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We predict two switchable one-dimensional (1D) spin-polarized semiconductors based on
metal-organic coordination chains constructed out of Fe, V, and zwitterionic quinone (ZQ)
molecules using first-principal density functional theoretical analysis. The Fe-ZQ coordination
chain can be converted from a semiconductor to a half-metal when oxidized by chlorine (Cl). Upon
chlorination, the magnetic moment of the Fe-ZQ is increased from 4 g to 5 ug, per iron atom. In
addition, the bimetallic (Fe-ZQ-V-ZQ) ferromagnetic semiconducting coordination chain with a

very small energy gap of only 90 meV can be converted to an antiferromagnetic semiconductor
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with a large gap of more than 1 eV when oxidized by chlorine. Its magnetic moment is found to
be 8 up per heterobimetallic unit (Fe and V) after chlorination, and 7 pug without chlorine. These
unique properties, namely a switchable or reversible electronic and magnetic characteristics with
a transition between different semiconducting states, make these coordination chains to be highly
promising candidates for specific applications as multi-functional switch in nanoelectronics and

spintronics.

Conducting one-dimensional (1D) systems are of highest importance for future nano-electronics
applications. An enormous amount of research work was concentrated on carbon nanotubes which
could be useful for that purpose [1-3]. Also, some studies on one-dimensional (1D) metal-organic
wires were devoted to sandwich structures with benzene or cyclopentadienyl [4-6]. However, a
planar alternative of a molecular conducting wire, as for instance nano-ribbons of carbon,* would
be interesting as well. In that respect, the successful synthesis of 1D metal-organic coordination
chains on Ag(111) and Au(110) is remarkable [7,8]. These coordination chains are synthesized by
co-deposition of Fe together with zwitterionic quinone (ZQ) molecules on the noble metal surface
followed by an on-surface coordination reaction under well-chosen conditions. The electronic
structure of these Fe-ZQ coordination chains is characterized by a conjugated pi-electron system
with local magnetic centers at the Fe-sites. Interestingly, the Fe?" ions (with 3d° electron
configuration) can adopt either the S=1 or the S=2 magnetic state on the Ag(111) and Au(110)
substrates, respectively, due to the very different lattice constants of the Fe-ZQ chains being fixed

by the different substrates. However, electronic structure calculations of the Fe-ZQ chains taking



properly into account the strong electron correlation of 3d electrons predict a semiconducting
behavior with gaps of 0.65 and 1.30 eV for the S=1 and S=2 spin states of Fe, respectively. For
future applications of these Fe-ZQ molecular chains as conducting wires it would be very
advantageous to reduce the semiconducting gap. We report below ab-initio results, which suggest
that this gap reduction can be achieved in two different ways: either by chlorination of the Fe-ZQ
chains which leads to half-metallic behavior or by substituting each second Fe by V which reduces
the gap drastically. We complete the study by investigating the effect of chlorination on the
bimetallic Fe-V chains. We show that attaching a Cl ion to the Fe sites recovers the original gap
of Fe-ZQ chains. So, we not only found highly conducting strictly 1D molecular wires with local
magnetic centers, but also systems which can be reversibly switched between different electronic
and magnetic systems by simple chlorination.

Generally, switchable low-dimensional metallic and magnetic systems are very interesting as
potential candidates for future applications in quantum computing, high-density information
storage and spintronics. So, spintronics holds a huge potential for the next generation of electronic
devices with improved performance and enhanced functionality [9—13]. Nano-structuration is an
important tool to find the corresponding nano-structures to be used as spintronic devices
[4,5,8,9,14-17]. Here, we will focus on planar magnetic metal-organic chains based on the
zwitterionic quinoidal (ZQ) molecule [18]. Taquet et al successfully synthesized metal complexes

of ZQ with up to three metal ions [19] (Scheme 1).
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Scheme 1: The zwitterionic quinoidal (ZQ) molecule before (left) and after (right) the complex

building reaction.

Further on, the synthesis of micrometer long coordination chains of Fe-ZQ on the Ag(111) and the
Au(110) surfaces was reported [7,8,20]. Koudia et al [21] synthesized a single-layer 1D periodic
Fe-ZQ framework through a metal-directed surface reaction, and the samples were characterized
using scanning tunneling microscopy (STM). They also pointed out that the synthesis procedure
is flexible for other central metal atoms. The recent success in embedding transition metal (TM)
atoms in 1D TM-ZQ coordination chains provides a novel pathway for achieving the long-standing
dream of 1D atomic sheets with regularly and separately distributed TM atoms for catalysis and
spintronics. In that spirit, we predict here by theoretical ab-initio calculations switchable metal-
organic wires based on ZQ due to a chlorination reaction. The advantage of the present system
with respect to alternative proposals found in the scientific literature is that very similar systems
have already been synthesized [6,22].

In this work, based on systematic density functional theory (DFT) calculations, we report on half-
metallic behavior due to chlorination of Fe-ZQ coordination chains and we show that the (Fe-ZQ-
V-ZQ) coordination chain can be converted from a ferromagnetic semiconductor with a very small
gap to an antiferromagnetic semiconductor with a considerable gap of more than 1 eV after

oxidation of the Fe site and the change of its coordination sphere (geometry) by chlorination (Cl).



Importantly, the magnetic moment is then increased from 7 ug for (Fe-ZQ-V-ZQ)n (see scheme 2)
to 8 ug for (FeCl-ZQ-V-ZQ)n per unit cell. So, we find reversible alterations of the electrical and

magnetic properties of highly promising 1D metallic or semi-conducting magnetic chains.
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Scheme 2: Structure of the bimetallic (Fe-ZQ-V-ZQ)n coordination chain

In this paper, we perform a comprehensive first principles study of the structural, electronic and
magnetic properties for the proposed 1D coordination chains. Our theoretical calculations are
performed within spin-polarized Density Functional Theory (DFT) with the Generalized Gradient
Approximation (SGGA) of Perdew and Wang (PW91) [23,24] for the exchange and correlation
potential and the Projector Augmented Wave (PAW) pseudo potentials [25,26]. The first-principle
calculations have been performed using the pseudo potential code VASP (Vienna Ab initio
Simulation Package) to study the metal-organic 1D chains. Due to the well-known problems of
standard spin polarized DFT in describing strongly correlated systems, we choose the VASP code
being based on a plane-wave basis and consider the strong correlation of the electrons in the 3d
shell by a Hubbard U term added to the spin polarized generalized gradient approximation
(SGGA+U) method. The SGGA+U corrections were introduced by Liechtenstein et al, [26] where

U and J enter as independent corrections in the calculations. The value of J = 0.9 eV is fixed by



the properties of the TM atom and only slightly reduced with respect to the value for a free atom.
On the other hand, the correlation energy U for a 3d orbital is considerably screened in a solid and
not easy to determine. We choose here U =5 eV as it was justified for TM-ZQ coordination chains
[8,20,27]. The electronic wave functions are expanded in plane waves with a kinetic energy cutoff
of 480 eV, the coordination chains are relaxed until the residual forces are below10~°eV/A and
the convergence criteria for the energy deviations is 10~7 eV. The Brillouin zone is determined
by a set of 8x1x1 k-points in the unit cell using the Monkhorst-Pack points [28]. The Gaussian
smearing method is used in these calculations and a width of 0.01 eV is adopted. We now present
first the study of chlorination of Fe-ZQ coordination chains before going over to bimetallic (Fe-
ZQ-V-ZQ) coordination chains. The geometry optimization was performed by relaxing all atomic

coordinates for a fixed lattice constant.

The geometry optimization for coordination chains was performed with the variable lattice
parameter and the full relaxation of the coordinates. It consists of Fe-ZQ coordination chains with
Cl being attached to the Fe sites (see Figure 1). After relaxation, the Fe ions depart slightly from
the strictly planar situation of free standing Fe-ZQ coordination chains which had been calculated

before [8,20].
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Figure 1: Ab-initio structure of free-standing 1D coordination chains of (FeCl-ZQ). The color
code for the different atoms is as follows: Fe — orange, Cl — green, N — blue, O — red, C — dark
grey, H — white.

Here, we calculated the total energy of isolated FeCI-ZQ chains as a function of the lattice constant.
We found three different spin states corresponding to S=1/2, S=3/2 and S=5/2 which is possible
for a 3d° electron configuration of the Fe center. From that we can already conclude, that Cl is in
the CI" charge state and gets one electron from the Fe site. Therefore, by chlorination, the Fe
valence changes from Fe?* to Fe®*.

In difference to the situation without Cl, there are not two stable spin states as a function of the
lattice constant. After chlorination the high spin state S=5/2 is the lowest one for all values of the
lattice constant being about 1 eV lower than the S=3/2 solution and about 2 eV lower (per formula
unit) than the S=1/2 solution. Therefore, we concentrate the remaining analysis on the S=5/2 case
exclusively.

The 3d° situation with local spins of S=5/2 is also realized in Mn-ZQ coordination chains.
Therefore, both systems, i.e., Mn-ZQ and chlorinated FeCI-ZQ are predicted to have very similar
electronic structures. Especially, they are both predicted to be metallic. The formal proof is

presented in Figure 2 where the total and partials densities of states are shown. One indeed remarks



a very large similarity to the electronic structure of Mn-ZQ coordination chains [20] with a half-
metallic behavior for the ferromagnetic arrangement of the local spins.

In addition, we used the SGGA+U (SGGA) methods, to evaluate the Fe-ZQ spin stabilities after
chlorination; this is achieved by comparing the energies of the FM and AFM states in both original
and a double unit. Without Cl, for the Fe-ZQ structure, the AFM state is much more stable than
the FM state with an energy lowering of 8.8 meV per iron and after Cl oxidation, the AFM state is
even more stable than the FM state by 22.6 meV (see Table 1). These results show that both Fe-
7ZQ and its chlorinated counterpart are AFM materials.

Table 1. Lattice constants (a, in A), distances between the central Fe atoms and the ligands N
(dpe—n, INA), O (dpe_o, in A) and Cl (dp_c;, in A), exchange energies (E,, = Ery — Eapps iN
meV), total magnetic moments (M per Fe atom, in pg), local magnetic moments of the d orbital at
the Fe atoms (Mq per Fe atom, in pug), local magnetic moments at the Cl atoms (Mci per Cl atom,
in uB), local magnetic moments at the Fe atoms (Mm per Fe atom, in pug), energy band gaps for

spin up (E,) and spin down (E}, in eV) for 1D (Fe-ZQ), and (FeCl-ZQ), coordination chains in
the SGGA+U method.

a 15.90 15.49
droo 2.080 2.037
dron 2.020 2.027
dro_ct 2.200

E., 8.8 22.6
M 4 5
M, 3.670 4.086
Mg 0.188
M, 3.720 4.155
Ea 1.20 No gap
Eb 1.30 0.78

The analysis of the total and partial densities of states (DOS) is very instructive for a detailed
understanding of the remarkable electronic and magnetic properties of FeCl-ZQ coordination
chains. First, as shown in Figure 2a, there is no gap at the Fermi level which indicates that the

coordination chain is a half-metal. It can be seen from the calculated density of states of oxidized



FeCl-ZQ (Figure 2b) that Cl orbitals are almost degenerate and located just near the Fermi level
which means that Cl has captured an electron from the Fe atom and its orbitals are now completely
filled with spin-up but almost empty of spin-down electrons. As a result, the magnetic moment of
(Fe-ZQ) is shoot up from 4 ug to 5 up after Cl oxidation (see Figure 2c¢). It should be noted that
the buckling of chlorinated Fe-ZQ is not essential for its magnetic and electronic properties since

we obtain nearly identical results without buckling.
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Figure 2: (a) Total DOS (b) projected DOS of the atoms (Fe, C, O, N, H), (c) the d orbitals at
the Fe atoms in the 1D (FeCl-ZQ) coordination chains.



BIMETALLIC CHAINS
In this part, we study the 1D-coordination chains of (Fe-ZQ-V-ZQ) with and without chlorine, and
Figure 3 shows a 1D top representation and a side view of the coordination chains. We checked
several absorption sites for the Cl atom and found the Fe site to be the most preferable one which

will be discussed further on (absorption energies in eV on Fe: -3.11, on V: -2.52, and on C: -1.49).
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Figure 3: Ab-initio structure of free-standing 1D coordination chains of (Fe-ZQ-V-ZQ) in single
(a,b) or doubled (c,d,e,f) unit cells. Panels b,d, and f show the structure with one Cl atom
attached to a Fe atom after relaxation. The color code for the different atoms is as follows: Fe —
orange, V — light grey, Cl — green, N — blue, O —red, C — dark grey, H — white.
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The calculated results for all the (Fe-ZQ-V-ZQ)n coordination chains, including their structural,
energetic, electronic, and magnetic properties, are summarized in Table 2. The structural
parameters are found after relaxation of all atomic positions as described in the section before.
Remarkable is the reduction of the distances between Fe and its nearest neighbor ligands (O and
N) after chlorination. That is not the case for the distances between V and its ligands which remain
the same and are considerably larger than for Fe. The high-spin state is the lowest in energy at a
lattice constant of 16.02 A (15.60 A) for the Fe-ZQ-V-ZQ (FeCl-ZQ-V-ZQ) coordination chains.
The total magnetic moment increases from 7 ug to 8 ug per unit cell with one Fe and one V ion.
As can be seen from the local magnetic moments at the metallic sites that increase by chlorination
is due to an increase of the magnetic moment at the Fe site which increases from about 3.7 g to
about 4.1 ug. Taking into account magnetic moments in the neighborhood of the Fe site that can
be interpreted as an increase from a local spin S = 2 (or 4 ug corresponding to a 3 d® configuration
of the Fe(ll) center) to S = 5/2 (or 5 up corresponding to a 3 d> configuration of the Fe(lll)).
Highly interesting is the electronic structure that we calculate for a parallel arrangement of all
magnetic moments, i.e. a ferromagnetic state. Please note, however, that due to principal reasons
there can be no magnetic long-range order in 1D systems at finite temperature, not ferro- nor
antiferromagnetic order [29]. We find a small gap of 90 meV for spin up electrons for (Fe-ZQ-V-
ZQ)n which increases considerably after chlorination to 1.05 eV, turning (FeCI-ZQ-V-ZQ)n into
an antiferromagnetic semiconductor. This property could be highly interesting for future
spintronics applications. We also calculated the energy difference E,., = Epy — Eapp Detween a
ferromagnetic (FM) and an antiferromagnetic (AFM) state (the moments in the doubled unit cell

are Fe-up V-up, Fe-down and V-down) and found the FM arrangement more stable for the (Fe-
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ZQ-V-ZQ)n coordination chain (E,, = —4.1 meV per unit cell with one V and one Fe) whereas
E., = 27.5 meV becomes positive after chlorination, corresponding to an AFM state. To calculate
the AFM state, we used a doubled unit cell which is shown in Figure 3.

Table 2. Lattice constant (a, in A), distances between the central TM (Fe and V) atoms and the
ligands N (drp—n, iNA), O (dry—o, in A) and Cl (dpe_¢;, in A), exchange energies (E,, = Epy —
E ry, In meV), energy difference between NM and FM solution (A= Eyxy — Ery, in €V), total
magnetic moments (M per cell, in pg), local magnetic moments of the d orbital at the TM atoms
(Mg per TM atom, in ug), local magnetic moments at the Cl atoms (Mc per Cl atom, in usg), local
magnetic moments at the TM atoms (Mm per TM atom, in pg), energy band gaps for spin up (E,)
and spin down (E,, in eV) for 1D (Fe-ZQ-V-ZQ), and (FeCl-ZQ-V-ZQ), coordination chains in
the SGGA+U method. The values for a, E.,, Az , and M are given for one unit cell with one Fe
and one V ion.

a 16.02 15.60
dre_o 2.07 2.03
dre_n 2.03 2.02
dre_ci 2.20

dy_o 2.10 2.10
dy_n 2.10 2.10
E,., -4.1 275
Ag 9.004 7.478
M 7 8
M Fe : 3.659 Fe : 4.087
d V :2.678 V :2.690
M 0.178
M 3.727 4.156
m 2771 2.783
Ea 0.09 1.36
Eb 1.39 1.05

We show in Figures 4 and 5 the total valence charge density (T + {) and spin density (T — )
contour plots for the ferromagnetic coordination chains. The density plots are given along the
coordination chains. The isovalue for the charge density in the (Fe-ZQ-V-ZQ)n coordination chain
is 1.55 e A=3 and 0.08 e~ A~3 for the spin density. As it is clearly seen from the plots of the spin
density distribution, the magnetic moments are mainly distributed around the Fe and V atoms,

while the Cl atoms contribute little to the magnetism. The magnetic density (see Figure 4b)
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indicates a quite localized positive magnetic moment at the Fe atom (4 ug) and 3 ug for the V
atom. Our computations specify the total magnetic moment of 7 ug per unit cell for the most stable

state of (Fe-ZQ-V-ZQ)n. For (FeCl-ZQ-V-ZQ)n, there is a magnetic moment of about 8 up per unit

= 39860550000

cell.

mmmmm

Deraity (A

081 8 38

Figure 4: (a) Charge density (isovalue = 1.55e-. A=3) and (b) spin density (isovalue = 0.08e-.
A~3) of the (Fe-ZQ-V-ZQ) coordination chain.
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Figure 5: (a) Charge density (isovalue = 1.55e- A~3) and (b) spin density (isovalue = 0.08e-
A=3) of (FeCI-ZQ-V-ZQ)n coordination chain.
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The corresponding local densities of states (DOS), projected DOS of the atoms (Fe, V, C, O, N,
H) and the d orbitals at the Fe and V atoms in the 1D (Fe-ZQ-V-ZQ)n and (FeCl-ZQ-V-ZQ)n
coordination chains, respectively, with the PAW-SGGA+U method are shown in Figures 6 and 7.
It is evident that the (Fe-ZQ-V-ZQ)n coordination chain is a ferromagnetic semiconductor, the
band gap is around 0.09 eV for spin up and 1.39 eV for spin down. The general band gap increases
very much from 0.09 eV to 1.05 eV for the chlorinated coordination chain. More in detail, it is
1.36 eV for spin up and 1.05 eV for spin down for (FeCI-ZQ-V-ZQ)n. Figure 7 shows the electronic
structure for (FeCl-ZQ-V-ZQ)n in the ferromagnetic state to distinguish better between the
majority and minority spin channels. The antiferromagnetic state is energetically slightly lower

(see Table 2) but has a very similar energy gap of about 1 eV.
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Figure 6: (a) Total DOS (b) projected DOS of the atoms (Fe, V, C, O, N, H), (c, d) the d orbitals
at the Fe and V atoms and (e) band structure of the 1D (Fe-ZQ-V-ZQ) coordination chain with
the PAW-SGGA+U method with high-spin.
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In summary, we analyzed in detail the structural, energetic, electronic, and magnetic properties of
the (Fe-ZQ)nand (Fe-ZQ-V-ZQ)n coordination chains with and without chlorine, obtained within
a DFT framework. The coordination chain (Fe-ZQ)n chain can be converted reversibly from
semiconducting to half-metallic states using chlorine as oxidant. Moreover, the (Fe-ZQ-V-ZQ)n
coordination chain can be converted reversibly from a ferromagnetic semiconductor with a very
small energy gap of 90 meV to an antiferromagnetic semiconductor with a gap of about 1 eV upon
chlorination of the Fe center. The small energy gap of 90 meV would allow a high conductivity
already at room temperature, which could reversibly be converted to the conductance behavior of
an ordinary semiconductor. In addition, the change in the electronic properties is connected with
a transition between ferromagnetic and antiferromagnetic behavior. The present theoretical
prediction concerns only the short-range magnetic correlations since a magnetic long-range order
is principally impossible in strictly 1D systems. However, it could be induced by an external
magnetic field or an adapted substrate. Due to all these reasons, the (Fe-ZQ-V-ZQ)n coordination
chain with and without chlorine could be an interesting building unit in the design and the assembly
of nano-systems and nano-spintronics. The current theoretical study may provide a guide for future
experimental and theoretical studies to stimulate researchers to extend the use of these ligands and

their corresponding complexes to embrace new discoveries.
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