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Magneto-electronic, and optical properties of reduced
layered hybrid Zn(CsHaN2)V1O10 complex: A DFT study

JUNAID MUNIR!, AHMED S. JBARA?, QURATUL AIN3, LAWAL MOHAMMED?* MASOOD YOUSAF>"
1Department of Physics, Riphah International University, Lahore, Pakistan

2Physics Department, Science College, Al-Muthanna University, Samawh, 66001, Iraq

3Department of Physics, University Management Technology, Lahore, Pakistan

“School of Materials Science and Engineering, Yancheng Institute of Technology, Yancheng 224051, PR China
SDepartment of Physics, University of Education, Lahore, Pakistan

Optoelectronic response and half-magnetic behavior of layered organic-inorganic Zn(CsH4N2)V4O10 hybrid complex have
been investigated using full-potential linearized augmented plane wave (FP-LAPW) method with spin-polarized density
functional theory. The density of states (DOS) reveals the exchange splitting of doubly degenerate (eg) and triply degenerate
(t2g) States. The tzg state is crossing the Fermi level which leads to 100% spin polarization of conduction electrons and confirms
half-metallic nature near the Fermi level at equilibrium state with mBJ potential. Spin magnetic moments are associated with
3d orbitals of vanadium and zinc atoms which is the main contribution source to the overall magnetic moment of the complex.
The band-gap accuracy is achieved with modified Becke-Johnson (mBJ) exchange potential. A band-gap of 3.81 eV is
observed in the majority spin states with mBJ potential. In addition, the imaginary and real contributions of the dielectric
function are also calculated. A maximum optical conductivity is achieved with mBJ potential. The present results confirm the
half-metallic nature of the complex. The findings of the study endorse Zn(C4HaN2)V4O10 complex as a potential applicant for

next-generation spintronic and optoelectronic devices.
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1. Introduction

Recently, a new design of coordination polymers based
on the hybrid organic-inorganic composition has obtained
much attention especially in the field of magnetism,
conductivity, catalysis and optical behavior [1-6]. The
appealing surface topologies of these polymers also make
them a potential candidate regarding the applications in
selective absorption, sensors, and luminescence [7-12].
Hybrid organic-inorganic bioceramics have a major role in
cancer cell targeting nano-systems and stimuli-responsive
systems of drug delivery [13-15]. Highly luminescent and
ultra-stable CH;NH;PBBr; perovskites polymer films of
composite possess unsurpassed heat and water stability [16].
Bis(trifluoromethanesulfonyl)  amide  (LiTFSI) s
considered as a suitable candidate for the applications of
solid-state lithium batteries [17]. Electrolyte membranes
based on nano-composite polymers are also used in fuel
cells [18]. Recently, organic-inorganic composites have
gained much attention of the researchers for multiple
applications [19-27]

Layered vanadates have gained much attention as
quantum spin (S=1/2) low dimensional systems with a
notable example of extended spin systems, ladders and spin
dimers having charge-ordered or spin gap states [28, 29].
These coordination complexes become more inimitable
with the presence of bridging ligands like pyridine, pyrazine
or bi-pyridine. The magnetic behavior of these complexes
containing Co, Cu, Mn or Ni and pyrazine are studied either
with theory or experiment [30-35]. In ferroelectric organic-

inorganic hybrid compounds, spontaneous switchable
polarization provides a strong photoluminescence emission
which shows high luminescence with a benefit of
ferroelectricity [36]. Methylammonium Bismuth lodide is a
potential candidate as a solar absorber because of its lead-
free stability [37]. The bridging ligand is very important in
mediating delocalization between charge centers and
electronic communication in near delocalized mixed
valence complexes [38]. Recently, organic-inorganic
hybrid  of  perovskite,  (Ci2H2N2)[CuCls],  bis
tetrachloridomanganate and many more have attracted the
attention of the researchers [39-42]. The present work
explores the structural, optical, magnetic and electronic
properties of layered pyrazine based vanadate hybrid
complex.

ZNn(C4HaN2)V4010 (CsH4N2=pyrazine) is an important
layered vanadate of hybrid organic-inorganic family. It has
an orthorhombic structure with space group 63Cmcm. So
far, no detailed work based on the density functional theory
is conducted to explore the potential of the complex for
practical application. This work includes an extensive study
of structural, magnetic, optical and electronic properties
with local spin density approximation (LSDA), generalized
gradient approximation (GGA) along with modified
Becke—Johnson (mBJ) exchange potential approximations.

The crystallographic data of this compound is taken
from [35]. It contains 50 atoms in the orthorhombic
primitive unit cell with 2/m symmetry. It also contains
layers of V,07Z which are charge-balanced and bounded by
the layers of M(pyz)*2. The hydrogen (H) atoms are at
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ideal positions in the structure which allow them to move
on the parent carbon atoms. The lattice constants for
Zn(C4HaN2)V40qo are: a=14.4247A° b=6.9701A° and
c=11.4792A°.

2. Computational details

For calculation purposes, density functional theory is
employed via wien2k code which is based on the linearized
augmented plane wave (LAPW) and full-potential-LAPW
methods and considered as an accurate method to calculate
electronic properties [43]. For structural properties,
generalized gradient approximation is treated with
exchange-correlation interactions as Perdew-Burke
Ernzerhof 96 (PBE-GGA) parameterized it [44, 45].

The band-gap accuracy is achieved with modified
Becke-Johnson (mBJ) exchange potential with LDA or
GGA correlation through spin polarization. mBJ introduced
the ‘c’ parameter in the original exchange mBJ potential
[46].

mBJ _ BR 1 5 [2tgs(r)
Uyo (1) = cvye() + Bc=2)— |5 /n,,(r) 1

where t, represents kinetic energy density and n, is the
electron density and both spin-dependent while vy% is
Becke-Roussel potential [47]. The parameter ‘¢’ can be

determined as:

] 1/2
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where cell volume is V. The parameters o and B are
selected in the widespread scope of solids to fit a band-gap.
GGA correlation and exchange both potentials are used in
mBJ approximation which results in accurate band-gap
calculations [46]. The muffin tin radii (a.u) selected for
atoms of Zn =2.07, V = 1.63, O =1.44, N=1.20, C=1.17 and
H=0.63. With respect to crystal harmonics, the charge and

potential density inside the atomic spheres are extended up
to angular momentum with a value of 10. The density plane
wave cut-off (RKma) value is set to 3 because of the
hydrogen presence. The cell has been divided during the
calculations into two regions; one is an interstitial region
which does not included in the atomic spheres and the other
is non-overlapping atomic spheres region. The interstitial
region doesn’t include in atomic spheres. The maximum
reciprocal vector for fourier expansion of electron density
is Gmax =20. The self-consistency with a value of
0.0001Ry is achieved.

3. Results and discussions

The electronic band structure of the complex
Zn(C4HsN2)V 4010 for both spin up and down with greater
symmetry lines across the 1% Brillouin zone is computed
with LDA, PBE-GGA, and mBJ-PBE-GGA
approximations. Figs. 1, 2 and 3 show a band-gap which
confirms a semiconductor behavior at the Fermi level of this
complex in majority spin-gap, however the minority spin-
gap shows a conducting behavior with LDA, PBE-GGA
and mBJ potentials respectively. A band-gap of 2.28eV,
2.79eV and 3.81eV in spin-up states is obtained with LDA,
GGA and mBJ potentials, respectively. In the case of spin-
dn states, a bang-gap of 0.47eV and 0.54 eV is achieved
with LDA and GGA potentials while a metallic nature is
observed with mBJ potential. The total energy calculations
can be misinterpreted with the use of LDA and GGA
potentials. For electronic calculations, LDA underestimates
the electronic band-gap of materials as pointed out by
Perdew et al. [48]. This underestimation in band-gap for
semiconductors and insulators is approximately 40% of the
real value. To negate this issue, an exchanged potential
named modified Backe-Johnson (mBJ) is utilized, which
improve the band-gap values [46]. Thus, half-metallic
ferro-magnets can be described more suitably with mBJ
rather than with LDA and GGA both.Fig. 1. Electronic spin-
polarized band structure (for both spin-states) of
Zn(C4H4N2)V104 with PBE-GGA.
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Fig. 1. Electronic spin-polarized band structure (for both spin-states)of Zn(C4HsN2)V4O10 with LDA (color online)
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Fig. 3. Electronic spin-polarized band structure (for both spin-states) of Zn(C4HaN2)V4O10 with mBJ-PBE-GGA

The distribution of the total and partial density of states
(DOS) is used to determine the magnetic properties near the
Fermi level. In the present case, the ordered spin
arrangement is caused by the exchange interaction which
results in the clear splitting of total DOS. The total number
of unpaired electrons is responsible for the magnetic
moments. It is also observed from DOS distribution that the
3d-V orbital is the key source of magnetism because of the
available unpaired electrons. The spin-polarized partial and
total DOS are presented with LDA (Fig.4), PBE-GGA (Fig.
5) and PBE-mBJ (Fig. 6). The exchange interaction is
caused by 3d orbital in transition elements because of its
unpaired spins shape and prevalence. The d orbital splits
into low energy, doubly degenerate (eg) consists of
d%,dxz_yz states and triply degenerate (t,g) consist of
dyy, dy, dy, states can be explained with crystal field theory
and represented in Figs. 4, 5 and 6.
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Fig. 4. Total (a) and partial (b) spin-polarized DOS of
Zn(CaHaN2)V4O10 with LDA (color online)
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Fig. 5. Total (a) and partial (b) spin-polarized DOS of Zn(C4HaN2)V4O10 with PBE-GGA (color online)
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Fig. 6. Total (a) and partial (b) spin-polarized DOS of Zn(C4HaN2)V4O10 with mBJ-PBE-GGA (color online)

The interaction among ligands and transition metal
occurs from the interaction between the —ve charge on the
nonbonding ligand’s electrons and +ve charged metal
cation which causes to yield crystal field splitting. It is most
probably due to the interaction among the lobes of d-orbital
and the ligand field. There is a wider spin-up band-gap in
PBE-mBJ case than LDA and PBE-GGA. There is also
observed a metallic nature by applying LDA, PBE-GGA
and PBE-mBJ potentials at equilibrium state which
confirms a half-metallic electronic character of this
complex using these approximations. At the Fermi level, the
conducting electrons are fully spin-polarized because the tog
and ey states crossing the Fermi level.

Orthorhombic structure (simulated) for unit cell of
complex Zn(CsHsN2)V404q is shown in Fig.7.

Fig. 7. Unit cell orthorhombic structure of Zn(C4HsN2)V4O1o
complex (color online)

It can be seen from the analysis of electronic structure
(Table 1) that the 3d-states of vanadium and zinc atoms are
mainly responsible for spin-population; however, the other
orbitals have negligible contribution. Table 1 shows the
spin magnetic moment inside the atomic sphere. The
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magnetic ions of a molecule are responsible for the total
magnetic moment. The calculated results exhibit that the
spin populations on hydrogen atoms are very small and can
be neglected. Therefore, spin populations of vanadium, zinc,
nitrogen, oxygen, and carbon are presented in the table.
Zn(C4HaN2)V 401 is a bi-nuclear compound because of two
magnetic centers of Zn and V ions. These spin populations
show strong positivity for vanadium and zinc cations,

slightly positive for nitrogen and negative on one oxygen
and carbon anions. The spin polarization effect is the source
of V-Zn and V-V interactions and spin delocalization effect
cause the Ni-Ni interaction.

Table 1. Spin magnetic moment inside the atomic sphere of various atomic sites

Atomic Position Spin-Population Atomic Position Spin-Population
Zn (3-d) 1.0175 01 (2-p) -0.0013
V (3-d) 1.4370 02 (2-p) 0.0210
N1 (2-p) 0.0017 03 (2-P) 0.0686
N2 (2-p) 0.0020 C1 (2-p) -0.0006

The electron density plots corresponding to the
crystallographic plane of Zn(C4H4N2)V4O1o displaying the
bonding character along [100] plane and [110] plane are
shown in Fig. 8. It is observed from these plots that there no
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major change in both spin-up and down cases for [100] and
[110] planes. A small variation in the color scale is observed,
which can be caused by the non-metallic behavior in spin-
up and metallic nature in spin-dn states, respectively.
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Fig. 8. Contour plots along (a) [100], and (b) [110] planes of electron charge density (color online)

The bonding nature between anions and cations is
described with these electron charge density plots. The
charge density distribution among cations and anions shows
a more spherical nature in [110] plane which predicts the
ionic nature while in [100] plane a charge distribution is
observed which indicate the covalent nature. Strong
covalent bonding is indicated through C-H bond and the
covalent nature is dominated because of strong
hybridization. The electronegativity among atoms causes
the electron density plot. A few small vacancies can also be
observed which are created by the absence of charge density
and ions can occupy their places. In conclusion, a mixed
nature i.e., both ionic and covalent bonding is observed in
the complex.

Optical properties are very important in providing
useful information about the internal structure of

compounds. When the light incident on the compound
surface is partially transmitted and partially reflected. The
reflected light includes the information about the physical
properties such as their vibrational and electronic states and
also the nature and existence of impurities and defects in the
crystal structure. The following relations are used to figure
out the imaginary and real both contributions of dielectric
function [49].

o w'ex(w

2 ! ,

g1(@) =1+=-P [ wlz_wz)du) (3)
ds

g2(w) = =Y 1Pyt |2annf'(k) (4)

where the diploe matrix element is represented with P,,,,1,
the energy difference is given with w,,,,’(k), surface energy
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with constant value is S, and Cauchy principal values is
represented with P. The imaginary segment for the
dielectric function is presented in Fig. 9 and the real part is
presented in Fig. 10.
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Fig. 9. Dielectric function’s imaginary part for orthorhombic
structure of Zn(CsH4N2)V4O10
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Fig. 10. Dielectric function’s real part for orthorhombic
structure of Zn(CsHaN2)V4O1o

Dielectric function is used to investigate the material’s
optical properties. In optical axes of the imaginary part, the
offset points show the optical gap and these points are
observed at different points for all potentials. The real part
which is a very significant factor of the dielectric function
shows its peaks at 3.4, 3.6 and 3.9 for LDA, PBE-GGA, and
mBJ-PBE-GGA respectively. In the imaginary part, the
optical spectra are shifted towards the region of high energy,
as shifting from LDA towards mBJ-PBE-GGA. The reason
for this shifting is the increase in band-gap values. The
increase in the band-gap value causes to increase in

threshold energy of the major excitation in imaginary part.
As a result, spectra in imaginary part experiencing a blue
shift and it is comparable to the other research work [50,
51]. All graphs shift from low to high energies with mBJ
potential and with lower amplitude, it produces a better
band splitting as presented in [52].

The electron’s conductivity in the photon field is
provided with optical conductivity. The real component of
optical conductivity for Zn(CsHaN2)V101 with LDA, PBE-
GGA and mBJ-PBE-GGA is presented in Fig. 11. It can be
seen from these all three potentials that there is no
conduction at critical point i.e. zero energy which confirms
the existence of the optical band-gap. The critical points are
at 0.58eV for LDA, 0.63eV for PBE-GGA and 1.3eV for
mBJ-PBE-GGA. There is an increase in conductivity and it
attained its maximum value at particular energy beyond the
critical points. It can be easily observed that the
conductivity is larger for mBJ potential as compared to
LDA and GGA.
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Fig. 11. The optical conductivity vs energy plot for real part of
Zn(C4HaN2)V4O10

The increase in band-gap causes to increase in optical
conductivity. More energy is required by electrons to cross
the Fermi level which results in the maximum value of
optical conductivity.

4. Conclusion

The hybrid layered Zn(C4HaN2)V4O1o complex in the
orthorhombic phase has been investigated theoretically. A
band-gap in both majority and minority states is observed
with LDA and GGA potentials. The majority and minority
spin states reveal a large exchange splitting. In the case of
mBJ, a band gap is observed in majority spin states and
minority spin shows the crossing of tyq state at Fermi level.
Zinc and Vanadium cations have shown significant spin
magnetic moments which points out the ferromagnetic
interactions and it confirms the availability of this complex



582 Junaid Munir, Ahmed S. Jbara, Quratul Ain, Lawal Mohammed, Masood Y ousaf

as a relevant candidate for future spintronic devices. The
electronic properties suggest the availability of the studied
compound for spintronic devices. The maximum optical
conductivity is achieved with mBJ potential. An optical gap
of 1.8eV is also observed with the mBJ potential, endorsing
its suitability for the optoelectronic applications.
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