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Abstract. In this study, the effects of the type of the cage, the bias and gate voltages on spin transport properties of
electrons in magnetic tunnel junction (MTJ) of Bn Nn (n = 12, 24) cages were investigated by theoretical methods.
For a gate voltage (Vg ) more than 0.5 V, the device became electrically conductive at Vb = 0.5 V. The electric
current increased linearly for bias voltages more than |Vb | = 1 V at Vg = 0.0 V. The maximum value of the tunnel
magnetic resistance (TMR) ratio was ∼75% for B12 N12 and 60% for B24 N24 molecules. The maximum values of
TMR against the bias voltage (Vb ) were seen at 1.6 V (−1.6 V) for B12 N12 and 0.0 V for B24 N24 . At Vb = 0.5 V,
the TMR ratio was changed by varying the gate voltage. Finally, the spin transport properties of the B12 N12 cage
were compared with those of the B24 N24 and C60 cages.
Keywords. Spin-dependent transport; tunnelling magnetoresistance; fullerene-like alternate BN cages; nonequilibrium Green’s function.
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1. Introduction
The spin transport electronics is useful in many
studies and industry ﬁelds such as very sensible sensors
and magnetoresistive random access memory (MRAM)
devices [1–18]. A thin insulating barrier layer squeezed
between two ferromagnetic metal layers is called a magnetic tunnel junction (MTJ). In the MTJ, the direction
of the tunnelling current is different from the direction
of the magnetic ﬁeld in two ferromagnetic metal layers.
This effect is referred to as tunnel magnetic resistance
(TMR). The TMR effects can be seen in systems with
spin-polarised transport, such as single and multiwalled
carbon nanotubes, semiconductor quantum dots connected by a molecular bridge, organic thin ﬁlms and
self-assembled organic monolayers [2,7].
For the ﬁrst time, in 1975, Jullière [8] found the TMR
effect in Fe/Ge–O/Co junctions. The reported values
of TMR were small at 4.2 K temperature. Thus, they
did not have any application in the ﬁelds of industry.
In another work, Miyazaki and Tezuka [9] found large
values of TMR. Moodera et al [10] worked on a new
fabrication process in order to fulﬁl the smooth and the
pinhole-free Al2 O3 deposition.
According to the experimental works conducted
in this ﬁeld, the organic molecules show a large
TMR [3–20]. At low bias voltages, Zare-Kolsaraki and

Micklitz [15] reported that the maximum TMR ratio of
C60 −Co composite is ∼30%. Using the single-band
tight-binding approximation, the maximum TMR ratio
(more than 60%) was obtained at low bias voltages
(Vb < 0.2 V) for C60 [16].
In addition, theories predicted that the spin–orbit
interaction and spin-ﬂip scattering are generally negligible in organic molecular systems. It is an important
advantage for applications in molecular spintronics [4].
It has been shown that the magnitude and sign of TMR
can change for various barrier materials [12]. For a
single C60 molecule inserted between two ferromagnetic Ni leads, the TMR values can reach −80% [17].
The TMR ratios higher than −60% were obtained for
Co/C60 /Co/Ni junctions. In addition, a change in TMR
from −63 to −94% was reported in [18].
The effect of temperature on the resistive and giant
magnetoresistance was investigated in [12,13].
Because of the perfect symmetrical structure, shape
and electronic properties, the B–N cages have attracted
the attention of researchers [14–22]. Using the Hartree–
Fock and density functional theories, Strout [19] investigated the isomers of B12 N12 . In an experimental work,
Stéphan et al [20] indicated that the diameters of the
B–N cages change from 0.4 to 0.7 nm. The B–N cages
can be made by square, hexagonal and octagonal rings
with alternate B and N atoms [20–22].
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Electron transport through BN structures was studied
[23–27] in recent years. Gupta et al [24] investigated the
properties of the spin-polarised transport of the doped
BN monolayers. The spin-polarised electron transport
of BN nanoribbons was investigated using theoretical
methods [26]. Photoluminescence, Coulomb blockade
and supermagnetism properties were seen in the studies
related to B–N materials [28].

2. Method
Figure 1 shows the geometry of the magnetic junction
when a Bn Nn (n = 12, 24) molecule is attached between
two semi-inﬁnite ferromagnetic electrodes.
The Hamiltonian of such a system can be shown as

Ĥ = ĤC +
(Hα + HαC ) (α = L,R).
(1)
α=L,R

Using the approximation of tight binding, the Hamiltonians of ferromagnetic (FM) electrodes can be described
as

Ĥα =
(ε α,σ δiα , jα −tiα , jα )ci+α ,σ c jα ,σ (α = L,R),
(i α , jα ),σ

(2)
where for the nearest adjacent atoms, the hopping
integral tiα , jα is equal to t0 . In eq. (2), we have εα,σ =
ε0 −σ ·h α , where the on-site energy (ε0 ) of the electrode
is considered to be equal to 3t0 . Moreover, h α and −σ ·h α
denote the molecular ﬁeld and the internal exchanged

energy, respectively. For the site i of electrode α, the
creation (annihilation) operator of an electron is shown
+
(ciα,σ ).
as ciα,σ
Saffarzadeh [16] showed which bond dimerisation
could affect the electron transmission characteristics.
Therefore, the hopping strength (t i, j ) in the Bn Nn
molecule depends on the B–N bond length that is calculated using the Su–Schrieffer–Heeger (SSH) model
[29]. The channel Hamiltonian when the FM electrodes
do not exist can be described using the following Hamiltonian [29,30]:
ĤC =



(0)

+
εC diC,σ
diC,σ + HB−N ,

(3)

i
(0)

HB−N =


i, j σ

+

 +
−t0 − α0 yi, j (diC,σ
d jC,σ + h.c.)

1
K 0 (yi j )2 ,
2

(4)

i, j

where for site i of Bn Nn molecule, the creation
(annihilation) operator of an electron is shown as
+
(diC,σ ), the gate voltage is effective by the on-site
diC,σ
energy of the channel (εC ), α0 and yi j are the electron–
lattice weak coupling constant for the B–N bonds and
the change in bond length between the ith and jth atoms,
respectively, and K 0 denotes the spring constant related
to the B–N bonds.
Finally, the inﬂuence between the channel and FM
leads is written as

Figure 1. Schematic view of the FM/B12 N12 /FM molecular junction. The insulator between the gate terminal and the
molecule should be thin enough so that the gate voltage can control the electron density in the channel.
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ĤαC =





α={L,R} (i α , jc ),σ
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(−tiα , jc )(ci+α ,σ d jc ,σ + h.c.),
(5)

where tiα , jc = t  is the hopping element between the
sites i of the lead α and the sites j of the molecule. The
transport is supposed to be ballistic and the resistance
comes from the contacts. The effect of spin-ﬂip scattering is ignored in calculations because the diameter
of the organic molecules is smaller than their length of
spin diffusion [28]. Therefore, the Landauer formula is
applied to estimate the spin-dependent electric current
[30,31], which is given as follows:

e μL
σ
I (Vb , Vg ) =
[ f (ε − μL ) − f (ε − μR )]
h μR
×T σ(ε, Vb , Vg ) dε,
(6)
where μα = E f ± (1/2)eVb is the electrochemical
potential of the electrode α, h is the Planck’s constant, e
represents the electron charge and f denotes the Fermi
distribution function.
The spin-dependent transmission function of the system T σ(ε, Vb , Vg ) at an energy level ε and under the
external Vb (bias voltage) and Vg (gate voltage) can
be calculated by the non-equilibrium Greens function
(NEGF) method as [31]
T σ(ε, Vb , V g ) = Tr[L(ε − eVb /2)G rC,σ (ε, Vb , Vg )
×R (ε + eVb /2)G aC,σ(ε, Vb , Vg )]. (7)
In the above equation, the Green’s function of retarded
r(a)
(advanced) is indicated as G C,σ with σ spin. Under the
external Vb and Vg , the Green’s function, the coupling
functions α and the self-energy matrix (L,σ ) for the
lead α are deﬁned as follows:
G C,σ(ε, Vb , Vg ) = [ε Iˆ − HC (Vg ) − L,σ (ε + eVb /2)
− R,σ (ε − eVb /2)]−1 ,
α,σ (ε) = τ̂C,α ĝα,σ(ε)τ̂α,C (α = L,R),
α (ε) = −2 Im α,σ (ε),

(8)
(9)
(10)

where the elements of the matrix τ̂C,α are the hopping
strength between the lead α and the molecule. In addition, the surface Green’s function (gα,σ) is calculated
by applying the Lehman method for the uncoupled FM
electrodes [30,32]. Their matrix elements are given by




gα,σ(z = ε + iδ) i j =
k

ϕk (ri ) ϕk∗(r j )
,
z − ε0 + σ · h α + ε(k)
(11)

where k ≡ (l x , l y , k z ) and z = ε + iδ.
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√
2 2
ϕk (ri ) = 
(N x + 1) (N y + 1)Nz
l y yi π
l x xi π
sin
sin(k z z i ),
× sin
Nx + 1
Ny + 1
(12)
lx π
Nx + 1
lyπ
+ cos
+ cos(k z a) .
(13)
Ny + 1


Here, l x·y = 1, . . . , N x·y are integers, k z ∈ [−(π/a),
(π/a)] and Nβ with β = x, y, z are the number of the
lattice sites in the β direction. The Green’s function is
estimated by considering a convergence of change in the
bond lengths [33].
The TMR ratio can be calculated from the following
general deﬁnition:
ε(k) = 2t cos

TMR =

Ip − Ia
,
Ip

(14)

where the total currents in the parallel and antiparallel
alignments of the magnetisations in the leads are presented as Ip and Ia , respectively.

3. Results and discussion
The spin-dependent transport and TMR effect of B12 N12
and B24 N24 molecules are investigated using the method
described in §2. The leads and the Bn Nn molecules
are taken symmetrically with regard to the plane passing through the centre of mass of the molecule. When
the molecule is brought close to an electrode, Bn Nn
molecule (n = 12, 24) can be coupled through one atom
to a central atom of each lead [16]. We ﬁx magnetisation
in the +y direction of the left electrode, whereas it can
change in the +y and –y directions of the right electrode. The optimised structures of B12 N12 and B24 N24
molecules are displayed in ﬁgures 2a and 2b, respectively. The B12 N12 clusters consist of four- and six-ring
BNs with Th symmetry [34,35].
The B24 N24 molecule consists of 12 tetragonal, 8
hexagonal and 6 octagonal BN rings with the O symmetry [36]. Proportional to the energy gap and bond
lengths of Bn Nn molecule, we selected the values of
the parameters as t0 = 3.1 eV, t  = 0.5 t0 , α =
6 eV/Å, h α = 4.5 eV, T = 300 K, N x = N y = 5
and K = 250.0 eV/A2 [37].
The band gap is an important factor in the
properties of the transport through molecular junctions.
The degeneracy of B12 N12 and B24 N24 molecules is
traced as a function of energy in ﬁgures 3a and 3b,
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Figure 2. The optimised structure of (a) B12 N12 and (b)
B24 N24 molecules.

Figure 4. Transmission coefﬁcient (TC) as a function of
energy (eV/t0 ) for (a) B12 N12 and (b) B24 N24 molecules
when Vb = Vg = 0. Curves represent the parallel (-)
and antiparallel (-·) alignments of the magnetisation of the
electrodes.

Figure 3. The degeneracy of (a) B12 N12 and (b) B24 N24
molecules as a function of energy (eV/t0 ).

respectively. The energy gaps of B12 N12 and B24 N24
molecules are presented in ﬁgures 3a and 3b, respectively. The energy gap and the energy levels in ﬁgures
3a and 3b are in good agreement with the results of the
B3LYP/6-31G approximation [37].
For Vb = 0.0 V and Vg = 0.0 V, the transmission spectra of B12 N12 and B24 N24 molecular junctions
against the electron energy are demonstrated in ﬁgures
4a and 4b, respectively. The transmission spectra of

B12 N12 and B24 N24 molecular junctions are plotted for
the parallel (-) and antiparallel (-·) conﬁgurations. The
peaks of the transmission function spectrum are located
near the molecular level. In other words, we observe the
peaks of transmission when the electron energy of transmitted through the molecule is near to the molecular
levels [31]. In ﬁgures 4a and 4b, the value of transmission coefﬁcient (TC) near the Fermi energy is zero. In
this case, the molecule is in the off-state. Using the gate
voltage, the TC values can vary and current can be generated. In other words, the device serves as a conductor
and the current increases linearly for a certain gate voltage with the increase in bias voltage.
The transmission spectra of B12 N12 molecular
junction are plotted in parallel (-) and antiparallel (-·)
conﬁgurations for Vb = 0.0 V and Vg = 0.5 V (ﬁgure 5). Comparing ﬁgure 4a with ﬁgure 5 reveals the
inﬂuence of gate voltage on the transmission spectra.
Evidently, the positions of transmission peaks against
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Figure 5. TC as a function of energy (eV/t0 ) for (a) B12 N12
molecule when Vb = 0.5 V and Vg = 0.5 V. Curves represent the parallel (-) and antiparallel (-·) alignments of the
magnetisation of the electrodes.

Figure 6. The current–bias voltage characteristics in the parallel (∗) and antiparallel ( ) conﬁgurations for (a) B12 N12 and
(b) B24 N24 molecules.

energy are moved by the gate voltage, thereby, the
energy levels and availability of states around the
Fermi energy change by the gate voltage. Therefore,
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Figure 7. The TMR ratio as a function of bias voltage for
the B12 N12 (–) and B24 N24 (--) molecules.

conduction and electron density (resistance) in the
molecule change by the gate voltage because they are
dependent on the availability of the state around the
Fermi energy.
The surface density of states of the spin-up electrons is different from that of the spin-down electrons in
the FM electrodes [12]. Considering the quantum tunnelling phenomenon through the molecule, it has been
shown that the transmission spectrum for the parallel
conﬁguration is different from that of the antiparallel
conﬁguration [12]. The origin of this effect is explained
in [12].
Figure 6 interprets the current–bias voltage characteristics of Bn Nn molecule in the presence of magnetic
ﬁeld for the parallel (∗) and antiparallel ( ) conﬁgurations. The step-like behaviour of I –V curves
indicates that a new channel is created. The magnitude
of the current ﬂowing through the molecule is in the
order of milliampere. At low applied voltages (−1 to
+1 V), the magnitude of the current ﬂowing through the
molecule is not visible in the I –V curves. Figures 4 and 5
show that the spectrum of parallel transmission is different from that of antiparallel conﬁguration. Therefore,
Ip and Ia are different. The physical behaviour of the
I –V curve of the B12 N12 molecule is similar to that
of the B24 N24 molecule. Figure 6a, in comparison with
ﬁgure 6b, shows that the current values of B12 N12 are
larger than those of B24 N24 because the electron wave
for the B24 N24 molecular junction scatters more than
the electron wave for the B12 N12 molecular junction.
The TMRs as a function of applied bias voltage (Vb )
are plotted in ﬁgure 7 for the B12 N12 and B24 N24
molecules. The values of current in the parallel conﬁguration vs. the bias voltages are larger than those in
the antiparallel conﬁguration, where the corresponding
TMR is positive.
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Figure 9. The TMR ratio as a function of gate voltage for
B12 N12 (–) and B24 N24 (--) molecules.

Figure 8. (a) The current–gate voltage characteristics in the
parallel (∗) and antiparallel ( ) conﬁgurations for (a) B12 N12
and (b) B24 N24 molecules.

For a B24 N24 molecule, with a further increase in
the applied voltage, the TMR ratio increases and then
decreases. This process repeats in a similar way as
described in the following. Our results in ﬁgure 7 show
that the TMR curve of B24 N24 has peaks at ∼0.0, −2.0
and +1.8 V and has the maximum value (about 60%) at
zero bias voltage. The comparison of TMR behaviour
of B12 N12 with TMR behaviour of B24 N24 shows that
a peak of TMR for B12 N12 occurs at zero bias voltage
similar to the TMR of B24 N24 . Three peaks are observed
in the TMR curve of B12 N12 . In addition, the maximum values of TMR for B12 N12 (i.e., 75%) are seen at
voltages −1.6 and +1.6 V. The results indicate that the
decrease in the B–N fullerene size increases the maximum value of TMR. Moreover, it shifts the maximum
value of TMR to a higher voltage. Figure 7 shows that
the TMR of B24 N24 for low bias voltage is almost the
same as the TMR of B12 N12 . The TMR of B–N fullerene
ﬁrst decreases with a further increase in the applied

voltage. Thus, our calculations are in agreement with
similar systems [10].
Using a similar method, Saffarzadeh [16] reported
a maximum value of 60% for C60 TMR in low voltages (−0.2 to +0.2 V). In these voltages, the current
is invisible. The I –V curve of B12 N12 compared with
C60 indicates that the fullerene-like alternate BN cages
increase current, with three orders of magnitude [16,33].
Moreover, the maximum value of B12 N12 TMR ratio
is 25% bigger than that of C60 . The current value of
B12 N12 is visible when the TMR value has its maximum [16].
To investigate the other features, the effect of the gate
voltage on the current of B12 N12 and B24 N24 molecules
is plotted in ﬁgures 8a and 8b when Vb = 0.5 V. First,
the current is invisible at a low applied voltage (−0.5
to +0.5 V). Increasing the gate voltage up to Vg = ±
0.5 V, the current follows through molecules. Evidently,
the current increases signiﬁcantly when the transmission
peak moves to the bias window by the change in the gate
voltage.
In ﬁgure 9, TMR vs. Vg curves are shown for B12 N12
and B24 N24 molecules. When Vg is applied, the number
of peaks increases and the maximum values of the TMR
vary. In order to control the electron density and resistance in the device, the gate voltage is used. When the
gate voltage increases, the highest occupied molecular
orbital (HOMO) or the lowest unoccupied molecular
orbital (LUMO) peak moves to the energy window
region. In such a condition, the current ﬂows through
resonant tunnelling.
4. Conclusion
The spin-dependent carrier transport in a molecular
junction consisting of Bn Nn (n = 12, 24) cages coupled
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to two ferromagnetic leads was investigated using the
Landauer formula based on the NEGF method. First,
the transmission spectra of Bn Nn molecular junctions
were calculated for the parallel and antiparallel conﬁgurations. These spectra are important for the study
of transport properties of molecules. Then, we calculated the current–bias (gate) voltage characteristics of
Bn Nn molecule. The TMRs, as a function of the applied
bias and gate voltages, were explored for the mentioned
molecules. The spin-dependent transport properties of
the B12 N12 molecule were compared with those of the
B24 N24 and C60 molecules.
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