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Inspired by the recently synthesized inorganic metallocene derivatives Fe(P4),%~, we have identified four
stable inorganic metallocene nanowires, MP, (M = Sc, Ti, Cr and Fe) in configurations of either regular
quadrangular prism (Q-type) or anticube (A-type), and further investigated their magnetic and electronic
characteristics utilizing the first-principles calculation. It shows that CrP, is a ferromagnetic metal, while
other nanowires are semiconducting antiferromagnets with bandgaps of 0.44, 1.88, and 2.29 eV within
the HSEO6 level. It also shows that both ScP, and TiP4 can be stabilized in the Q-type and A-type,
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a configuration-dependent magnetism. The thermodynamic and lattice stabilities are confirmed by the

ab initio molecular dynamics and phonon spectra. This study has unmasked the structural and physical
properties of novel inorganic metallocene nanowires, and revealed their potential application in spintronics.
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Introduction

Since the milestone discovery of ferrocene,® the multidecker
molecular complexes in the form of sandwich clusters and their
infinitely extended nanowires have attracted great research
interest due to the distinct structural, optical,>® chemical,*
electrical,” and magnetic properties,® rendering them potential
candidates in catalysis,” electronics and spintronics.*** Espe-
cially, the tunable coordination mode between the central metal
and organic molecules accompanied by diverse charge transfer
and crystal field splitting can lead to unpaired d electrons and
form intriguing magnetic ordering phenomena.”*** For
instance, the organometallic complexes composed of vanadium
and benzene, V,(Bz),, (Bz = C¢Hs), were confirmed to be
molecular magnets and the magnetic moments of the
complexes increase with the central metal atoms.'®'” Then,
theoretical study revealed that the one-dimensional [V(Bz)].
and [Mn(Bz)]. are quasi- or half-metallic."® Also, (VCp). (Cp =
CsHs), (VBzVCp)., and (V,Ant). wires (Ant = anthracene) are
ferromagnetic half-metals." Based on pentalene (Pn = CgHg),
double metallocene nanowires were predicted, in which the
PnMn, nanowire exhibits ferromagnetic behavior.>* Among the
homo-bimetallic naphthalene (Np=C,oHg), namely NpTM,,
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(TM =V, Mn, Ti, Nb) nanowires, NpMn, is ferromagnetic, NpTi,
and NpNb, are antiferromagnetic, and NpV, exhibits carrier-
tunable magnetic ordering.** Then, the hetero-bimetallic
naphthalene nanowires, [Np,V,Cr,]ew, [Np,VoMn,]«, and [Np,-
V,Fe;]. are shown as half-metals, while [Np,V,Cr,]. is quasi-
half-metallic,”* and the V,,_;Np,, nanowire also exhibits carrier-
tunable magnetic ordering.”® Theoretical studies also demon-
strated that the sandwiched Eu,,COT,.+; (Eu = europium, COT =
CgHg, n = 1-4) clusters are molecular magnets.>* By using the
chemical functionalization, the multiferroic organometallic
molecular nanowires were predicted.”® A recent study showed
that ferromagnetic half-metallicity can be realized in metal tri-
hydride molecular nanowires.” As a result, exploring novel
metallocene-analogue molecular clusters and nanowires with
magnetism is highly desirable due to their high potential
application as one-dimensional spintronics.

To enrich the family of multidecker sandwich complexes,
great efforts have been made to explore molecules similar to
ferrocene and it is assumed that a heteroelement derivative can
be obtained by the isolobal replacement of CH with group 15
phosphorus, which may possess distinct properties with various
bond types and coordination environment.*® Despite the high
stability of Fe(n>-Ps), confirmed by the theoretical calculation,?”
experimental realization has not been achieved, and only
a molecular complex Ti(n°-Ps), was reported to be synthesized so
far.”® Cyclo-P,, which can accommodate two electrons, is believed
to be more useful in contrast to the monoanionic cyclo-P5.** Very
recently, Wang et al. has synthesized a ferrocene derivative
[Fe(P,),]>~ by using Zintl ions as precursors,* which may serve as
the building block for the inorganic metallocene complexes.

Enlighted by the recently synthesized Fe(P,),>”, inorganic
metallocene nanowires, MP, (M = Sc, Ti, Cr and Fe) are reported
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and the structural, electrical, and magnetic characteristics are
investigated within the first-principles calculation. Our results
show that ScP,, TiP,, CrP, and FeP, can form stable one-
dimensional nanowires in either regular quadrangular prism
(Q-type) or anticube (A-type) configurations. Among them, ScP,,
TiP, and FeP, nanowires have antiferromagnetic (AFM) ground
state and CrP, nanowires are ferromagnetic (FM). AIMD simu-
lation and phonon spectrum calculations have confirmed their
thermodynamic and lattice stabilities.

Methods

First-principles calculations were performed by using the Per-
dew-Burke-Ernzerhof (PBE) functional and Projector
Augmented Wave (PAW) potential within the Vienna ab initio
simulation (VASP) package.**** A cut-off energy of 400 eV was
adopted, and the atomic positions and lattice constant along
the extended direction were relaxed until the force and energy
were smaller than 0.01 eVA™"and 1 x 107° eV. A I'-centered 1 x
1 x 8 k-points was used. According to the previous research,***”
a Hubbard U.g value of 3 eV was adopted to account for the
strong correlation effect. To obtain a more accurate electronic
structure, the Heyd-Scuseria-Ernzerhof hybrid functional
(HSE06) was adopted.*® One-dimensional chains were chosen to
extend along the c-axis, while a certain vacuum layer thickness
(around 10 A) is added in the other directions of the unit cell to
avoid repetitive disturbances of the force field under the peri-
odic boundary conditions. Considering the van der Waals (vdW)
interactions, the Grimme DFT-D3 correction was utilized.*
Additionally, ab initio molecular dynamics (AIMD) simulations
were executed with the supercell of 1 x 1 x 4 and the total time
was 5 ps with each step of 1 fs, using the NVT ensemble. The
phonon spectra were calculated with density-functional-
perturbation theory (DFPT) using PHONOPY.* The post-
processing calculations for the relevant calculations were per-
formed using the VESTA software** and VASPKIT code.*

Results and discussion

According to Fig. 1(a), the MP, molecular complex is composed
of one transition metal atom sandwiched between two square
cyclo-P, rings, owning to the C4, symmetry and forming an n*:
n* coordination pattern. The P, rings can arrange into two
configurations, namely, regular quadrangular prism (Q-type)
(Fig. 1(b)) or anticube (A-type) (Fig. 1(c)). Hence, two types of
MP, nanowires are considered, as shown in Fig. 1(d) and (e),
respectively. Then, the geometrical configurations of MP,
nanowires (M = Sc to Ni) in Q-type and A-type are relaxed and it
shows that ScP,, CrP,, and FeP, are energetically more stable in
the Q-type and TiP, is energetically more stable in the A-type, as
displayed in Table S1.7 Cu and Zn are excluded due to their
absence of metallocene forms. The lattice stability of the ener-
getically stable MP, is identified according to their phonon
spectra. As displayed in Fig. S1,f imaginary frequencies are
absent for the ScP,, CrP,, and FeP,, and a small imaginary
frequency in TiP, nanowires is partly attributed to the flat
potential energy surface at its ground state. Hence, the
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Fig.1 Models of (a) MP, molecular complex, (b) regular quadrangular
prism (Q-type) ligand field, (c) anticube (A-type) ligand field, (d) Q-type
MP,4 nanowire, and (e) A-type MP4 nanowire. The “up” and “down”
arrows indicate the different stacking models of cyclo-P, rings.

calculations below are based on the ScP,, TiP,, CrP, and FeP,
nanowires.

As demonstrated in Table 1, the M-P distances exhibit
a range of 2.46 to 2.70 A, descending from Sc to Fe, and the P-P
distances among adjacent P atoms vary from 2.24 to 2.28 A,
indicating the elongated P-P distance compared to black
phosphorus (2.18 A).** To further determine their stability, we
calculated the averaged formation energy per unit cell, which is
described as below, in which Exw[MP,], E[M], and E[P,] are the
energies of the nanowire, single metal atom, and cyclo-P, ring,
respectively.

E{MP,] = Exw[MP4] — E[M] — E[P4]

The calculated formation energies vary from —5.79 to
—8.00 eV, in which the negative formation energies indicate
that the formation of MP, nanowires from the P, ring and metal
atom is exothermic, and ScP, nanowire has the largest forma-
tion energy. These values are larger or comparable to those for
other organic multidecker nanowires, including transition

Table 1 Metal-phosphorus bond distance (dwp, A), phosphorus—
phosphorus bond distance (dpp, A), averaged formation energy per unit
cell (E;, eV), transferred charge from the metal to phosphorus (C, e),
and atomic magnetic moment (M, uB) on each metal atom, ground
state (GS, in which S and M denote the semiconductor and metal), and
energy difference (AE = E(FM) — E(AFM), eV) between ferromagnetic
(FM) and antiferromagnetic (AFM) states per unit cell

ScP, TiP, Crp, FeP,
duip 2.70 2.55 2.52 2.46
dpp 2.26 2.28 2.24 2.24
E¢ —8.00 —7.99 —5.79 —6.43
c 1.67 1.55 1.01 0.76
M 0.16 0.80 3.31 3.21
GS AFM S AFM S FM M AFM S
AE 0.02 0.68 —0.58 0.66

© 2024 The Author(s). Published by the Royal Society of Chemistry
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metal benzene nanowires (—1.71 to —5.33 eV) or metallocene
nanowires."®*

In addition, we also examined the thermodynamic stability
of the MP, nanowires by conducting the ab initio molecular
dynamics (AIMD) simulation at temperatures increasing up to
700 K. The evolution of total energy and magnetic moments
along with time, and the last snapshots for the AIMD simula-
tions are shown in Fig. S4.1 It can be observed that the struc-
tural motif A-type TiP, nanowires can be maintained at 300 K.
CrP, nanowires are able to maintain their structure at 400 K,
FeP, at 500 K, and for ScP,, the temperature can reach up to 700
K. The difference in thermodynamic stability can be elucidated
by the energy difference between the A-type and the Q-type
structures in the same magnetic ground state per unit cell, as
shown in Table S1.1 The energy difference between the Q-type
and A-type CrP, nanowires in the FM state is the smallest
(0.196 eV), and ScP, has the largest energy difference (0.759 eV),
leading to different thermodynamic stabilities. Meanwhile, the
poor thermodynamic stability of TiP, is partly attributed to the
low oxidation state of central Ti.

Next, the magnetic ground states of the MP, nanowires are
confirmed and three magnetic states are considered, ferro-
magnetic (FM), antiferromagnetic (AFM) states, and nonmag-
netic states (NM). The ScP,, TiP, and FeP, nanowires are
identified to be antiferromagnetic, in which the energy differ-
ences are 0.02 eV, 0.68 eV and 0.66 eV between the FM and AFM
states. Particularly, the CrP, nanowires are ferromagnetic in
their ground state, which is 0.58 eV energetically lower than the
AFM state. The atomic magnetic moments of Sc, Ti, Cr, and Fe
atoms are 0.16, 0.80, 3.31, and 3.21 uB, respectively. We have
provided the element-resolved density of states and the spatial
distribution of CBM/VBM decomposed charge density in the
real space for the three semiconducting nanowires at the same
isosurface level in Fig. S5 and S9.7 It shows that for ScP,
(Fig. S9(a and b)f) the VBM and CBM are contributed by d,,/
d,>_, for TiP, (Fig. S9(c and d)f) the VBM and CBM are
contributed by d,,/d,>_,2 and d.:, respectively, for FeP, (Fig. S9(e
and f)t) the VBM and CBM are contributed by d,./d,, and d,
respectively, which is well-accorded with the calculated elec-
tronic structures in Fig. 2 and S6.f

Then, the band structures of the MP, nanowires are illus-
trated in Fig. 2. ScP, and FeP, nanowires have direct band gaps
with bandgaps of 0.44 eV and 2.29 eV, and the TiP, nanowires
have an indirect bandgap with bandgaps of 1.88 eV at the HSE06
level, respectively. Meanwhile, CrP, nanowires are metallic.

Next, we have tried to understand the origin of magnetism of
the MP, nanowires. In a regular quadrangular prism crystal
field, five 3d orbitals of metal atoms are readily split into
a doubly degenerate band e (d,,, dy;), and three singly degen-
erate bands a,, a,, a3 (dy, d,=_)2, and d,2) for the MP, nanowire
except for CrP,. For CrP,, the residual unpaired electrons can fill
one of the doubly degenerate orbitals and the other is empty,
resulting in five single d orbitals. In anticube configurations,
five 3d orbitals of metal atoms can be split into doubly degen-
erate bands e1(d,,, d,_,2), €2(d,, d,), and a singly degenerate
band a(d,:). Their density of states is shown in Fig. S5.1 It also
shows that the direction of electron transfer is from the metal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The electronic band structures for (a) ScPy, (b) TiP4, (c) CrPy,
and (d) FeP4 nanowires at the HSEOQG6 level.

atom to the P, ring using the Bader charge analysis (Table 1),
and residual unpaired d electrons account for the existence of
magnetism.

Furthermore, we have plotted the electronic configuration of
metal atoms to understand the diverse magnetic ground states
in CrP, and FeP, nanowires. Based on the crystal field splitting
theory and Bader charge analysis, the electronic configuration
of metal ions in CrP, and FeP, nanowires are shown in
Fig. S10.7 As shown, both Cr and Fe ions have half-filled orbitals
and the cation-anion-cation bond angle is 180°. According to
the super exchange interaction theory,* two magnetic ions with
half-occupied orbitals coupled through an intermediary non-
magnetic ion lead to a strong anti-ferromagnetic coupling,
which confirmed the antiferromagnetic coupling in FeP,
nanowires (Fig. S10(a)t). However, for CrP,, the P, ring is
slightly magnetized according to the spin charge density
(Fig. S8(c)f), leading to the spin exchange pathway in
Fig. S10(b)} and ferromagnetic coupling between Cr ions.

Considering the rotation of P, rings, we have also investi-
gated the meta-stable phase of MP, nanowires and it shows that
ScP, and TiP, can be stabilized in both regular quadrangular
prism (Q-type) and anticube (A-type) configurations (Fig. S37),
corresponding to AFM and FM ground states, respectively,
indicating a novel configuration-dependent magnetism.
According to their electronic band structures (Fig. S77), ScP, is
a BMS (Bipolar Magnetic Semiconductor)* material of A-type
and TiP, is a ferromagnetic metal of Q-type, showing a config-
uration tunable magnetism.

Based on the Mermin-Wagner theorem,” long-range
magnetic order is absent for any infinitely strict one-
dimensional isotropic system at non-zero temperature.

Nanoscale Adv., 2024, 6, 985-989 | 987
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However, the relatively large magnetic crystalline anisotropic
energy can help to hinder thermal fluctuation and stabilize the
long-range ordering in one-dimensional or quasi-one-
dimensional systems.”® Then, non-collinear calculations are
conducted and the results in Table S2{ show that easy-axis of
MP, (M = Sc, Ti, Cr, Fe) is normal to the nanowires and the
magnetic anisotropic energy values are 0.18, 13.58, 77.86, and
326.18 peV per atom. TiP,, CrP, and FeP, are higher or
comparable to the bulk b.c.c.Fe (—1.4 peV per atom),
bulk h.c.p.Co (—65 peV per atom), bulk f.c.c.Co (1.8 peV per
atom), and bulk f.c.c.Ni (2.7 peV per atom),*>*° suggesting the
possibility of maintaining the long-range magnetic ordering.
Also, the long-range magnetic order can be stabilized by the
interchain coupling of MP, nanowires. Then, we calculated the
inter-chain coupling between two CrP, nanowires with an
optimized distance of about 3.8 A (Fig. S111). It was found that
the inter-chain magnetic coupling is FM, which is 0.72 meVM "
lower than AFM coupling in energy with a J value of 0.26 meV.
This value is relatively larger than that of p-nitrophenyl nitro-
oxide (p-NPNN), which exhibits a Curie temperature of 0.65 K
and the interchain coupling J is estimated to be about 0.1 K
(0.009 meV).**

Conclusions

In summary, this work reports four types of MP, inorganic
metallocene nanowires (M = Sc, Cr, Ti, Fe) that exhibit different
electronic and magnetic properties. Our calculations show that
MP, clusters can form stable one-dimensional nanowires. ScP,,
TiP, and FeP, nanowires are AFM semiconductors, while CrP, is
an FM metal in the ground state. Phonon spectrum calculations
and AIMD simulations demonstrate the lattice and thermody-
namic stability of these nanowires. The formation of MP,
nanowires via assembly of the P, ring and metal atoms is
exothermic. Both ScP, and TiP, can be stabilized in the Q-type
and A-type, corresponding to AFM and FM ground states,
respectively, suggesting a novel configuration-dependent
magnetism. These results reveal the potential application of
MP, nanowires in spintronics. This work can promote the
development of one-dimensional spintronics based on the
inorganic molecular complexes.
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