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Abstract
Using density functional theory, effects of Na- and Cu-substituted layers on the spin-dependent electronic transport proper-
ties of Fe/ZnO/Fe magnetic tunnel junction based on zinc oxide barrier tunnel, with rock-salt crystalline structure, have been 
studied. In zero-bias voltage, conductance and tunneling magneto-resistance (TMR) ratio of structures are calculated. It is 
showed that substituted layers in the pristine junction greatly affect conductance and TMR ratio of this junction. The results 
indicated that Cu-substituted layer with reducing conductance of pristine structure in the antiparallel alignment configura-
tion, and increasing its conductance in the parallel alignment, leads to a large TMR ratio, up to 1800%. Due to the large 
conductance of pristine and Cu-substituted devices in the parallel alignment, these structures would be very beneficial for 
experimental applications that require the spin-polarized current.
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Introduction

One of the most important topics in spintronics is the study 
of conductance and TMR phenomenon in the magnetic tun-
nel junction (MTJ) devices. In a MTJ device, two ferromag-
netic electrodes are separated by a non-magnetic insulator 
or semiconductor, known as tunnel barrier or separator, with 
a few nanometers thickness. Electron transport in MTJs is 
spin-dependent and carried out via quantum tunneling. The 
electrical resistance of MTJs differs in two settings, when 
the magnetizations of left and right electrodes are parallel 
and when they are antiparallel, resulting in the TMR phe-
nomenon. Under zero-bias voltage, the TMR ratio is con-
ventionally defined as

where G
PA
(G

APA
) is the conductance of the MTJ in parallel 

(antiparallel) alignment of magnetizations of the electrodes. 

Furthermore, at a finite bias, TMR =
(

I
PA

− I
APA

)

∕I
APA

 . In 
this equation, I

AP
(I
APA

) is the electrical current through the 
device in parallel (antiparallel) alignment of the electrode 
magnetizations. The type and thickness of barrier layer and 
the applied bias voltage are important parameters that can 
affect TMR ratio. The thickness dependence of magneto-
resistance and TMR in MTJs has been previously inves-
tigated [1–4]. The other factor that influences the amount 
and sign of TMR ratio is structural asymmetry in MTJs. 
Heiliger et al. [5, 6] reported that in the asymmetric junc-
tion, independent of the voltage used, the I

APA
 is higher than 

I
PA

 , which results in a negative TMR ratio. Also, Waldron 
et al. [7, 8] reported that the zero-bias TMR in MgO-based 
MTJs is substantially reduced by oxidization of the junction 
interface. This oxidized junction can also be considered as 
a structural asymmetry.

The crystal structures shared by zinc oxide (ZnO) are 
wurtzite hexagonal, zinc blend, and rock salt [9]. It is 
accepted that pure ZnO is a non-magnetic material [10, 11]. 
In the past decade, novel functionalities of ZnO with wurtz-
ite crystalline structure in the electronic, optoelectronic, and 
spintronic applications have been extensively studied, theo-
retically and experimentally [12–16].

Recently, ZnO with rock-salt crystalline structure is taken 
into consideration because of its possible applications in 
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spintronics. Owing to its wide band gap (2.45 eV) [17], 
it can be considered as a semiconductor material for non-
magnetic tunnel barrier in the MTJ devices. Spin-dependent 
electronic transport properties of rock-salt-type ZnO-based 
MTJs have been investigated in some studies before [18, 19].

In this paper, the geometrical asymmetry effects on the 
zero-bias spin-dependent electronic transport properties, 
conductance, and TMR ratio in a MTJ based on ZnO with 
rock-salt structure were studied. The Fe(001)/ZnO(001)/
Fe(001) junction with four ZnO barrier layer thicknesses is 
used as a pristine structure (PS). The elements sodium (Na) 
and copper (Cu) are used to make geometrically asymmetric 
substituted structures (SS). The significant influence on the 
conductance and TMR ratio of the pristine symmetric device 
is the main reason for choosing these two elements, which 
have closest electronic structures to Mg and Zn. The main 
goal is to find new materials that have a significant impact on 
the conductance and TMR of this MTJ. Similar calculations 
for other elements as substituted material were reported [19].

Computational details

First-principle calculations based on spin-polarized density 
functional theory (DFT) method are employed to deter-
mine the electronic transport properties of these MTJs. 
For our DFT analysis, we use the software package Quan-
tumATK [20] with the PAW pseudopotentials within the 
gradient approximation (GGA) for the PBE exchange–cor-
relation functional [21]. For calculating the spin-dependent 

electronic transport properties, QuantumATK uses the non-
equilibrium Green’s function formalism. Following the 
Monkhorst–Pack scheme [22], the k-point mesh for energy 
integration within the irreducible region of the Brillouin 
zone (BZ) is chosen as 7 × 7 × 100 for transport calculations. 
The energy cutoff for separating the core electrons from the 
valence electrons is set equal to 200 Hartree. Structural opti-
mizations are carried out until atomic force reached below 
0.01 eV/Å. Self-consistency is achieved when the change 
in the total energy between cycles of the SCF procedure is 
reduced to less than  10−6 eV.

In pristine structure (PS), two semi-infinite Fe electrodes 
(in their [001] direction) are attached to the rock-salt ZnO 
(001) barrier with four-monolayer (4-ML) thickness (Fig. 1). 
The resulting two-probe device is laterally periodic such that 
the electrodes are fully three dimensional in a half plane. 
Along the Z-axis (transmission direction), the two electrodes 
are semi-infinite. The transverse lattice constants of the 
device (a and b) are set equal to the experimental constant 
of bulk Fe, which is 2.866 Å.

The structural force optimization calculations are car-
ried out to obtain the optimized central region length, L, as 
shown in Fig. 1. Three layers of the electrodes at either side 
of the junction are taken as part of the central region. This 
is done to eliminate the effects of the barrier region on the 
electronic structure of the electrodes, enabling a semi-infi-
nite behavior. In the direction parallel to the junction’s inter-
face (X–Y plane), periodic boundary conditions are imposed.

In order to make two asymmetric SSs, the first Zn atom 
from left side of the barrier is replaced with one of the two 

Fig. 1  (Colored) Atomic structure of MTJs with a 4-ML barrier sand-
wiched between two Fe electrodes. The symbol ☒ stands for atomic 
elements Zn in PS and Na and Cu in substituted structures. Top and 

bottom panels show the unit cell, and the same cell after nine repeti-
tions, respectively. “L” is the length of central region of the device
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Na and Cu atoms, separately. The unit cell of these MTJs is 
shown in Fig. 1, where the symbol ☒ stands for atomic ele-
ments Zn in PS and one of the two Na and Cu elements in SSs.

The following calculations are performed in our analysis: 
(1) structural force optimization; (2) Mulliken population 
per spin channel for each atom; (3) density of states (DOS) 
of structures; (4) energy and k-point-dependent transmis-
sion spectrum; and (5) conductance and TMR ratio of the 
structures;

Results and discussion

The structural optimization of the central region is carried 
out by fixing the transverse (X–Y plane) lattice constants of 
the device at the experimental lattice constant of bulk Fe, 
and allowing the length “L” to vary. The above-mentioned 
optimization process is repeated separately for all three 

structures, and the optimized central region lengths are given 
in Table 1. As can be seen from Table 1, substituted layer 
causes the L values of both SSs to be greater than that of 
the PS. Calculated Fe–O and Fe–X (X=Zn, Na, Cu) junc-
tion lengths at the left and right interfaces of barrier with 
electrodes are given in Table 2. From these values, it can be 
concluded that all structures are oxygen-terminated.

To independently adjust the electrodes’ magnetization in 
the MTJs, the tunnel barrier must be able to prevent the per-
meation of magnetization of the electrodes to each other. To 
this end and to ensure that all atoms in the considered MTJs 
are correctly spin polarized in our calculations, Mulliken 
population per spin channel is calculated for each atom. Mul-
liken population of atom “i” is calculated using the relation 
Mi =

∑

j∈i

∑

jm DjmSmj , where D and S are the density and 
overlap matrices, respectively [19]. The sum is taken over 
all orbitals in the considered atom. The results of this cal-
culation for atoms in the central region of the PS and Cu–SS 
in APA and PA configurations are summarized in Tables 3 
and 4, respectively. The difference between spin-up and spin-
down populations determines the polarization of each atom, 
and multiplying this polarization by Bohr magneton gives the 
magnetic momentum of that atom. From these tables, it can be 
verified that while Fe atoms are correctly spin polarized and 
the atoms next to the interface (on both left and right sides) 
are slightly affected by magnetization of Fe atoms, the remnant 
atoms in the barrier far from the interface are un-polarized. 
Therefore, it can be said that the barrier region is well pre-
vented from penetrating the magnetizations of the two elec-
trodes. Another important point is that the Fe atoms in the left 
and right electrodes in the PS have completely symmetric spin 
polarizations, but this symmetry is not present in the SSs. This 
can affect the spin-dependent transport in these asymmetric 
devices. The behavior of Mulliken population in the Na–SS is 
similar to the results shown in Table 4.

Table 1  Calculated values of 
the optimized central region 
lengths

PS Na–SS Cu–SS

L (Å) 13.71 14.45 14.46

Table 2  Calculated atomic distances (in angstrom) at the left and 
right interfaces of barrier with electrodes

The symbol X stands for atomic elements Zn in PS and Na and Cu in 
substituted structures

Left Right

Fe–X Fe–O Fe–Zn Fe–O

PS 2.652 2.082 2.652 2.082
Na–SS 3.178 1.706 2.591 2.240
Cu–SS 2.469 2.081 3.194 1.951

Table 3  Mulliken atomic 
populations for atoms in the 
central region in the PS

The first and second rows show the spin populations of APAC and the third and fourth rows PACs. All 
numbers are rounded

Fe Fe Fe Zn O O Zn Zn O O Zn Fe Fe Fe

Spin-up 5.13 5.20 5.45 5.59 3.39 3.38 5.61 5.60 3.38 3.32 5.66 2.60 2.82 2.88
Spin-down 2.88 2.82 2.60 5.66 3.32 3.38 5.60 5.61 3.38 3.39 5.59 5.45 5.20 5.13
Spin-up 5.13 5.20 5.45 5.59 3.39 3.38 5.61 5.61 3.38 3.39 5.59 5.45 5.20 5.13
Spin-down 2.88 2.82 2.60 5.65 3.33 3.38 5.60 5.60 3.38 3.33 5.65 2.60 2.82 2.88

Table 4  Mulliken atomic 
populations for atoms in the 
central region in the Cu–SS

Fe Fe Fe Cu O Zn O Zn O Zn O Fe Fe Fe

Spin-up 5.07 5.19 5.41 5.34 3.36 5.62 3.37 5.63 3.36 5.63 3.33 2.37 2.87 2.95
Spin-down 2.93 2.89 2.59 5.21 3.23 5.60 3.37 5.64 3.37 5.62 3.38 5.48 5.16 5.05
Spin-up 5.07 5.19 5.41 5.34 3.36 5.62 3.37 5.64 3.37 5.62 3.38 5.48 5.16 5.05
Spin-down 2.93 2.89 2.59 5.21 3.23 5.61 3.37 5.63 3.36 5.63 3.33 2.37 2.87 2.95
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In order to explain the effect of Na- and Cu-substituted lay-
ers on the magneto-resistive behavior of the junctions, the total 
electronic DOS of junctions are calculated for PA and APACs. 
The results for the barrier region are plotted in Fig. 2. In all 
figures of this article, zero of the energy is shifted to the Fermi 
level. As can be seen from this figure, substituted layer causes 
an increase in the DOS of both SSs compared to PS, for APA 
and PA configurations at Fermi level. In the APA configuration 
(top row), for the case of Na–SS, the increase is significantly 
greater than that of Cu–SS. Meanwhile, in PAC (bottom row), 
this increase is much greater for Cu–SS.

In the next step, the spin-dependent transport properties 
of these three MTJs by calculating the spin-dependent trans-
mission spectrum of the electrons through the barrier tunnel 
region as a function of the energy of the electrons have been 
studied. Using Landauer formalism, the transmission through 
the barrier as a function of total energy of the electrons is 
extracted using the NEGF formalism [23]:

where Gr(Ga) is the retarded (advanced) Green’s function 
and ΓL

(

ΓR

)

 is the self-energy of coupling function to the 
left (right) electrode. Figure 3 shows the energy-dependent 
transmission spectrum of these structures for both configura-
tions. The following results can be extracted from this figure:

(1) In APAC, the symmetry between up- and down-spin 
channel’s transmission for PS, which is one of the spintronic 

(2)T(E) = Tr
[

ΓLG
rΓRG

a
]

properties of MTJs with a symmetric structure, is lost in 
the two SSs; (2) for both APA and PACs, compared to PS, 
Na–SS’s up- and down-spin channel transmission (left col-
umn) has severely reduced for all energies, which results in 
a reduction in the total transmission (right column) of this 
SS compared to PS. This reduction for PAC is much greater 
than that of the other configuration, especially at the Fermi 
level; (3) for the Cu–SS, transmission of spin-down channel 
in the Fermi level has a significant decrease in both configu-
rations compared to that of PS. Meanwhile, in the spin-up 
channel, transmission of both configurations is increased; 
however, this increase for PAC is much greater compared to 
their APAC. Which results in APAC, compared to PS, total 
transmission in the Fermi level has not changed much, while 
for PAC increased.

Given the changes in the transmission spectrum of two 
SSs, it can be predicted that their conductance in both con-
figurations will be reduced compared to the PS, and only in 
the PAC of the Cu–SS, the conductance will be increased.

The conductance of a device is calculated using the rela-
tion [24]:

where e and h are the electron’s charge and Planck’s con-
stant, respectively, and 

[

T
(

k∥
)]

E
F

 is the k∥-dependent trans-
mission at the Fermi energy. The k∥ represents the wave vec-
tor component in the first two-dimensional BZ, 
perpendicular to the transport direction (X–Y plane).

To calculate the MTJ’s conductance from Eq. 3, it is 
necessary to study the transmission spectrum at the Fermi 
energy as a function of the k∥ (kx and ky). The results of 
these k-resolved calculations of the MTJs within in two-
dimensional BZ perpendicular to the transport direction in 
the APA and PA configurations are plotted in Fig. 4. The 
important results of this figure are:

(A) In the APA configuration (left column), the substi-
tuted layer causes the transmission peaks of the SSs to be 
closer to the Г point and concentrated around it, in compari-
son with the PS. This concentrating is much more intense for 
Cu–SS. The height of the peaks in Cu–SS is approximately 
equal to Ps, and for the case of Na–SS, these peaks are more 
than one order of magnitude smaller for PS. In the PS, the 
peaks are very sharp and their number is low. Meanwhile, 
in SSs, the peaks have become very wide. In other words, 
relative to PS, the transmission spectrum of substituted 
structures shows nonzero and calculable values in a wider 
region of BZ; (B) in the PA configuration (right column), the 
substituted layer causes the transmission peaks of the SSs 
to be far from the Г point and more dispersed. The height of 
these peaks in Na–SS is more than one order of magnitude 

(3)G =
e2

h

∑

k∥

[

T
(

k∥
)]

E
F

Fig. 2  (Colored) DOS of barrier region for APA (top) and PAC (bot-
tom)
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reduced in comparison with the PS and has become broader 
than those for PS. In the case of Cu–SS, the peaks have not 
changed sensible compared to the PS, but the width of these 
peaks has increased significantly.

Given that the conductance is calculated by summing the 
T
(

k∥
)

 , the above results have important effect on the con-
ductance of both configurations of MTJs.

Figure 5 shows the conductance of PS and two substi-
tuted structures calculated using the relation in Eq. 3 for both 
APA and PACs. This figure confirms the predictions based 
on T(E) and T

(

k∥
)

 calculations. It can be seen that in APA 
configuration, conductance of both SSs is reduced relative to 
PS. This reduction for Na–SS is more than that for Cu–SS. 
In PAC, conductance of Na–SS dropped sharply compared 
to PS and has been a little increase for Cu–SS relative to it.

The fact that substituting a Cu layer in the ZnO-based 
MTJ leads to a decrease in conductance in the APA configu-
ration, and an increase in conductance in PAC of that MTJ, 
would be very beneficial for experimental applications that 
require the spin-polarized current.

Using the calculated values for G
APA

 and G
PA

 with the aid 
of Eq. 1, the zero-bias TMR ratio is calculated for all three 

structures and the results are summarized in Table 5. Three 
important results are: (1) Cu-substituted layer in the PS, with 
increasing in conductance of PA configuration, and decreas-
ing in conductance of PAC in that MTJ, leads to a threefold 
increase in the TMR ratio of the device; (2) in the case of 
Na, substituted layer in the PS, with decreasing in conduct-
ance of both configurations, leads to a decrease in TMR 
ratio in PS, and (3) geometrical asymmetry in these two 
substituted structures does not lead to a negative TMR ratio, 
while there are some reports that the geometric asymmetry 
in the MTJs can cause TMR ratio to be negative [5, 6, 20].

Conclusion

First-principle calculations, based on spin-polarized DFT 
and NEGF methods, are applied to study effect of Na- and 
Cu-substituted layers on spin-dependent electron trans-
port properties, conductance, and TMR ratio of Fe(001)/
ZnO(001)/Fe(001) magnetic tunnel junction based on zinc 
oxide barrier tunnel with rock-salt crystalline structure. It 
is shown that substituting the layers of Na and Cu in the 

Fig. 3  (Colored) Energy-dependent transmission spectrum for all structures. Top and bottom rows for APAC and PAC, respectively. Left and 
right columns for spin-resolved and total transmission spectra. The black and red arrows represent up- and down-spin channels, respectively
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Fig. 4  (Colored) k-resolved transmission spectrum of the MTJs within in two-dimensional Brillouin zone, perpendicular to the transport direc-
tion. APAC (left column) and PAC (right column)
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pristine Fe/ZnO/Fe junction greatly affects DOS, T(E) , 
T
(

k∥
)

 , conductance, and TMR ratio, without changing its 
sign, of this device. Using Mulliken population per spin 
channel calculations, it is observed that in all three MTJs, 
the barrier region is well prevented from penetrating the 
magnetizations of the two electrodes. It is also showed that 
Cu-substituted layer with reducing conductance of pristine 
structure in the APA configuration, and increasing its con-
ductance in the PAC, leads to a significant increase in the 
TMR ratio of Cu–SS compared to PS. But in the case of 
Na–SS, this ratio has a small decrease relative to PS. Due 
to the large conductance of the PS and Cu–SS in the PAC, 
these structures can be used to generate electric current with 
pure spin for experimental purposes.
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