Note 4), as expected
from previous works56–60. Furthermore, we emphasize that the 3D Dy-L-
Tar MOF (triclinic P-1 space group) has no symmetry, consequently no
directional dependence on the electronic properties, namely, density of
states and conductivity should be expected (isotropic material), see
Supplementary Fig. 4.

Data availability
The authors declare that the data supporting the findings of this study are
available within the paper and its Supplementary Information files. The
cartesian coordinates of the studied compounds can be found in Supple-
mentary Tables 3–7. Should any raw data files be needed in another format
they are available from the corresponding author upon reasonable request.
Source data are provided with this paper.
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