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Using DFT GGA calculations, electronic structure and magnetic properties of wide family of transition metal
trihalides (TMHals) (Zr, Ti and Nb iodides, Mo, Ru, Ti and Zr bromides and Ti or Zr chlorides) are investigated.
These structures consist of transition metal atoms chains surrounded by halides atoms. Chains are connected to
each other by weak interactions. All TMHal; compounds were found to be conductive along chain axis except of
MoBr3 which is indirect gap semiconductor. It was shown that NbI; and MoBr; have large magnetic moments

on metal atoms (1.17 and 1.81 pg, respectively) but other TMHal; materials have small or zero magnetic
moments. For all structures ferromagnetic and anti-ferromagnetic phases have almost the same energies. The
causes of these properties are debated.

1. Introduction

At present, as new nanostructure synthesis methods are developed,
more and more attention is paid for synthesis and description of new
one-dimensional structures properties. In practice, such nanostructure
chains are often linked together by weak dispersive interactions. Thus,
they may serve as a one-dimensional conductors or semiconductors
that should lead to a strong anisotropy of their optical properties. Also
such materials having semiconductor properties can be used in practice
to create different optical elements: IR sensors, absorbing devices, etc.
Weak interactions between neighboring chains due to van der Waals
forces should lead to softening of the phonon vibrations along the
directions perpendicular to the chain axis and, consequently, to a
decrease in the thermal conductivity A along these directions. This can
also be used in practice to create new thermoelectric converters (TC)
[1], where the efficiency is defined by thermoelectric figure-of-merit,
ZT [2], as a product of working temperature T, Seebeck coefficient
squared S, electrical conductivity o, divided by the thermal conduc-
tivity. Therefore “phonon engineering”, i.e creation of materials having
low thermal conductivity due to structural fragment separation at the
nanoscale is now represented as one of the most promising ways to
create highly effective TC. Along with that, TC material is demanded to
have large density of states near the Fermi level. This allows one to

suppose that one-dimensional transition metal trihalides (TMHals)
having weak van-der-Waals interaction between chains would show
low heat conductance in the directions perpendicular to the chain axis
and high density of states in the vicinity of Fermi level due to presence
of metal atoms having d(f) electrons. It is assumed that these materials
can serve as effective materials for TC construction.

Even though the family of TMHal; has been known for more than
50 years [3,4], and their structure is well-investigated, there is only a
few data available regarding physical properties of these compounds,
particularly, electronic structure and magnetic properties [5]. Purpose
of this work is to fill this gap. TMHal; family compounds can adopt
various structures consisting of octahedra bonded to each other
through the vertexes and forming chains in particular direction
(ReO3, RhF3, AlCl3, Tils-type structures). Amongst them, the Tils-type
is somewhat outstanding in terms of having quasi-one-dimensional
structure of these chains (see Fig. 1). These unique compounds can be,
in turn, distinguished into hexagonal Tils-type and orthorhombic
RuBrs-type.

It is known that temperature increasing up to 323 K may cause
structural transition from hexagonal to orthorhombic crystal system in
Til3 [6]. Semiconducting nature of some Tils-like structures was
reported by Angelkort et al. [7]. In this paper, using quantum chemical
calculations we examine the electronic structure and magnetic proper-
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Fig. 1. Unit cells for transition metal trihalides. a) hexagonal, b) orthorhombic structure.

ties of a wide range of TMHal; compounds adopting quasi-one-
dimensional structure, namely, Zr, Ti and Nb iodides, Mo, Ru, Ti and
Zr bromides and Ti or Zr chlorides.

2. The calculations details

All quantum chemical calculations were performed within the
framework of density functional theory using plane wave basis set
and projector augmented wave method [8,9] as implemented in Vienna
Ab-initio Simulation Package [10-13]. GGA-PBE spin polarized ex-
change-correlation functional [14] and Grimme D3 [15] correction for
van-der-Waals interactions were used for electronic and structural
optimization in all cases. Residual forces acting on atoms being less
than 1073 eV/A were used as stopping criteria for cell vectors and
geometry optimization. Monkhorst-Pack k-point first Brilloin zone
sampling [16] was used with k-point mesh containing 6x6x6 points
along three translation vectors.

3. Results

First, unit cells of all mentioned above transition metal trihalides
were optimized. Table 1S of Supplementary material summarizes data
regarding unit cell parameters, space group and interatomic distances
for the structures under investigation. All of these compounds adopt
“chain” structure with chemically bonded atoms forming columns
along the ¢ translation vector.

Fig. 1 shows two different crystal structures being realized in this
type of compounds. Zirconium trihalides and ruthenium bromide were
found to be diamagnetic while titanium, niobium and molybdenum
compounds possess magnetic moment.

It was established that TM atoms antiferromagnetic ordering were
more favorable than ferromagnetic one for all cases, see Table 1.

Analysis of spin density shows it is mainly located on TM atoms,
and, depending on the nature of metal, unpaired electrons occupy
different orbitals, see Fig. 2. Small energy differences between ferro-
and antiferromagnetic states (maximum value of 0.05 eV corresponds
to MoBr3) witness the weak exchange between TM d-orbitals where
unpaired electrons are located.

Band structure and density of state (DOS) calculations showed (see
Fig. 3, Fig. 1S of Supplementary material) metallic conductivity in all
compounds except of MoBr3 which is indirect gap semiconductor with
a gap of ~1.1 eV (Fig. 3c). The most valuable contribution to the DOS
nearby the Fermi level rises from TM d-electrons, see Fig. 3 and
Fig. 18.

Once TMH; compounds adopt “chain” structure along the ¢ vector,
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Table 1
Magnetic moment (M) on the TM atoms and energy difference AE=Efe;ro-Eantiferro
between ferro- and antiferromagnetic states.

Compound M, s AE, eV
Zrls 0.000 -
Til; (hex) 0.249 0.005
Til3 0.300 0.004
NbI; 1.166 0.018
MoBr3 1.805 0.053
RuBr; 0.00 -
TiBrs 0.129 0.001
ZrBrs 0.000 -
TiCl3 0.043 0.002
ZrCl3 0.000 -

Fig. 2. Characteristic of the spin density distribution in MoBr, and Til3 compounds.
Yellow and blue areas correspond to spin -up and spin-down densities, respectively. (For
interpretation of the references to color in this figure, the reader is referred to the web
version of this article.)

the issue of nature of bonding between chains is fundamental. The
analysis of TMHj3 band structures along the directions other than I'-Z
(corresponding to the chain axis) showed band dispersion suggesting
chemical bonding between neighboring chains, in agreement with
earlier tight-binding calculations [5]. Band structures of Tilz(orth),
Til3(hex), TiBrs, ZrBrs, TiCls, ZrCl; nearby the Fermi level is analogous
to that of ZrI;. Its main feature is significant band dispersion along I'-Z
direction and weak dispersion along perpendicular directions. Thus, a
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Fig. 3. Band structure, total (DOS) and partial densities of states (POS) for antiferromagnetic ground state of (a) Zrl3, (b) NbIs; (¢) MoBrs, (d) RuBrs;. Red and blue lines correspond to
the PDOS of metal and halogen atoms, respectively.(For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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Fig. 4. Electron density distribution for bands in the Fermi level vicinity for (a) Zrlz; (b) Tils; (¢) RuBrs; (d) Nbls.
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hole pocket will be formed along the I'-Z direction causing hole type of
conductivity in these systems. In order to elucidate its nature, spatial
electron density distributions for the corresponding band was analyzed.
According to the Fig. 4, the band is formed by the interacting transition
metal d,?-orbitals. This fact confirms the suggestion regarding weak
exchange interaction formation through the direct exchange between
transition metal d-orbitals. Overlapping area depends on the TM-TM
distance and the size of d-orbitals which is changed according to the
TM atom size belonging either to third or fourth rows. This, in turn,
influences to the interaction energy. So, the size of the d-orbital plays a
key role in the magnetic moments formation. d,*-orbitals of 3d Ti
atoms are too small to overlap with each other which leads to the
localization of d-electrons giving rise to magnetic moment whereas 4d
elements have large orbitals with larger overlapping resulting in zero
magnetic moment. Fermi level crossing bands of RuBr3 are similar to
ones described above but in directions other than Z-T these states are
vacant witnessing electron type of conductivity. Bands formed by the
d,2-orbitals of TM atoms are lower in energy for NbI; and MoBr; (see
Figs. 3b and 3c), thus being fully occupied and not contributing to
magnetic moment of the system, see Fig. 4d.

Weak band dispersion in the proximity of Fermi level in all
directions is characteristic for NbI3 and MoBrs;. Spatial electron density
distribution analysis showed that TM half-occupied d-orbitals don’t
interact with each other being located distant from TM-Hal bonds, see
Fig. 4d. This results in the localization of spin density (Fig. 2) and
magnetic moment increasing (see Table 1).

4. Conclusions

By DFT quantum chemical calculations the electronic structure and
magnetic properties of the wide family of transition metal trihalides
having chain structures are investigated. It is shown the origin of the
large metal atom magnetic moments inside NbI3 and MoBrj is strong
localization of the metal d-orbitals, flat band structure and large
density of states near the Fermi level. In other cases there is a
substantial dispersion of electronic bands along the chain axis at the
Fermi level which is the cause of conduction along the chain axis. In all
cases the ferromagnetic and antiferromagnetic phases have almost the
same energies because of weak overlapping of d-orbitals of the nearest
transition metal atoms. It is assumed that Til3 TiCl; and NbI;
materials due to the high density of states near the Fermi level and
weak interaction between chains can be promising materials for
thermoelectric applications.
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Supplementary data associated with this article can be found in the
online version at doi:10.1016/jjmmm.2016.12.054.
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