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ABSTRACT: Based on nonequilibrium Green’s functions in combination with the density functional theory, a theoretical 

study on electronic structures and elastic spin-transport properties of a magnetic tunnel junction is presented which consists of 

a single iron atom adsorbed on hexagonal armchair silicon carbide nanoribbon (Fe@ASiCNR) contacted with two semi-

infinite leads composed of nitrogen-doped armchair graphene nanoribbon (N-AGNR). Three different configurations are 

considered. The narrow Fe@ASiCNR is inserted between two AGNR electrodes doped with nitrogen at a concentration of one, 

two and three nitrogen impurity. The I-V characteristics of various junctions are examined, with the results exhibiting 

significant negative differential resistance (NDR) and spin-filter efficiency (SFE) phenomena. It is observed that such NDR 

effects arise from the interaction between the narrow density of states of the nitrogen-doped electrodes and discrete states in 

the scattering region.  
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1. INTRODUCTION 
Spintronics exploits the spin degree of freedom of electron 

for logic operations and information storage, which can 

increase data processing speed, decrease the power usage, 

and increase integration densities [1–3]. Graphene has 

attracted a lot of attention in the field of spintronics due to its 

unique properties such as high electronic mobility, gate 

tunability, and the potential for long spin lifetimes. Graphene 

shows long spin-scattering times, which is due to the long 

electronic mean-free paths, small intrinsic spin–orbit 

coupling and low hyperfine interaction of the electron spins 

with the carbon nuclei [4–6]. Graphene can also be a suitable 

material for spintronics and related applications which consist 

of spin-filter device, spin qubits, and spin-dependent field-

effect transistors [7–11]. Further, Graphene derivatives are 

being studied in almost all fields of science and engineering. 

Studies show that the low-dimensional graphene nanoribbon 

(GNR) devices can be an excellent candidate for the future 

nanoelectronic devices [12–16]. There are two types of 

GNRs: zigzag edge nanoribbons (ZGNRs), which are cut 

along the zigzag dimer chain, and armchair edge nanoribbons 

(AGNRs), which are cut along the direction perpendicular to 

the zigzag dimer chain. The AGNRs are semiconductors with 

different band gaps depending on the width of the 

nanoribbons, while ZGNRs show metallic properties for all 

widths [17,18]. Some important AGNR-based devices such 

as spin filtering [19,20], negative differential resistance 

(NDR) [21-25], single electron characteristics, gas sensors 

[26], rectifying behaviors [27-30], large values of magneto 

resistance [31], and field-effect transistors (FET) [32] have 

been studied. Through various functions, NDR effect is 

described as the the negative slope of current-voltage curve. 

It is recognized that NDR holds great promising due to its 

possible utilization in multi-valued memory circuits and high-

speed devices [33]. 

Chemical functionalization [34], adsorption [35], impurity 

doping [36], and defects [37] have been revealed to be the 

leading elements that determine the electronic transport 

properties of GNRs at nanodevices. Zhou et al. [38] 

examined the NDR phenomena by investigating the 

electronic transport properties of P-doped AGNRS lead. 

Huang et al. [39] explored the transport properties through 

FeN4, alkane (C5), and benzene molecules sandwiched 

between two N-doped zigzag and armchair GNRs, finding 

that robust NDR effect appeared in all examined molecular 

junctions. They reported that the narrow density of states of 

N-doped GNRs and the bias-dependent effective coupling 

between the discrete frontier molecular orbitals and the 

subbands of electrodes were responsible for the observed 

NDR behavior. Padilha and colleagues [40] showed that the 

system composed of a zig-zag hexagonal boron nitride 

nanoribbon contacted by two zig-zag graphene nanoribbons 

could act as spin-filter (the efficiency reaches 50%), 

depending on the length of the boron nitride region. 

      To our knowledge, there is a paucity of theoretical reports 

on iron odsorbed into hybrid structures in the literatures. In 

the present work, a magnetic tunnel junction consisting of a 

single iron atom adsorbed on hexagonal armchair silicon 

carbide nanoribbon (Fe@ASiCNR) contacted with two semi-

infinite leads composed of nitrogen-doped AGNR (N-AGNR) 

is investigated. Based on ab initio transport calculations, it is 

predicted that such a system can be used to build NDR 

devices, acting as a spin-filter. 

 

2. COMPUTATIONAL METHODS 

The structural relaxations and electronic properties are 

calculated using the spin-polarized DFT implemented in the 

SIESTA code [41]. In our simulations, the generalized 

gradient approximation (GGA) is used to describe the 

exchange and correlation energy. The structural relaxations of 

each two-probe system have a force tolerance of 0.05 eV/Å. 

The wave functions of the valence electrons are expanded by 

a linear combination of atomic orbitals (LCAO). To describe 

the interactions of the ionic cores and valence electrons, norm 

conserved pseudopotentials proposed by Troullier–Martins 

[42] was used. A double-zeta polarized basis set (DZP) was 

adoped for all atoms including C, N, Si, and Fe atoms. An 

energy cutoff of 300 Ry for the grid integration was used in 
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the real space. A sample of 1 × 1 × 9 k-points chosen based 

on the Monkhorst-Pack method was used to describe the 

Brillouin zone [43]. A vacuum layer larger than 15 Å was 

used to prevent the interaction of adjacent ribbons.  

      The transport properties through the Fe adsorbed 

ASiCNRs sandwiched between two N-doped AGNR 

electrodes were investigated using standard DFT calculations 

combined with non-equilibrium Green’s functional technique, 

which were performed in TRANSIESTA code [44]. In these 

calculations, the total transmission coefficients were given by 

( , ) [ )L RT E V Tr G G
 

  
 

where, σ stands for the spin-up and spin-down channels, 

     is the coupling matrix between the scattering region and 

left/right electrode and    is the retarded Green’s function of 

the scattering region. Landauer-Buttiker formula is used to 

calculate the spin-polarized current through the system [45],   
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Here, e is the electron charge, h is Planck’s constant, f is the 

Fermi–Dirac function, and ( )LU V  and ( )RU V  are the 

chemical potential of the left and right leads respectively. 

Under the external bias voltage V, 
/ ( )L RU V shifts rigidly 

downward (or upward) by V/2 relative to each other, namely 

/ ( ) / 2L R FU V E eV  , where 
FE  stands for the chemical 

potential of left/right electrode, which is set to zero in all the 

calculations.  

In Fig. 1(a), a schematic view of the system before relaxation 

has been shown. The device is divided into three parts 

including the left lead, scattering region, and the right lead. 

Two semi-infinite nitrogen-doped AGNRs (N-AGNRs) are 

used to model the left and right electrodes. Figs. 1(b), (c) and 

(d) illustrate the N-AGNR electrode with a width of (w = 6) 

labeled as 6-AGNR. Each lead is described by a super cell 

along the transport direction. The iron-adsorbed is located 

near the edge region of ASiCNR (Fe@ASiCNR) to produce 

the adsorbed states close to the Fermi level. The scattering 

region consists of the Fe@ASiCNR and the surface layers of 

the left and right electrodes, where all screening effects are 

included in the contact regions. The length of the SiCNR is 

about 3.61Å. Here, it is assumed that the electrodes only 

couple with the central scattering region, not with each other. 

After the relaxation of each structure, a view of the systems 

under study is shown in Fig. 2. As can be seen, the structural 

symmetry is broken when a narrow Fe@ASiCNR is inserted 

between two N-AGNRs. (a), (b) and (c) represent iron 

adsorbed hybrid AGNR-SiC-GNR nanoribbon doped with 

nitrogen at a concentration of one, two and three nitrogen 

impurity, i.e. A, B and C structures, respectively (Figs. 2(a), 

2(b), and 2(c)). 

 

 
Fig. 1. (a) Schematic view of the system before relaxation. 

This system is flat in the z-x plane, with 6-armchair chains along the 

z-direction. Iron adsorbed armchair hexagonal silicon carbide 

nanoribbon contacted with two semi-infinite nitrogen-doped 

armchair graphene nanoribbon electrodes. The device was divided in 

three parts: a left-hand and a right-hand side electrode, a central 

scattering region composed of a few unit cells of the electrodes and 

a unit cell of an armchair hexagonal silicon carbide nanoribbon. (b), 

(c) and (d) the unit cells of nitrogen doped 6AGNR with three 

doping cases, respectively. One to three carbon atoms in a six-

number ring are subsitutionally doped as an alternate in each 

supercell  by nitrogen atoms 

 

3. RESULTS AND DISCUSSION 
Before investigating the transport properties of considered 

configurations, we first calculate the band structures and 

density of states (DOS) of N-doped and undoped GNRs for 

the 6N-AGNR electrode. The effects of doping on the 

electronic and magnetic structures and the properties of 

AGNR doped by nitrogen atoms are the result of interactions 

between the doping atoms and their neighbors. We start with 

three nitrogen doping configurations, where each case has a 

different supercell size, and one to three carbon atoms in a 

six-number ring are substitutionally doped in each supercell, 

by alternate nitrogen atoms. (Figs. 1(b), (c) and (d)). 

Although nitrogen impurities in π-conjugated systems can 

affect the magnetic properties of the material [46], but in our 

calculations, the spin polarization in these electrode 

configurations is negligible.  

The bandgaps of hydrogen-passivated Na-AGNRs are divided 

into three different groups based on the value of Na [47]. For 

a given integer m, the group is Na = 3m + 2, and other groups 

are Na = 3m + 1 and Na = 3m. Therefore, 6-AGNR is selected 

as the model system to investigate the consequence of an 

isolated subsitutionally doped nitrogen atom on AGNRs. 

The electronic band structures of three selected N-AGNR 

structures are shown in Figs. 3(b), (c) and (d), which 

correspond to Figs 1(b), (c) and (d) respectively. The pristine 

band structure [Fig. 3(a)] is also shown for the purpose of 

comparison. An analysis of electronic band structures depicts 

that the existence of nitrogen impurity eliminates the intrinsic 

semiconductivity of pristine AGNR. Nitrogen adatom can 

lead to the distortion of the AGNR upon adsorption, which 

possibly brings about a change from an AGNR sp
2
 –like 

orbital character to a more covalently sp
3
 -like one. Nitrogen 



Sci.Int.(Lahore),27(2) 961-966,2015 ISSN 1013-5316; CODEN: SINTE 8  963 

 

doping produces a positive shifting of Fermi energy due to 

the extra π electrons from the nitrogen atom. 

 
Fig.2. Schematic representation of the various  configurations used 

in calculations after the relaxation of each structure. The structural 

symmetry is broken when a narrow Fe adsorbed armchair SiC 

nanoribbon is inserted between the two N-doped armchair graphene 

nanoribbons. (a), (b) and (c) represent one, two and three nitrogen 

doping on iron adsorbed hybrid AGNR-SiC-GNR nanoribbon, i.e. 

A, B and C structures respectively. 
 

The conduction-band structure is perturbed by the impurity 

nitrogen atom while valence-band structure generally remains 

unperturbed compared to pristine AGNR. In addition, for 

nitrogen-doped 6-AGNR, it is found that the energy bands are 

degenerated at the zone boundary.  

 

 
Fig. 3. Calculated band structures of 6AGNR in (a) pristine, (b), (c) 

and (d) one, two and three nitrogen-doped respectively. The Fermi 

energy is set at 0 eV. 

 

In order to better understanding of electronic properties, the 

density of states (DOS) have been plotted in Fig. 4. The 

semiconducting nature of pristine AGNR is well defended by 

the electron density gap at Fermi energy in the DOS [Fig. 

4(a)]. Nitrogen- doped AGNRs [see Figs. 1(b), (c) and (d)] 

are metallic because there are narrow DOS that cross the 

Fermi level due to the presence of the substituted nitrogen 

dopant. That is, semiconducting undoped AGNRs can be 

converted into metal by the doped nitrogen atom. These 

investigations show that nitrogen-doped GNRs with armchair 

edges are excellent conducting electrodes [48]. 

      Now, we turn to examine the transport properties of three 

considered systems with nitrogen-doped 6-AGNRs 

electrodes. Figs. 5 (a), (b) and (c) show spin-resolved I-V 

curves of all configurations in the bias voltage (Vbias) in a 

range of 0.0 to 1.2 V in a step of 0.1 V. Here, the currents of 

spin-up and spin-down electrons are plotted with black and 

red lines, respectively. At each bias voltage, the current is 

determined self-consistently under the non-equilibrium 

condition. As can be seen, these systems display obvious 

spin-filtering behavior. Within Vbias range of 0.0 to 1.2 V, the 

current of the spin-down electrons (I↓) is considerably larger 

than that of spin-up electrons (I↑).  

 

 
Fig. 4. The calculated DOS of 6AGNR in (a) pristine, (b), (c) and 

(d) one, two and three nitrogen-doped respectively. The Fermi 

energy is set at 0 eV. 

 

The negative differential resistance (NDR) behaviors is 

evident in all cases. 

 

 
Fig. 5. Comparing the characteristics of the spin-dependent current–

voltage (I–V) of the (a), (b) and (c) one, two and three nitrogen 

doping on iron adsorbed hybrid AGNR-SiC-GNR nanoribbon, 

respectively (A, B and C structures) 
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The I-V curve of A system, as shown in Fig. 5(a), indicates 

that I↑ initially increases by applying Vbias. Then, a regime 

with NDR phenomena appears in a voltage range of 1.0 to 1.2 

V. The maximum current of the spin-up electrons is up to 

about 16.86 μA at the peak position (Vbias = 1.0 V), while it 

reaches its minimum value (14.84 μA) at the valley site (Vbias 

= 1.2 V). For the spin-down electrons, it is observed that 

NDR character is negligible and the current increases by 

applying Vbias. The current peak-to-valley ratio (PVR), which 

is defined as PVR = Ipeak/Ivalley, is often used to describe NDR 

effect, with PVR being predicted to be 1.13 for the spin-up 

electrons. As indicated in Fig 5(b), the corresponding NDR 

behavior is also observed in B system at the same voltage 

range (1.0 to 1.2 V). The spin-up (down) current of this 

system increases when the value of the applied bias is 

between Vbias = 0 V and Vbias = 1.0 V. If the applied voltage is 

beyond 1.0 V, the current decreases and NDR phenomena 

appears in a voltage range of 1.0 to 1.2 V. Moreover, it is 

observed that  PVR reaches 1.37 and 1.34 for spin-up and 

spin-down channels, respectively. In the case of C system, 

two significant NDR behaviors are indicated in two bias 

voltage ranges: 0.4 to 0.6 V and 0.8 to 1.0 V. In the first bias 

voltage, PVR reaches the maximum value of 8 for spin-up 

and 1.36 for spin-down channels, whereas in the second 

range, the value of the PVR is estimated between 2.88 and 

1.07 for the spin-up and spin down channels respectively. 

      To illustrate the mechanism of NDR phenomena, for 

example, we take the C configuration. We studied the 

electronic structures of periodic electrodes and the isolated 

scattering region. The calculated density of states (DOS) of 

nitrogen-doped AGNRs electrodes, and the DOS of the 

isolated regions are shown in Fig. 6. As can be seen, there are 

two obvious narrow DOS peaks (labeled with A and B) of 

nitrogen-doped electrode. These two narrow peaks apparently 

arise from nitrogen doping, in which one more electron is 

introduced into the system per unit cell. The isolated 

scattering region with all dangling bonds saturated by 

hydrogen atoms possesses two states near the Fermi level 

(labeled with C and D) which can act as two tunneling 

channels. When a bias voltage is applied, the relative position 

of narrow peaks in DOS of electrodes is shifted. In the 

resonant tunneling process, the junction becomes conductive 

when the energy position of channel state(s) in the electrodes 

matches that of the channel(s) in the scattering region. 

However, when the bias voltage increases continuously, those 

well-matched states can become mismatched. Therefore, the 

current first increases through the scattering region and then 

decreases, leading to an NDR peak. 

 

 
Fig. 6. The calculated DOS of N-doped ANGRs, and the energy 

levels of the isolated scattering region saturated by hydrogen atoms. 

When a bias voltage is applied, the relative position of narrow peaks 

in DOS of leads (A and B) is shifted. In the resonant tunneling 

regime, the junction becomes conductive when the energy position 

of channel state(s) in the scattering region (C and D) matches that of 

channel(s) in the electrodes. 

 

To shed further light on the NDR mechanism, it should be 

noted that NDR effect can be associated with changes of 

coupling between the scattering region orbitals and incident 

states in the electrodes under various biases. As noted in the 

Landauer-Buttiker formula, in the computational method 

section, the current flowing through a device can be 

determined by integrating the transmission function T(E) in 

the integral window (bias window). For example, to explain 

the NDR effect observed at the spin-up I–V curve of C 

system (Fig. 5(c)), we calculate the T(E) at bias voltages of 

0.0, 0.4, 0.6 and 0.7 V. The energy range associated with the 

voltage applied between the two electrodes is specified by 

dashed lines, as indicated in Fig. 7. As can be seen, by 

increasing the bias voltage from 0.0 to 0.4 V, the 

transmission region becomes wider (Figs. 7(a) and (b)). This 

is due to the fact that the electrons can be transmitted from 

the higher energy regions of the left electrode through the 

device to the lower energy regions of the right electrode in an 

increasingly wider energy region. Therefore, the current 

through junction increases in this bias voltage, as indicated in 

Fig. 5(c). The behavior of transmission function varies 

significantly when the bias voltage increases continuously to 

0.6 V. As shown in Fig. 7(c), in a range of energy from -0.3 

to 0.3 eV, the transmission coefficients are negligible. Again, 

when the bias voltage increases to 0.7 V, the transmission 

coefficients will be considerable (Fig 7(d)). As a result, the 

current in the voltage range of 0.4–0.6 V decreases 

dramatically, indicating NDR effect in this voltage range. 
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Fig. 7. The changes of the transmission function under various 

biases of C system for the bias voltage of (a) 0.0 V, (b) 0.4 V, (c) 

0.6 and (d) 0.8 V. The dashed line shows the bias window. 

The transport currents of all configurations are spin-

polarized, as displayed in Figs. 5(a), (b) and (c). In the 

following, spin-filter effects are further studied in a bias range 

from 0.1 to 1.2 V. The spin-filter efficiency (SFE) defined 

at finite bias as follows:  

100
up down

up down

I I

I I



 


 

Where Iup(down) indicates the spin-up (spin-down) current at 

the finite bias, respectively. 

As shown in Fig. 5, for all configurations, the current of spin-

down (Idown) is larger than that of spin-up (Iup), because the 

value of Tdown is greater than that of Tup. Thus, given that the 

value of SFE is negative in  all systems, we have used its 

absolute value in our discussions. 

To understand the origin of negative SFE, it is necessary to 

study the transmission spectrum at some bias voltages. We 

take the C structure as an example. Figs. 8(a) and (b) show 

the spin-resolved transmission spectra of considered system 

at Vbias = 0.5 and 0.9 V respectively. The transmission 

coefficients of the spin-down electrons are often higher than 

those of spin-up electrons in the bias window at selected bias 

voltages. this is consistent with negative SFEs (-54.73 and -

81.12 %, respectively) under these biases. 

The large magnitude of spin-filter efficiency in the C 

structure (81.58%) suggests possible applications such as spin 

filter devices. This behavior would be suitable for a spin 

current switch. As shown in Fig. 9(a), it should be noted that 

there is a significant SFE in the A structure. The values of 

SFE at Vbias = 0.4 and 0.5 V are 36.64 and 37.28% 

respectively. As such, although spin-filter efficiency in the B 

structure is insignificant at above-mentioned biases, at other 

biases, Vbias = 1.1 and 1.2 V shows a considerable magnitude 

of 40.28 and 40.27%, respectively.  

 

 
Fig. 8. Spin-polarized transmission spectra at (a) Vbias = 0.5 V 

and (b) Vbias = 0.9 V. The dashed blue lines denote the bias 

window. 

The calculated spin-filter efficiency (SFE)  of considered 

devices are plotted in Figs. 9(a), (b) and (c). As can be seen, 

SFEs are all highly sensitive to the bias voltage. In all studied 

systems, the maximum values of SFE oscillated around 36-

81%. 

 

 
Fig. 9. Bias-dependent spin filter efficiency (SFE) of (a), (b) and 

(c) one, two and three nitrogen doping on iron adsorbed hybrid 

AGNR-SiC-GNR nanoribbon respectively (A, B and C 

structures). 

As pointed out earlier, it is worth mentioning that C 

configuration, compared to other structures, is capable of 

producing a significant spin-polarized transport. As a result, 

the highest SFE is observed in this configuration. 

The spin-resolved current indicates that the analyzed 

structures are suitable either for spin-filter applications or for 

spin-current switching devices. 

 

4. . CONCLUSION  
In this study, we have explored electronic structures and spin-

transport properties of hybrid nanoribbons by examining 

three different configurations. The narrow Fe@ASiCNR is 

inserted between two AGNR electrodes doped with nitrogen 

at a concentration of one, two and three nitrogen impurity. 

The results show that the significant NDR effect is arised 

from the narrow DOS peaks of the N-doped electrodes and 

discrete states of the scattering region. The maximum peak-

to-valley ratio is about 8, which is obtained in the case of 

electrode doped with three nitrogen impurity (C 

configuration). Also, it should be pointed out that in addition 
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 to NDR, spin-filtering effect appears in all examined 

configurations and the predicted spin-filter efficiency is up to 

80% in the C configuration. The results show that the doping 

concentrations play an important role in the NDR and SFE 

effect of the studied devices. These findings suggest that iron 

adsorbed hybrid AGNR-SiC-GNR nanoribbon doped with 

nitrogen can be a suitable candidate for future applications in 

electronic circuits, molecular spintronics devices such as 

spin-filter, molecular switches, and molecular memories. 
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