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Abstract: We explored spin dependent electronic structural properties of two dimensional systems in the form
of periodic and device structures. As a two dimensional system we mainly focused on ZnO sheets. In addition to
ZnO sheets, C sheets were also examined in order to make a comparison in terms of spin dependent electronic
structural properties. In the device structures, they were placed between two homogenous ferromagnetic Nickel
(Ni) electrodes that helped us to investigate and analyze possible effects concerning the spin dependent behavior
or spin polarization. Besides, induced magnetic moment was considered as well to reveal the magnetic
properties of these two dimensional systems. In addition to perfect structures, we also studied the effect of
distortion and doping atoms introduced in the sheets. It was observed that both the distortion and dopants
provided by transition metal atoms have a crucial role on the electronic structural properties. Using
ferromagnetic electrodes, distortion and dopants, one can play with spin dependent behavior needed in
developing spintronic devices.

Keywords: First principles, Density functional theory, ZnO sheet, C sheet, Ferromagnetic electrode, Spin
dependent property, device structures.

. Introduction

Spin-dependent transport has been a subject of tremendous concerned in today’s scientific researches
and technologies [1, 2]. When combined successfully with semiconductor functionalities, spin-based electronics
or spintronics may have enormous considerable impact on future electronic device applications [3-5].
Spintronics emerged from the discoveries in the 1980s concerning the spin-dependent electron transport
phenomena in solid-state devices. These include the observation of spin-polarized electron injection from a
ferromagnetic metal to a normal metal [6] and the discovery of giant magneto-resistance [7-8]. In this research,
we are concerned with Nanostructures, which are system of intermediate size between microscopic and
molecular structures [9]. Nanostructures are composed of different kind of structures such as atomic wires,
branched structures, molecular junctions, organic and biological structures, nanosheets etc. Moreover, in
nanostructures it is necessary to describe the dimension of the system. Besides, among the nanoscale structures
for instance; nanotextured surfaces have one dimension, nanosheets have two dimensions and spherical
nanoparticles have three dimensions. Integration of these structures with spintronics leads to useful devices that
have multifunctional and superior properties. This integration means analyzing the properties of these systems
by involving the spin property of the electrons. Spin is a quantum mechanical property of the electron. It is an
intrinsic property of an electron like charge and mass. It arises from the rotation of the electron around itself.
Spin property of the electron has become important in addition to its charge. Due to this property, possible
devices which specifically exploit the spin property instead of or in addition to the charge were proposed. For
example, spin relaxation and spin transport in metals and semiconductors are of fundamental research interest
not only for being fundamental solid state physics issues but also for the already demonstrated potential in
electronic technology [9-10]. Moreover, this technology leads to revolutionary advancement in the next
generation electronics such as ultra fast, high dense memory devices, logics with extremely low power,
enhanced functionality of devices, smaller device size as well as faster operation [1]. Current efforts in
designing and manufacturing spintronic devices with regard to this technology, involve two different
approaches. First effort is perfecting the existing giant magneto resistance (GMR) based technology by either
developing new materials with larger spin polarization of electrons or making improvements or variations in the
existing devices for better spin filtering [11]. The second one, which is more radical, focuses on finding novel
ways of both generation and utilization of spin-polarized currents, which include investigation of spin transport
in semiconductors and looks for ways in which semiconductors can function as spin polarizer’s and spin valves.
The importance of this effort lies in the fact that the existing metal-based devices do not amplify signals, though
they are successful switches or valves, whereas semiconductor based spintronic devices could in principle
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provide amplification and serve, in general, as multi-functional devices. Perhaps even more importantly, it is
much easier for semiconductor-based devices to be integrated with traditional semiconductor technology [12].
Information in general is carried out either by flow of electric charges or movement of spins. In order to convey
spin information through a system we need spin polarized electrodes. Spin polarized transport occurs in many
materials where one can observe unstable randomized motions in different directions and interaction of spins.
The density of states available to spin up and spin down electrons is often matched together due to the
ferromagnetic metals encompassed and boosts spintronics devices scientifically and technologically in the
semiconductor industries and researches [2]. ZnO sheet is one of the most promising semiconducting materials
in recent researches and technologies. ZnO has a wide band gap (3.37 eV) with a large exciton binding energy
(60 meV), and exhibits sensational piezoelectric and optical properties [13]. The knowledge about growth
direction of a ZnO sheet (Figure 1) helped us enormously in achieving our goals using the software package
(ATK) where 1.9 Angstrom (A) was determined as the lattice constant between a Zinc (Zn) and Oxygen (O)
atom.

1. Materials And Methods

In this research, using the various nanosheets, we intended to investigate the spin dependent properties
of two dimensional systems attached to ferromagnetic electrodes. Our goal is, in particular, to examine and to
reveal the spin dependent properties of ZnO nanosheets by calculating corresponding quantities, such as
transmission, density of states, partial density of states, local density of states, conductance, current-voltage
characteristics etc. We utilized the software package called Atomistix Toolkit (ATK), which is based on Density
Functional Theory (DFT), to analyze the electronic and magnetic properties of two dimensional systems. The
numerical methods used in this program are based on first principles. It combines “Non-Equilibrium Green’s
Function” (NEGF) and “Density Functional Theory” (DFT) which can give the information about the electronic
structural properties of a system. During the calculations, ATK solves the quantum mechanical equations
describing electronic Properties, through which one can simulate the spin dependent behavior of nanoscale
systems. In the present work, especially ZnO sheets are concentrated and compared to other sheets consisting of,
for instance, carbon atoms. The ferromagnetic electrodes serving as a source and drain are used to examine the
spin dependent transport where electrode-system coupling plays a crucial role. In order to be comparable to the
experiments, the systems joining the electrodes should contain the impurities and must be optimized (relaxed) to
mimic the realistic devices formed by left electrode-system-right electrode. Thus, we performed DFT
calculations through the nanosheets with and without impurities, which were coupled between two Ni
electrodes, and investigate the effect of electrodes, impurities and other factors on these structures.

I11. Figures
In this section, the geometric configurations of these systems (i.e ZnO and C sheets) are presented.
Figure 1, illustrate growth direction and the width of Zinc (Zn) and Oxygen (O) atom, with red and green atom
represent O and Zn atom, respectively.
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Figure 1: Growth of a ZnO Sheet using ATK. (ATK Ver., 2011).
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Figure 2: ZnO periodic and device structures (Zn: blue, O: red and Co: pink). (2) ZnO sheet (periodic) (b) ZnO
device structure (c) Distorted ZnO device structure (d) Co doped ZnO sheet (periodic) (e) Co doped ZnO device
structure. (ATK Ver., 2011).

Figure 2, illustrates the ZnO sheets in the form of periodic and device structures. A ZnO device
structure is a two probe system consisting of ZnO sheets, i. e., both the electrodes and central region contain
ZnO sheet. ZnO sheets were constructed with eight atoms as seen in Fig. 5.1a which represents the unit cell.
Using the sheet in Figure 2a, we have constructed the ZnO device structure. We have introduced both distortions
(Figure 2c) via removing atoms and impurity (Figure 2d and e) by means of cobalt (Co) atom which replaces the
Zn atom. Co is ferromagnetic and transition metal which can induce magnetic moment or spin polarization in a
system. Thus, both the substitutional impurity atom and the distortions in these structures were applied so as to
detect any significant effect that might be resulted on spin polarized transport behavior. The effects of spins
were also analyzed through ferromagnetic homogeneous nickel (Ni) electrodes. Both Ni and Co are transition
elements whose d orbital leads to significant effects on the spin dependent transport and magnetic behavior. For
the systems in Fig.5.1b, c, and e we carried out magnetic moment calculation via Mullikan Population analysis
to reveal out magnetic behavior of particular device structures [14]. For the system in Figure 2b, the average
magnetic moment per central atom was almost zero, implying no spin polarization induced. As for the system in
Figure 2c, we observed an average magnetic moment as 0.0296; (Bohr magnetron) per central atom, arising as a
result of distortion. However, for a Co doped ZnO device (Figure 2e), the average magnetic moment was raised
to 0.075g per central atom, which clearly manifests the magnetic behavior of this structure. Hence, for the
distorted and transition metal doped ZnO device structure one can obtain spin dependent behavior or spin
polarization which can be utilized in the field of spintronics. Energy gap (Eg), density of states (DOS) and
transmission spectrum (T(E)) can be altered due to distortion and doping concentration.
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Figure 3: Carbon sheets in the form of periodic and device structures (C: grey and Co: pink). (a) C
sheet (periodic) (b) Co doped C device structure (c) C device structure (d) Distorted C device structure.
(ATK Ver., 2011).

Figure 3, illustrates the C sheets in the form of periodic (bulk system) and device structures (open
system). C device structure is a two probe system consisting of C sheets, i. e., both the electrodes and central
region contain C sheet. As in the case of ZnO based systems, we have introduced both Co impurity (Figure 3b)
and distortion (Figure 3d). Distortion was introduced via removing atoms and passivation with hydrogen (H)
atoms. Impurity was added through substitutionally replacing Zn atoms by Co. A Co atom induces magnetic
moment or spin polarization throughout the system, as mentioned above. Through the magnetic moment
calculations, one is able to determine the magnetic properties of the structures in Figure 3. We thought that
using the substitutional impurities and/or distortions it could be possible to induce the magnetic moment,
resulting in spin polarized transport. However, we determined that the average magnetic moment per central
atom in the presence of Co impurity (Figure 3b) was roughly zero due to very low Co concentration compared
to total atoms in the device. It was calculated as. As for the perfect C device without impurity in Figure 3c, the
average magnetic moment was found as, per central atom, which was substantially reduced when Co impurity
was remove.

IV. Results And Dicussions

The electronic structural properties (especially band gap, density of state, and transmission spectrum)
of different constructed nanosheets (ZnO and Carbon sheets in particular) have been examined, using first
principles by DFT calculations. In order to be comparable to the experimental results, different exchange
correlations and k-points sampling have been employed. We also involved distortion, impurities in the systems
to be more realistic and Hubbard term (U) to enhance the accuracy of the results [15]. It is known that GGA and
LDA underestimate the band gap, so one needs to include the correction term U. We have examined transport
properties and especially focus on the spin polarized structural properties. Moreover, we have also investigated
the magnetic properties through magnetic moment calculations for some specific systems. In numerical
calculations we have in general used double zeta polarized basis set, due to its accuracy shown by most practical
results and experiences, with GGA approximation. But for some configurations, LDA approximation was also
considered for the sake of comparison, even though it might give incorrect results. The parameters such as
Brillouin zone integration parameters, k-points sampling, mesh cut-off, initial spin values injected to the central
regions, electrode temperature and other self consistent field parameters were also considered. Thus, we
observed and analyzed the possible effects on the results for each periodic (bulk system) and device structures
(two probe system). In the presented band structure results and spectra, spin up (majority) and spin down
(minority) variations are shown by positive (black) and negative (red) values for the sake of clarity.

4.1 Electronic Structural Properties of ZnO Sheet
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Figure 4: Band structures for (a) ZnO sheet (b) ZnO sheet with U correction (c) optimized ZnO sheet (d) Co
doped ZnO sheet when spin is involved in the calculations.

Figure 4, shows the band structures of ZnO sheets when spin is involved. The zero energy level
indicates the Fermi energy (Ef). We see from Figure 4a-c that majority and minority variations in the band
structures are identical, meaning they are spin symmetric. Thus, there is no spin dependent variation for the
structures in Figure 4a-c and so majority E4 becomes equal to minority Eg. As for the structure in Figure 4d,
majority Eg is different from minority Eg, and hence they are spin asymmetric. It means there is a spin dependent
variation or spin polarization due to Co doping (Figure 4d). Therefore in a pure perfect ZnO sheet, it is not
possible to observe spin dependent energy gap and one needs a transition metal like Co to induce a spin
dependent property. The semiconducting behavior was clearly observed for pure ZnO sheets. The E4 value of
the pure perfect ZnO sheet was found to be 1.86 eV for both majority and minority spins (Figure 4a). However,
upon introducing the correction term U it increased to 2.80 eV, which is more accurate (Figure 4b). The Egvalue
of the pure optimized perfect ZnO sheet was found to be 1.87 eV for both majority and minority spins (Figure
4c¢). However, upon introducing Co dopants the majority and minority Eq values were found as 0.72 eV and 0.31
eV, respectively. Thus, one can deduce that spin resolved band structure can clearly be observed in the presence
of transition elements.
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Figure 5: Density of states in the absence of spin for (a) ZnO sheet and in the presence of spin for (b) ZnO
sheet,(c) ZnO sheet device, (d) Distorted ZnO sheet device, (e) Co doped optimized ZnO sheet, (f) Co doped
ZnO sheet device, (g) Ni-ZnO sheet device and (h) Ni-ZnO sheet device with U correction.

Figure 5, illustrates the DOS spectra for ZnO sheets in the form of periodic (bulk system) and device
structures (open system). The default k-points in the calculations for periodic and device structures are (6,6,6)
and (6,6,100), respectively. Thus a result without mentioning k-points means k-points sampling of (6,6,6) for a
bulk system and (6,6,100) for a two probe system. For periodic structures, the energy gap in the band structure
corresponds to the zero states in the DOS spectra around the Es. Figure 5a indicates the DOS spectrum for ZnO
sheet when spin is not involved. The Eg value of 1.86 eV for this system can also be obtained using Fig.5a (see
Figure 4a and 5a). From Figure 5b-c we see that majority (spin up) and minority (spin down) variations in DOS
are identical, meaning they are spin symmetric. Thus, there is no spin dependent variation for the associated
structures in Figure 5b-c and so majority DOS becomes equal to minority DOS. As for the structure in Figure
5d-h, majority DOS is different from minority one, and hence they exhibit spin asymmetry. It means one can
observe the spin resolved variation due to Co doping (Figure 5e and Figure 5f) and spin polarized Ni electrodes
(Figure 5g and Figure5h) as expected. Distortion in Figure 5d induces an intriguing peak in minority DOS at the
energy E = 1.3 eV which results in a distinct behavior from the majority one at this specific energy only. We see
that when Ni electrodes (Ni-ZnO device) replace the ZnO (ZnO device) ones the DOS spectra become
drastically modified (compare Figure 5¢ and g). Moreover, introducing the U term gives additional modification
in the DOS spectrum resulting from the correction of band gap (Fig.5h). Hence, in order to propose a spintronic
device one needs both U correction and transition metals like Co or Ni to induce a spin polarization required in
spintronics. In addition to DOS, we calculated the spin dependent zero bias conductance at the E; for a few
device structures. For the Ni-ZnO sheet device in Figure 5g, majority and minority conductance were found as
8.78 X 10™' S and 2.82 X 10™ S, respectively. Upon including the U term (Figure 5h) they became 1.71 x 1072 S,
and 6.07 x 10™ S respectively, which is more accurate due to the induced Hubbard correction. Semiconducting
property was clearly observed for pure ZnO sheets in Figure 5b-d. However, upon introducing Co doping and Ni
electrodes, the corresponding structures in Figure 5e-h reveal a metallic property and show spin resolved
conductance at zero bias.
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Figure 6: Transmission Spectrum in the absence of spin for (a) ZnO sheet and in the presence of spin for (b)
ZnO sheet, (c) ZnO sheet device, (d) Distorted ZnO sheet device, (e) Co doped optimized ZnO sheet, (f) Co
doped ZnO sheet device, (g) Ni-ZnO sheet device without U and (h) Ni-ZnO sheet device with U.

Figure 6, shows the T (E) of the systems mentioned in Figure 5. The zigzag variation in transmission
for perfect system is a well know property as seen in Figure 6a and b [16]. In Figure 6a, the energy ranges, -1
eV to 1 eV, the zero transmittance means the energy of the electrons do not coincide with the transmission
eigenvalues. It implies the semiconducting property which is also revealed in Figure 6b for both majority and
minority electrons. In Figure 6b-d, majority and minority variations in the transmission spectra are identical,
meaning they are spin symmetric. Thus, there is no spin dependent variation for the structures in Figure 6b-d as
mentioned above. It was realized that the transmittance goes beyond unity in Figure 6b-d, which is related to
transport channels in the bulk system for a periodic structure or central region for a device. If the number of
transport channels is more than one, then one can obtain a transmission greater than one. The zero transmission
range was —0.5eV to 1 eV and -1 eV to 1 eV for ZnO sheet device in Fig.5.4c and for distorted sheet device in
Figure 6d, respectively. It means there is no electron transport from left electrode to right electrode in these
specific energy intervals. Comparing Figure 6¢ and d, we see that distortion has a crucial effect on the transport.
As for the transmittance in Figure 6e-h, majority transmission is different from the minority one, and hence they
are spin asymmetric. It means there is a spin dependent variation due to Co doping (Figure 6e-f) and Ni
electrodes (Figure 6g-h) as observed in DOS spectra in Figure 5e-h. Therefore in a pure perfect ZnO sheet we
obtained that it is not possible to observe spin dependent transport and, so, one needs a transition metal like Co
or Ni to induce a spin dependent property. It was observed that the transmission behavior was drastically
modified when the electrodes are replaced by Ni ones (Figure 6g-h). We see that the transmittance shows step-
like behavior especially for spin up electrons in Figure 6e. As shown in Figure 6e there is only spin down
contribution to the transmission at the Fermi energy, resembling the half-metallic property. However both the
spin up and down transmission in Figure 6f reveals a zero transmission in the energy range, -1.5 eV to 1 eV,
implying a semiconducting property. Figure 6g and h illustrate the Ni-ZnO sheet device with and without U,
respectively. The effect of U term is clearly observed in Figure 6h we see the increase in density of peaks in a
certain energy interval due to the Ni electrodes some part of which is located in the central region.
Semiconducting behavior was clearly realized for this device the observed region of zero transmission was in
the energy range from -1 eV to 1 eV without U as seen in Figure 6g. Involving U term crucially modifies the
transmission as shown in Figure 6h, where the zero transmission now occurs between -1.5 eV to 1 eV for both
majority and minority electrons. In addition, we see the substantial reduction in the peaks of transmission in the
presence of U. The number of peaks was also reduced especially for negative energies. Hence, the
corresponding spin dependent transport can be revealed either by Ni electrodes or introducing transition metals
in the central region. For a finite bias between the electrodes, the emerging spin dependent current can be
controlled using spin polarized ferromagnetic electrodes or via playing the transition metal concentration
together with its distribution throughout the central region.

DOI: 10.9790/4861-07521932 www.iosrjournals.org 25 | Page



Spin Resolved Analysis on Electronic Structural Properties of Zinc Oxide Nanosheet Attached to...

4.2 Electronic Structural Properties of C Sheet

DFT results for Carbon sheets are presented with analysis and comparisons at each stage of a few
different periodic and device structures. Here our aim is to present the electronic structure properties in order to
make a comparison of ZnO and C based structures in terms of electronic transport behavior.
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Figure 7: Band structures of C sheet. For (a) k point sampling of (6,6,6) with GGA, (b) k-point sampling of
(15,15,15) with GGA, (c) k point sampling of (15,15,15) with LDA.

Figure 7, shows the band structures of C sheets in Figure 3a using the default k-point sampling of
(6,6,6) and (15,15,15) with GGA together with LDA. Band structures are obtained to make a comparison
between GGA (Figure 7a and b) and LDA (Figure 7c). K-point sampling is related to the accuracy and time
taken for the calculations. We see a minute difference between Figure 7a with k points (6,6,6) and b with k
points (15,15,15) under the GGA. It implies that k-point sampling of (6,6,6) is sufficient for this calculation
without requiring high k-points which is time consuming. In this case, we can restrict our calculations
employing the default k-point sampling (6,6,6). Besides, for the k points (15,15,15) we have also applied LDA
to see the possible changes in the band structure (Figure 7c). As shown in Figure 7b and ¢, almost no changes
were observed; meaning the DFT calculation with LDA becomes sufficient for this particular structure. From
Figure 7, the metallic behavior is obvious, as the curves cross the Fermi level. Furthermore, the majority and
minority variations in the band structures were identical, meaning they are spin symmetric. Thus, spin
dependent behavior was not observed for the C sheet structure and, so majority Eqbecomes equal to minority Eg.
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Figure 8: Density of states for C sheet (a) in the absence of spin and (b) in the presence of spin. It is shown for
(c) C sheet device and (d) Distorted C sheet device. Density of states for C sheet with k-point sampling of
(15,15,15) (e) with GGA and (f) with LDA.

Figure 8, illustrates the DOS spectra for C sheets in the form of periodic and device structures. While,
as mentioned above, the default k-point sampling in the calculations for periodic systems was (6,6,6), it was
taken as (6,6,100) for the device structures due to open boundary conditions along the transport direction (from
one electrode to the other one). Figure 8a indicates the DOS spectrum for C sheet when spin is not involved.
From Figure 8b-f, we see that majority (spin up) and minority (spin down) variations in DOS are identical,
meaning they are spin symmetric. Thus, there is no spin dependent variation or associated spin polarization for
the structures in Figure 8b-f, and so majority DOS becomes equal to minority DOS. The semiconducting
behavior was clearly observed for C based systems as shown in Figure 8. When spin is not involved, a well
defined DOS peak at energy -6 eV and double peaks around 9 eV occurred (Figure 8a). Involving the spin
induces intriguing peaks using the k point sampling (15,15,15) with GGA (Figure 8e) and LDA (Figure 8f),
especially, at the energy -2 eV. Note the change in the peaks of DOS spectrum as a result of increasing k points
and of LDA. For the C based device structure, the corresponding DOS spectra are shown in Figure 8c for perfect
device and Figure 8d for distorted device. We see that there is an interesting variation in both majority and
minority DOS, with perfect zigzag variation (Figure 8c). Besides, we realized peak intensity in the minority
DOS at an energy E = 1.8 eV (Figure 8c). Moreover, we see that when distortion was considered (Figure 8d),
there observed peak in minority DOS at same energy as in Figure 8c (E = 1.8 eV), but the zigzag variation in the
DOS was drastically modified. Upon comparing Figure 8e and f at the same k-points sampling (15,15,15), we
see that in both majority and minority DOS, we have peak at same energy E = 2 eV, and E = - 2 eV, respectively
in both the structures (Figure 8e and f). But, the peak in the majority DOS in Figure 8f, were found to be much
longer compare to the one in Figure 8e. However, realized an E4 value of 0.07 eV for the system in Figure 8e
and f, which clearly revealed semiconducting behavior due to high k-points sampling (15,15,15).
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Figure 9: Transmission spectrum for C sheet (a) in the absence of spin and (b) in the presence of spin. It is
shown for (c) C sheet device and (d) Distorted C sheet device. Transmission spectrum for C sheet with k-point
sampling of (15,15,15) (e) with GGA and (f) with LDA.

Figure 9, shows the transmission spectra for the systems mentioned in Figure 8. As illustrated in this
figure, the transmittance goes beyond the unity as a result of more than one transport channel in the periodic
structure or central region of the C sheet device. The step-like variation in transmission for a perfect system is a
well know property, which was observed in Figure 9a and b [16]. The step-like variation becomes perfect in the
energy range, -0.5 eV to -2 eV when spin is not involved (Figure 9a). When spin is involved, transmission
spectrum exhibited a spin-symmetric variation for C sheet without electrodes. Comparing Figure 9c and d, we
see that distortion in C sheet device induces an effect on the transmission, as a result of which the step-like
variation becomes distorted as expected. We observed that when the C sheet is located between the electrodes
the transmission goes to zero at the Fermi energy, meaning no electron is transmitted from one electrode to the
other one (Figure 9c and d). Increasing the k-points to (15,15,15) has a qualitative effect on the spectrum as the
general behavior remains the same (Figure 9¢). Using the LDA hardly madified the spectrum for the periodic C
sheet structure as shown in Figure 9f. However the spectrum can be modified for a device structure.

4.3 Comparisons in Electronic Structural Properties of ZnO and Carbon Sheets
Some results for ZnO and C sheets are presented for the sake of comparisons when spin is involved.
Thus, we explored differences and similarities of the electronic structural properties of these systems.
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Figure 10: Band structures in the presence of spin with U correction for (a) ZnO sheet and (b) C sheet.
Figure 10, shows band structures of pure ZnO and C sheets when spin is involved. We see from Figure
10a that majority and minority variations in the band structures are identical with an energy gap, meaning
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majority gap is the same as the minority one for a ZnO sheet. Thus, there is no spin dependent variation for the
ZnO sheet exhibiting a semiconducting property. The U correction term raised the Eg value to 2.80 eV. As for
the C sheet in Figure 10b, it was observed that majority Eg is different from minority Eg, and hence the
corresponding band structure is spin asymmetric. Besides, metallic property was clearly observed in the C sheet
in Figure 10b, as the spin dependent curves were crossing the Fermi energy.
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Figure 11: Density of states in the presence of spin with U term for (a) ZnO sheet and (b) C sheet. It is shown
for ZnO sheet with k-points sampling (c) (9,9,9), (e) (12,12,12) and (g) (15,15,15). It is illustrated for C sheet
with k-points sampling (d) (9,9,9), (f) (12,12,12) and (h) (15,15,15).

Figure 11, illustrates the DOS spectra for ZnO and C sheets when spin is involved. In addition to the
default k-points (6,6,6) in the calculations, we also considered k-points sampling of (9,9,9) (Fig.5.10c and d),
(12,12,12) (Figure 11e and f) and (15,15,15) (Figure 11g and h) so as to observe any changes that might affect
the variations in the spectra obtained by k-points (6,6,6). For the ZnO sheet (Figure 11a, c, e, and g), the energy
gap, due to the absence of states around the Fermi energy, is clearly seen in DOS spectra revealing spin
symmetric behavior. Finite states are observed around the Fermi energy in the DOS spectra for the C sheet, even
if they become close to zero upon increasing the k-points (Figure 11b, d, f and h). The intriguing point is that as
a result of change in the k-points, we observed a transition from spin-asymmetric variation to spin-symmetric
behavior for C sheet structures. While it is spin-asymmetric for the k-points (6,6,6), it becomes spin-symmetric
for the higher k-points (Figure 11d, f and h). It implies the crucial role of k-points in DFT calculations. In
Figure 11b, minority DOS at the energy -14 eV, and majority DOS at the energies 10 eV and 15 eV, show
interesting peaks for the C sheet. The number and location of peaks changes as a consequence of k-points. For
the ZnO sheet, these interesting peaks arise at the energy around -2 eV, which remains almost the same for the
higher k-points. In addition, the qualitative behavior of the DOS spectra was hardly modified. Thus, the change
in the k-points has almost no effect for the ZnO sheet structures.
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Figure 12: Transmission spectrum in the presence of spin with U term for (a) ZnO sheet and (b) C sheet. It is
shown for ZnO sheet with k-points sampling (c) (9,9,9), (e) (12,12,12) and (g) (15,15,15). It is illustrated for C
sheet with k-points sampling (d) (9,9,9), (f) (12,12,12) and (h) (15,15,15).

Figure 12, shows the transmission spectra of the systems mentioned in Figure 11 when spin is
involved. As in the case of DOS spectra, in addition to the default k-points, we also considered k-points
sampling of (9,9,9) (Figure 12c and d), (12,12,12) (Figure 12e and f) and (15,15,15) (Figure 12g and h). The
step-like variation in all transmission spectra was observed, as expected. For the ZnO sheets, we see the spin-
symmetric variation in the transmission. It becomes zero for a wide energy interval from -2 eV to 0.5 eV for k-
points (6,6,6) shown in Fig.5.11a.This energy range becomes, -1.5 eV to 0.5 eV, for the higher k-points as
illustrated in Figure 12c, e and g. The zero transmittance around the Fermi energy means that the energy of the
electrons does not coincide with the transmission eigenvalues. It implies the semiconducting property. For the
C sheet, as expected from the DOS spectra, a transition from spin-asymmetric (Figure 12b) transmission to spin-
symmetric transmission (Figure 12d, f, and h) was observed as a result of increase in k-points. Thus we need to
pay attention to the k-points in DFT calculations for C sheet structures. While for the ZnO sheet, the
transmission variation was almost remained the same for the higher k-points (Figure 12a, c, and e). From the
transmission spectra, zero bias and finite conductance at the Fermi energy are implied for ZnO and C sheet,
respectively.
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V. Conclusion And Recommendation

We theoretically examined ZnO and C sheets, as two dimensional systems, in the form of periodic and
device structures to reveal the spin dependent electronic structure properties as well as spin dependent behavior
together with magnetic properties. We mainly focused on ZnO sheets and, in addition, considered C sheets to
make a comparison. We revealed similarities and differences between them in terms of electronic structure
properties using some parameters. We also intended to expose the important role of Hubbard correction term
and k-points on the spin dependent behavior. We employed the ATK software package for the calculations,
which is based on DFT combined with NEGF. Various parameters and factors were considered, such as k-points
sampling, exchange correlation, distortion, doping atom (Co) and Ni electrodes. Using the distortion, doping
atom and Ni electrodes, we intended to observe the possible changes in the spin dependent behavior or spin
polarization which is needed in developing spintronic devices. In order to be comparable to the experimental
results and to mimic the realistic systems, systems were relaxed and distortions together with impurities were
introduced. Ni and Co are ferromagnetic and transition metals which can induce magnetic moment or spin
polarization in a system. In our case, Co atoms are added into the central region and Ni is used as a
ferromagnetic electrode which provides spin polarized electrons during the electron transport. The results
showed that the band structure becomes spin dependent for C sheets with a metallic property, while it has a spin
independent energy gap for pure ZnO sheets. Especially, the band structure may crucially change as a
consequence of U term and doping atoms. As expected, introducing the Co atoms yields in a spin dependent
band structure for Co doped ZnO sheet. It resulted in a substantial change in the majority and minority energy
gap relative to that for the pure ZnO sheet. Increasing the Co concentration reduces the energy gap and, so, it
tends to transform the semiconducting property to metallic behavior. From the DOS and transmission spectra as
well, we observed a spin symmetric variation for the pure ZnO sheet while for the pure C sheet it was spin
asymmetric using the default k-points. We have observed an interesting behavior for the pure C sheet, for which
a transition from spin-asymmetric variation to spin-symmetric behavior occurred when the k-point sampling was
changed from the default one to higher k-points. It implies the crucial role of k-points in DFT calculations for
the C sheet structures. However, for the pure ZnO sheet, the change in the k-points hardly modified the spectra.

Besides, the following notes are highly recommended for the accurate and reliable results in these
kinds of calculations;
» For the realization of these systems (ZnO and C sheets), we deeply recommend that impurities, distortions

etc. should be introduced before carrying out the calculations.
» However, introducing transition elements (especially Nickel or Cobalt atom) are needed for the spin
polarized transport and induced magnetic moment to reveal the magnetic property.
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