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The tunneling of the massless Dirac fermions through a vector potential barrier are theoretically investigated, where
the vector potential can be introduced by very high and very thin (δ -function) magnetic potential barriers. We show
that, distinct from the previously studied electric barrier tunneling, the vector potential barriers are more transparent for
pseudospin-1/2 Dirac fermions but more obstructive for pseudospin-1 Dirac fermions. By tuning the height of the vector
potential barrier, the pseudospin-1/2 Dirac fermions remain transmitted, whereas the transmission of the pseudospin-1
Dirac fermions is forbidden, leading to a pseudospin filtering effect for massless Dirac fermions.
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1. Introduction

The pseudospin-1/2 massless Dirac fermions have been
widely investigated since the graphene-like materials[1–4]

were successfully fabricated in experiments. Novel phe-
nomena have been found in pseudospin-1/2 massless Dirac
system, such as the quantum spin Hall effect,[5–7] spec-
ular Andreev reflection,[8] Fabry–Pérot interference,[9–11]

Klein tunneling,[12] and laser irradiation-induced pseudospin
filter.[13] Furthermore, the pseudospin-1 Dirac system featured
by the flat band cutting through the Dirac point can also be
realized in condensed matter system, such as the photonic
crystals,[14,15] Lieb,[16] and α–𝒯3

[17] lattices. The dispersion-
less flat band leads to various unique phenomena, such as the
super-Klein tunneling,[17–24] super-Andreev reflection,[25,26]

and Seebeck and Nernst effects.[27]

The electron tunneling through the electrostatic poten-
tial has been widely reported in the literature. It is shown
that the electrons with different pseudospins exhibit differ-
ent behaviors through the electrostatic potential tunneling
process.[28–31] The Klein tunneling with the perfect transmis-
sion probability occurs only at the normal incidence for the
pseudospin-1/2 Dirac fermions, whereas this perfect tunnel-
ing can be extended to omnidirection in pseudospin-1 Dirac
systems, which is termed as the super-Klein tunneling.[22–24]

Consequently, the electrostatic potential barriers are more
transparent for the pseudospin-1 Dirac fermions than the
pseudospin-1/2 Dirac fermions.

However, the research on the electron tunneling through
the vector potential barriers[32–37] is insufficient. Motivated
by this fact, here we theoretically study the electron tunnel-
ing through the vector potential barrier introduced by the very
high and very thin (δ -function) magnetic potential barriers.
Both the pseudospin-1/2 and pseudospin-1 Dirac fermions are

considered. We find that the transmission probabilities be-
come zero for the pseudospin-1 Dirac fermions but nonzero
for the pseudospin-1/2 Dirac fermions with the increasing of
the magnetic potential, resulting in a pseudospin filtering ef-
fect for massless Dirac fermions.

The paper is organized as follows. The model is presented
in Section 2. The results and discussion are shown in Sec-
tion 3. Finally, we conclude in Section 4.

2. Model
We consider the tunneling junction in the x–y plane with

the potential barrier in the region 0< x< L, as shown in Fig. 1.
The out-of-plane magnetic potential is given by 𝐵 = (0,0,Bz)

with

Bz = ℓBB0(δ (x)−δ (x−L)), (1)

where ℓB =
√

c/eB0 is the magnetic length and L is the width
of the barrier region. The δ -type magnetic potential barriers
are located at the left and right end of the strip, with their mag-
nitudes being B0 and −B0, respectively. The vector potential
induced by 𝐵 = ∇×𝐴 reads 𝐴= (0,Ay,0), where

Ay = ℓBB0(Θ(x)−Θ(x−L)). (2)

In experiments, the vector potential in our model can be in-
duced by depositing ferromagnetic strips on the top of junc-
tion layer but in a way that there is no electrical contact be-
tween the junction and these strips.[37,38] The typical experi-
mental value for the magnetic field is B0 = 4 T,[34] where the
magnetic length and the vector potential are ℓB = 13 nm and
Ay = 52 T ·nm, respectively.

The tunneling process is described by the low-energy
Hamiltonian

ℋ= vF

(
𝑝+

e
c
𝐴

)
·𝛴+V (x), (3)
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where 𝑝= h̄𝑘 is the momentum with 𝑘 being the wave vector,
V (x) is zero for the pristine regions (region I and region III
in Fig. 1(a)) and V (x) = V0 for the barrier region (region II in
Fig. 1(a)), which can be adjusted by doping or by a gate volt-
age, and 𝛴 is the Pauli matrix. For pseudospin-1/2 fermions,
𝛴 = (σx,σy),[12,39,40] where

σx =

(
0 1
1 0

)
, σy =

(
0 −i
i 0

)
. (4)

For pseudospin-1 fermions, 𝛴 = (Sx,Sy),[19,25] where

Sx =
1√
2

0 1 0
1 0 1
0 1 0

 , Sy =
1√
2

0 −i 0
i 0 −i
0 i 0

 . (5)

The scattering states can be obtained by the schrödinger
equation

ℋψ(x)e ikyy = Eψ(x)e ikyy, (6)

where E and ky are the incident energy and the conserved
transverse wave vector, respectively. The energy dispersion
is given by

E = h̄vF

√
k2

x +

(
ky +

1
ℓB

)2

. (7)

The scattering basis states for pseudospin-1/2 are given by

ψ
+
p =

(
1

e iθ

)
e ikpx, ψ

−
p =

(
1

−e−iθ

)
e−ikpx, (8)

and the scattering basis states for the pseudospin-1 Dirac
fermions are given by

ψ
+
p =

e−iθ
√

2
e iθ

 e ikpx, ψ
−
p =

 −e iθ
√

2
−e−iθ

 e−ikpx, (9)

where θ is the incident angle satisfing sinθ = h̄vFky/(E −V0)

and kp = (E −V0)cosθ/h̄vF is the longitudinal wave vector
with p = {I, II, III} distinguishing different regions of the
junction. Consequently, the scattering states can be written
as

ψ(x) =


ψ

+
I + rψ

−
I , x < 0,

aψ
+
II +bψ

−
II , 0 < x < L,

tψ+
III, x > L.

(10)

The conservation of the current at the boundary requires
the continuity of (ψ1,ψ2)

T for the pseudospin-1/2 Dirac
fermions and (ψ1/

√
2 + ψ3/

√
2,ψ2)

T for the pseudospin-1
Dirac fermions, where ψi (i = 1,2,3) is the i-th component
of the wave function in Eq. (10).[19,41] The transmission and
reflection probabilities are given by T = |t|2 and R = |r|2, re-
spectively. One finds that the transmission probability reads

T =
1

cos2(kpL)+Z2 sin2(kpL)
, (11)

Z =


1− sinθ sinθ ′

cosθ cosθ ′ , pseudospin-1/2,

cos2 θ ′+ cos2 θ

2 cosθ cosθ ′ , pseudospin-1,
(12)

where the incident angle θ and the refraction angle θ ′ satisfy
sinθ = h̄vFky/E and sinθ ′ = h̄vF(ky+1/ℓB)/(E−V0), respec-
tively.

x

y

B↼x)

x

B0

↩B0

 L

I II III

A↼x)

x

A

 L

V↼x)

x

V

 L

(a)

(b)

(c)

(d)

Fig. 1. (a) The schematic illustration of the two-dimensional (2D) tunneling
junction in the x–y plane where the transport direction is along the x axis.
(b) The profile of the δ -function magnetic potential barriers located at x = 0
and x = L. (c) The vector potential generated by the δ -function magnetic
barriers in Fig. 1(b). (d) The electrostatic potential barrier with the magni-
tude of V0.

The conductance can be calculated within the Landauer–
Büttiker formalism[42–44]

G = G0

∫
π/2

−π/2
dθT cosθ , (13)

where G0 = (2e2/h)N(E) is the normalized conductance and
N(E) = (E −V0)W/π h̄vF with W being the junction width.

3. Results
In the absence of the magnetic field, the incident angle (θ )

resolved transmission probability (T ) is shown in Fig. 2(a),
where the incident energy is E = 0.6V0. It is shown that the
perfect tunneling with the unit transmission probability for
the pseudospin-1/2 Dirac fermions occurs at the normal in-
cidence, i.e., θ = 0, as the dashed blue line shown in Fig. 2(a).
However, for the pseudospin-1 Dirac fermions, the perfect
transmission can be extended to wide incident angles around
θ = 0, namely, the super-Klein tunneling, as the solid red line
shown in Fig. 2(a). It is noted that the angle-resolved scat-
tering pattern is symmetric due to the time-reversal symmetry,
i.e., T (θ) = T (−θ).

117401-2
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In the presence of the magnetic field, T versus θ is
shown in Fig. 2(b). The transverse wave vector is shifted by
ky → ky +1/ℓB. As a result, the scattering pattern is asymmet-
ric since the time-reversal symmetry is broken by the mag-
netic field, i.e., T (θ) ̸= T (−θ). The Klein tunneling is absent
for both the pseudospin-1/2 and pseudospin-1 Dirac fermions.
The maximum value of the transmission probability is about
0.4 for the pseusospin-1/2 Dirac fermions. However, for
the pseudospin-1 Dirac fermions, the maximum transmission
probability is about 0.05, which is much smaller than that for
the pseudospin-1/2 Dirac fermions, indicating that, in contrast
to the electrostatic potential barrier, the magnetic field-induced
vector potential barrier is more transparent for the pseudospin-
1/2 Dirac fernions than the pseudospin-1 Dirac fermions.

−π/2 −π/4 π/4 π/20

θ L2eB0/c

−π/2 −π/4 π/4 π/20

θ

S//
S/

S//
S/

S//
S/

(c)(a)

(b)

Fig. 2. (a) The transmission probability as a function of the incident angle
at B0 = 0 with E = 0.6V0. (b) The transmission probability as a function
of the incident angle at L2eB0/c = 2 with E = 0.6V0. (c) The transmission
probability at the normal incidence as a function of B0 at kpL = 0.01.

The transmission probability at the normal incidence as a
function of the magnetic field B0 is depicted in Fig. 2(c) with
kpL = 0.01. It is shown that the transmission probability for
the pseudospin-1/2 Dirac fermions (Ts=1/2) varies smoothly
with the increasing of B0. However, the transmission prob-
ability for the pseusospin-1 Dirac fermions (Ts=1) decreases
rapidly with the increasing of B0. Furthermore, the expres-
sions of the transmission probability at the normal incidence
can be obtained analytically as

Ts=1/2 =
1

cos2(kpL)+ sec2 θB sin2(kpL)
, (14)

Ts=1 =
4

4cos2(kpL)+(cosθB + secθB)2 sin2(kpL)
, (15)

where sinθB = 1/ℓB(E −V0) and kp = (E −V0)cosθB/h̄vF.
For kpL ≪ 1, one finds Eq. (14) reads

Ts=1/2 =
1

(1+(E −V0)2L2/h̄2v2
F)
,

which is independent of B0. However, the B0-dependent Ts=1

is given by

Ts=1 =
4

(4+(cosθB + secθB)(E −V0)2L2/h̄2v2
F))

.

For B0 → ∞, we have Ts=1/Ts=1/2 → 0, as shown in Fig. 2(c).
This pseudospin-filter tunneling can also be explained by

the mode matching method as follows. The electron transmis-
sion is determined by the boundary condition

|ψi⟩+ r |ψr⟩=ℳB · t |ψt⟩ , (16)

where
∣∣ψi(r)

〉
is the incident (reflected) electron state in the

left segment of the junction, |ψt⟩ is the transmitted electron
state in the right segment of the junction, and the magnetic-
field-dependent ℳB is the transfer matrix in the middle bar-
rier region. In Eq. (16), r and t are the reflection and transmis-
sion amplitudes, respectively. We focus on the electron tunnel-
ing at the normal incidence. For both the pseudospin-1/2 and
pseudospin-1 Dirac fermions, it is found that ⟨ψi|ψt⟩ = 0 at
the normal incidence due to the pseudospin-momentum lock-
ing. Consequently, the transmission amplitude at the normal
incidence can be obtained readily from Eq. (16), namely,

t = ⟨ψi|ℳB|ψt⟩ , (17)

indicating that the transmission probability (T = |t|2) is di-
rectly associated with the transfer matrix ℳB, the initial state
|ψi⟩, and the final state |ψt⟩. One finds ℳB = coskpL +

sinkpLsecθB sinθBσz − i sinkpLsecθBσx for pseudospin-1/2
Dirac fermions and ℳB = coskpL − i sinkpLcosθBσx for
pseudospin-1 Dirac fermions, where the magnetic angle θB

satisfies sinθB = 1/ℓB(E −V0) with ℓB =
√

c/eB0. With the
help of Eq. (17), we have

Ts=1

Ts=1/2
∼ 1

B2
0
. (18)

Consequently, for large B0, it is found that Ts=1 ≪ Ts=1/2, in-
dicating that the magnetic barriers are more transparent for
pseudospin-1/2 Dirac fermions than for pseudospin-1 Dirac
fermions. We note that the super-Klein tunneling can also
occur in our magnetic barrier tunneling model, which has
the same origin as that predicted in magnetic-field-free tun-
neling junctions.[24,25,25] In fact, at small incident angles,
the tunneling probability can be approximately obtained as
T (θ)∼ 1−θ 4 for pseudospin-1 Dirac fermions. However, for
pseudospin-1/2 Dirac fermions, the deviation was found to be
of the order of θ 2.[46] As a result, the nearly perfect transmis-
sion can occur in a larger range of the incident angle around
θ = 0 for pseudospin-1 Dirac fermions compared with that for
pseudospin-1/2 Dirac fermions, namely, the super-Klein tun-
neling.
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The conductance as the function of the incident energy is
shown in Figs. 3(a) and 3(b), where the magnetic field is zero
in Fig. 3(a) but nonzero in Fig. 3(b). It is shown that in the
presence of magnetic field, the conductance of the pseudospin-
1/2 Dirac system is much greater than that of the pseudospin-1
Dirac system in the large range of the incident energy, which
indicates that the vector potential barrier is more transparent
for the pseudospin-1/2 Dirac fermions than the pseudospin-1
Dirac fermions. The conductance as a function of the magnetic
field B0 is shown in Fig. 3(c), where G becomes zero for the
pseudospin-1 Dirac system but nonzero for the pseudospin-
1/2 Dirac system for large B0.

(c)(a)

(b)

S//
S/

S//
S/

S//
S/

Fig. 3. (a) The conductance as a function of the incident energy at B0 = 0. (b)
The conductance as a function of the incident energy at L2eB0/c = 2. (c) The
conductance as a function of B0 at kpL = 0.01.

4. Conclusion
To conclude, we theoretically investigated the effect of

the δ -function magnetic potential barrier on the tunneling ef-
fect of Dirac fermions with different pseudospins under elec-
trostatic potential. The pseudospin-1 Dirac fermions exhibits
sensitivity to the magnetic potential, while the barrier appears
more transparent for the pseudospin-1/2 Dirac fermions. By
calculating and comparing the transmission probabilities and
conductance of Dirac systems with different pseudospins, we
verified the feasibility of utilizing magnetic potential to imple-
ment pseudospin filter.
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