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Abstract

First-principles calculations have been performed to study the electronic
band structure and the magnetic properties for the polymeric compound of
Cu(thiazole),Br, and M(thiazole),Cl, (M = Cu, Fe). The relative stability
of the ground state, density of states and electronic band structure were
examined. Total energy calculations reveal that the antiferromagnetic phase is
a stable ground state for Cu(thiazole),Br, and M(thiazole),Cl, (M = Cu, Fe).
It is noteworthy that we predict the compound Fe(thiazole),Cl, is a metallic
antiferromagnet and has a half-metallic (HM) ferromagnetic metastable state.
But the spin-up and spin-down DOS in the ferromagnetic and antiferromagnetic
phases of the compounds Cu(thiazole),Cl, and Cu(thiazole),Br, all opened
a large bandgap. The spin magnetic moments of Cu(thiazole),Br, and
M(thiazole),Cl, (M = Cu, Fe) are mainly assembled at the copper and iron
atoms, with a little contribution from the chlorine, bromine, nitrogen, sulfur,
and carbon atoms.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The quest to develop new magnets based on molecule-based materials is a growing area
of contemporary materials chemistry research. The most interesting potential of molecular
materials nowadays lies in the possibility to create solids in which two or more physical
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properties, such as conducting, magnetic and optical ones, coexist in the same crystal lattice.
This novel class of multifunctional materials should provide the unique opportunity to study the
competition and mutual influence of these properties. The half-metallic magnet has attracted
renewed interest recently in the search for efficient spin polarizers in spin electronics, because
they have only one electronic spin channel at the Fermi energy and, therefore, may show nearly
100% spin polarization [1, 2]. Since the discovery by de Groot ef al in 1983 [3], many half-
metallic ferromagnets have been theoretically predicted and some of them, furthermore, have
been confirmed experimentally. For example, HM ferromagnetism has been found in mixed
valence perovskites Lag 7519 3MnOj; [4], in ferromagnetic metallic oxides such as Fe;O,4 [5] and
CrO, [6], in dilute magnetic semiconductors [7, 8], and in zinc-blende structure MnSb, CrAs
etc [9, 10]. However, we note that all of these HM ferromagnets are pure inorganic materials, so
we may ask if HM ferromagnetic property can be found in molecule-based magnetic materials
such as organic or metal-organic polymers. In our group, we have found that the first genuine
organic ferromagnetic radical crystal p-nitrophenyl nitronyl nitroxide and the fumarate-bridged
polymer [Cu(u-C4H,04)(NH3),1,(H20),, are half-metallic magnets [11, 12]. Therefore, it is
highly desirable to explore new excellent half-metallic molecule-based magnets. Recently, the
use of organic spacers as superexchange pathways between the metal ions has been of growing
interest in the field of molecular magnetism.

Cu(thiazole),Br, and M(thiazole),Cl, (M = Cu, Fe) are polymeric systems based on
transition metal copper (II) or iron (II), thiazole (tz) and di-bridging halide ligands. Polymeric
systems of Cu and Co containing thiazole (tz) and di-bridging chloro ligands have been
known for some time; however, only the structure of dichlorobis(thiazole)copper (II) has
previously been reported, while the study on temperature dependent susceptibility by Estes
and co-workers [13] revealed that the polymers Cu(tz),X, have characteristic features of
antiferromagnetic linear chains of Heisenberg spins. The synthesis and the structural
characterization of the Fe analogue, dichlorobis(thiazole)iron (II), have only recently been
reported [14, 15]. The structures of Cu(thiazole),Br, and M(thiazole),Cl, (M = Cu, Fe)
consist of a tetragonally elongated octahedral unit, with N-donor thiazole ligands in the axial
positions. These units are equatorially linked along the b-axis by double dihalide bridges
to form infinite linear chains, as shown in figure 1(a) for Fe(thiazole),Cl, and figure 1(b)
for Cu(thiazole),Cl,. The structural characterization of Cu(thiazole),;Br, is similar with
that of Fe(thiazole),Cl, and Cu(thiazole),Cl,, for simplicity, we do not show the structure
of Cu(thiazole),Br,. The low temperature magnetic susceptibilities of Fe(thiazole),Cl,
have been fitted to a one-dimensional Ising model with a mean field correction and found
to be highly anisotropic with ferromagnetic intrachain interactions along the b axis and
weaker antiferromagnetic interchain interactions. Variable temperature susceptibility data for
Cu(thiazole),Br, were fitted by an isotropic Heisenberg model using the relations of Bonner
and Fisher [16]. Interestingly, a good fit to the data for Cu(thiazole),Cl, was found using
a model for a two dimensional Heisenberg antiferromagnetic layer; however, attempts to fit
to the Cu(thiazole),Br, data to this model were unsuccessful. To understand the origin of
magnetism in these compounds, a more detailed knowledge of the electronic band structure
and the magnetic properties is still required.

In this paper, our main objective is to study the magnetic properties of Cu(thiazole),Br,
and M(thiazole),Cl, (M = Cu, Fe) using the ab initio method of the full-potential linearized
augmented plane wave. The main goals of our work are to investigate the electronic structure
and the magnetic coupling, and to analyse the propagation of the observed magnetic interaction
via the density of states (DOS) and the electronic band structure. This provides new insights
to the origin of the strong ferromagnetic coupling in these compounds, which should be useful
for the design of novel ferromagnetic materials.
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Figure 1. An ORTEP drawing of linear chains of (a) Fe(tz),Cl, and (b) Cu(tz),Cl,. H atoms are
omitted for clarity. All atoms are represented by the thermal ellipsoids with 50% probability.

2. The method and the parameters of FP-LAPW

Density functional theory (DFT) has been proved to be a powerful and economical tool
for the study of a variety of molecular properties in coordination compounds [17-19]. In
our calculations, the first-principles electronic structure calculations employ the well known
full-potential linearized augmented plane wave (APW) method. In this method, no shape
approximation either on the potential or on the electronic charge density is made. Our
calculations were performed using the WIEN2k [20]. The code was developed by P Blaha,
allowing inclusion of local orbitals in the APW basis. Thus it improves upon linearization
and makes possible a consistent treatment of semicore and valence in one energy window.
The exchange and correlation effects are treated with the generalized gradient approximation
(GGA) according to Perdew—Burke-Ernzerh [21].

In our case, the self-consistent field calculations are based on the following parameters:
the atomic sphere radii (R;) of 2.7, 2.0, 1.2, 2.0, 1.0, 0.7, 2.5, and 2.0 a.u. were used for
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Table 1. Total energy E (Ryd) and magnetic moment M (ug) per unit cell are given for Fe(tz),Cl,,
Cu(tz),Cl, and Cu(tz),Br,. FM, AFM, and NM correspond to ferromagnetic, antiferromagnetic,
and non-magnetic states, respectively.

M AFM NM

Fe(tz),Cl,

E (Ryd) —13335.822  —13335.968 —13335.676
M (uB) 8.000 0.000 —
Cu(tz),Cl,

E (Ryd) —14865.808 —14865.8609 —14865.776
M (ug) 2.000 0.000 —
Cu(tz),Br,

E (Ryd) —32031.362 —32031.375 —32031.338
M (ug) 1.998 0.000 —

Fe, Cl, N, S, C, H, Cu, and Br respectively. There are two magnetic metal (II) ions per unit
cell for each compounds. We chose the spin-polarized calculation for our calculation. We set
the charge density Fourier expansion up to / = 10 and the charge density Fourier expansion
cut-off Gpax = 10 in the muffin-tins; 100 k-points in the first Brillouin zone were adopted in
the calculations. In order to achieve a satisfactory degree of convergence, we specify charge
and energy to be used as the convergence criterion, selecting charge and energy convergence to
1074,

3. Results and discussion

In the present paper, we performed the total energy calculations corresponding to ferromagnetic
(FM), antiferromagnetic (AFM) and non-magnetic (NM) phases for Cu(thiazole),Br, and
M(thiazole),Cl, (M = Cu, Fe). Table 1 presents the total energy and magnetic moments
of these three magnetic states. We found the AFM structure to be the lowest in energy,
which indicates that the AFM phase is a stable ground state for Cu(thiazole),Br, and
M(thiazole),Cl, (M = Cu, Fe). In the non-magnetic phase the spin magnetic moment of each
molecule is equal to zero, but for the AFM phase the spin magnetic moment of each molecule
is not equal to zero: the spin arrangement of the neighbouring molecule is antiparallel, so
the spin of the whole system is equal to zero. We choose a supercell. All atomic positions
in the supercell are relaxed. In the FM calculations for Fe(thiazole),Cl,, we let the two Fe,
Cll, CI2, S1, S2, N1, and N2 atoms of the supercell have the same spin magnetic moment
orientation. In the AFM state for Fe(thiazole),Cl,, the spin arrangement is opposite, so in
the AFM calculations we suppose that the two Fe, CI1, CI2, S1, S2, N1, and N2 atoms of
the supercell have opposite spin magnetic moment respectively, and the other atoms are non-
magnetic. That is to say, when we perform the AFM calculation, first we construct a unit cell
which allows the desired AFM ordering, then flip the spin of one the AFM atoms (i.e. invert
the spin up and down occupations), as a result we get the opposite spin magnetic moment
corresponding to the atoms the spin of which is not flipped. In the NM calculations, we do not
include the spin polarization. In the NM, FM, and AFM calculations, the same rule is used for
Cu(thiazole), X, (X = Br, Cl). From table 1 we can find that the FM state is a metastable state.
In the NM calculations, the spin polarization is not included, thus no corresponding magnetic
moments are shown.

The calculated total density of states (DOS) of Cu(thiazole),Br, and M(thiazole),Cl,
(M = Cu, Fe) in the FM and AFM are given in figure 2. Figure 3 shows the partial DOS
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Figure 2. The calculated total density of states (DOS) for the molecule: (a) for Fe(tz),Cl,, (b) for
Cu(tz),Cl,, and (c) for Cu(tz),Br,.

(PDOS) in the FM and AFM for Cu(thiazole),Br, and M(thiazole),Cl, (M = Cu, Fe), where
Fe/, CI' and Br’ are the atoms of the other molecules in the supercell for the AFM state. The
plotted energy range is from —6 to 2 eV, and lower lying semi-core states have been omitted for
clarity. Because the DOS distribution near the Fermi level determines the magnetic properties,
we concentrate our attention on the DOS in the vicinity of the Fermi level, and the Fermi
level is set to zero. In the vicinity of the Fermi level, the total DOS and the partial DOS
are clearly split, which means that the ordered spin arrangement is formed by the exchange
interaction. One valence band is split into two subbands: one is the spin-up valence band and
the other is the spin-down valence band. In order to study the origin of the magnetic moment,
we have studied the electronic structure of the compounds. From figure 2(a) it can be found
that the total DOS for Fe(thiazole),Cl, of the FM metastable state of the spin-up band has an
energy gap, but that of the spin-down band is crossing the Fermi level, so the FM metastable
state has half-metallic character. The spin-up and the spin-down DOS for Fe(thiazole),Cl,
of the AFM ground state in the Fermi level are all continuous, therefore the AFM state is
metallic. From figures 2(b) and (c) we can find that the spin-up and spin-down total DOS
in the ferromagnetic and antiferromagnetic phases of the compounds Cu(thiazole),Cl, and
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The calculated partial density of states (DOS) for Cu(thiazole);Br, and

respectively.
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Figure 3.
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Table 2. Calculated magnetic moments in pp for the atoms of (a) Fe(tz),Cl,, (b) Cu(tz),Cl,, and
(¢) Cu(tz)2Br,

Magnetic moment (i4p)

Magnetic moment (i)

Atoms FM AFM Atoms AFM
(@)

Fel 3.608 3.601 Fel’ —3.601
Cll 0.093 0.094 cl’ —0.094
C12 0.103 0.103 Cc1’ —0.103
S1 0.003 0.002 S1 —0.002
S2 0.007 0.006 S2’ —0.006
N1 0.022 0.020 N1’ —0.020
N2 0.026 0.022 N2/ —0.022
(b)

Cu 0.5503  0.5284 Cu’ —0.5284
Cl 0.0921  0.0935 Ccr —0.0935
S 0.0070  0.0067 N —0.0067
N 0.0450  0.0457 N —0.0457
©

Cu 0.4868  0.4653 Cu’ —0.4654
Br 0.1021  0.1105 Br —0.1104
S 0.0056  0.0052 N —0.0052
N 0.0463  0.0237 N —0.0237

Cu(thiazole),Br, all opened a large bandgap. According to the DOS distribution in figure 3,
we note that the main origin of magnetism is provided by the metal(I) 3d orbital; however, the
Cl, Br, N, and S p orbitals also contribute to the spin magnetic moment, and the net spin
of metal(Il) 3d is parallel to that of Cl, Br, N, and S p. In addition, figure 3 shows that
the partial DOS of the p orbitals of Cl, S, and N and the d orbital of iron in the compound
Fe(thiazole),Cl,, and the partial DOS of p orbitals of CI(Br), S, and N and the d orbital of
copper in the compound Cu(thiazole),Cl,, Cu(thiazole),Br, have similar peaks and character,
and they occupy the same energy range, which means the electrons of these orbital have the
same band structure or electronic structure and means these orbitals are mixed, so the p orbital
of Cl, Br, S, and N and the d orbital of iron and copper are hybridized. In this way, the unpaired
electron is formed and localized in the molecular orbital, which leads to the magnetism of the
compounds.

For further consideration, we give the spin moments on atoms in table 2 of the AFM and
FM states for Cu(thiazole),Br, and M(thiazole),Cl, (M = Cu, Fe), where the spin moments
are defined as the difference between the average numbers of occupied ions with the spin
up and spin down in the muffin-tin sphere. From table 2, we find that the major part of the
spin magnetic moment is from Fe(Il) and Cu(Il), indicating that the Fe*t (3d6 configuration)
lies in the high-spin state and Cu** (3d9 configuration) ions have one unpaired spin, which
is in good agreement with the experimental result [13, 14]. There are also smaller positive
spin populations on the chlorine, bromine, nitrogen, sulfur, and carbon atoms, which can
be explained by the spin delocalization mechanism. The structures of Cu(thiazole),Br, and
M(thiazole),Cl, (M = Cu, Fe) consist of tetragonally elongated octahedral units, with N-
donor thiazole ligands in the axial positions. These units are equatorially linked along the
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Figure 4. Electronic bands of FM state of Fe(tz),Cl, along selected symmetry lines within the
first Brillouin zone (the solid line is the up-spin electronic band; the dashed line is the down-spin
electronic band).

b-axis by double dihalide bridges to form infinite linear chains, so the electronic states are
delocalized. In these compounds, the Fe** ion with 3d® in the high-spin state has four unpaired
electrons and Cu* ions with 3d° have one unpaired electron, which is why the spin magnetic
moment of these compounds mainly comes from Fe?* and Cu*", and partly from the chlorine,
bromine, nitrogen, sulfur, and carbon atoms.

In order to further investigate the magnetic interaction and the conducting properties of
compound Fe(thiazole),Cl,, we also give the electronic band structure of FM metastable state
in figure 4. For clarity, we only plot the band structure in the range where there exists the
spin-down highest occupied molecule orbital (HOMO) and the spin-down lowest unoccupied
molecule orbital (LUMO) to discuss the conducting magnet character in the following. In
figure 4 we show that the spin-down valence bands cross the Fermi level, and that there is no
gap; however, there is an energy gap of 1.98 eV between the spin-down HOMO and spin-down
LUMO, which implies that the FM metastate has half-metallic properties, which has potential
for spintronic applications.

4. Conclusions

In conclusion, we have investigated the magnetic properties of Cu(thiazole),Br, and
M(thiazole),Cl, (M = Cu, Fe) by employing DFT and GGA from the electronic band structure
point of view. The results show that the Fe(Il) complex is a metallic antiferromagnet and
has a half-metallic ferromagnetic metastable state. But the spin-up and spin-down DOS
in the ferromagnetic and antiferromagnetic phases of the compounds Cu(thiazole),Cl, and
Cu(thiazole),Br, all open a large bandgap. The spin magnetic moment mainly comes from
the Fe(Il) and Cu(Il) ions with some small contributions from the chlorine, bromine, nitrogen,
sulfur, and carbon atoms.
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