
1Scientific Reports | 6:38862 | DOI: 10.1038/srep38862

www.nature.com/scientificreports

Klein tunneling in Weyl semimetals 
under the influence of magnetic 
field
Can Yesilyurt1, Seng Ghee Tan1,2, Gengchiau Liang1 & Mansoor B. A. Jalil1

Klein tunneling refers to the absence of normal backscattering of electrons even under the case of high 
potential barriers. At the barrier interface, the perfect matching of electron and hole wavefunctions 
enables a unit transmission probability for normally incident electrons. It is theoretically and 
experimentally well understood in two-dimensional relativistic materials such as graphene. Here we 
investigate the Klein tunneling effect in Weyl semimetals under the influence of magnetic field induced 
by ferromagnetic stripes placed at barrier boundaries. Our results show that the resonance of Fermi 
wave vector at specific barrier lengths gives rise to perfect transmission rings, i.e., three-dimensional 
analogue of the so-called magic transmission angles in two-dimensional Dirac semimetals. Besides, 
the transmission profile can be shifted by application of magnetic field in the central region, a property 
which may be utilized in electro-optic applications. When the applied potential is close to the Fermi 
level, a particular incident vector can be selected by tuning the magnetic field, thus enabling highly 
selective transmission of electrons in the bulk of Weyl semimetals. Our analytical and numerical 
calculations obtained by considering Dirac electrons in three regions and using experimentally feasible 
parameters can pave the way for relativistic tunneling applications in Weyl semimetals.

Klein paradox, which constitutes one of the most interesting consequences of quantum electrodynamics, has 
been theoretically predicted for massive particles1–6. However, the requirement of very high potential drop makes 
the observation impossible since the potential barrier height must exceed the rest energy of electrons, i.e., mc2 
(m being the mass of electron and c the speed of light). The discovery of graphene7 has enabled the experimen-
tal realization of this effect in an accessible condensed matter system, since the effective mass of electrons on 
graphene is zero, which leads to a zero energy gap between electron and hole states. Therefore, even at low applied 
potential of <​1 V, electron and hole wavefunctions can be made to match across the barrier, resulting in signature 
of Klein tunneling, i.e. unit transmission probability at normal incidence8. So far, many works have been done to 
observe the absence of backscattering under an applied potential in graphene9,10. In addition, the so-called magic 
transmission angles caused by the resonance of Fermi wave vector have been investigated in two-dimensional 
Dirac semimetals such as graphene11–13. Additionally, it is important to analyze the Klein tunneling system under 
magnetic field since only the phase shift in conductance resonances of a ballistic graphene p-n junction may lead 
a direct evidence of absence of backscattering at the barrier interface10,14. Therefore, it is a prerequisite that any 
candidate material for Klein tunneling must be analytically treated under the influence of magnetic field as well.

The recent discoveries15–17 of material systems exhibiting Weyl semimetallic properties have created a viable 
avenue for realizing three-dimensional relativistic electron transport. In such materials, the so-called Weyl fermi-
ons show gapless energy-momentum relation like graphene, but in all three dimensions in k-space. The intriguing 
nature of Weyl semimetal provides a stable topological state whose low energy dispersion is described by the Weyl 
Hamiltonian shown in Eq. 1. The Weyl nodes in the bulk of the material always come together in pairs with opposite 
chirality, carried by the sign of the velocity. This pair of bulk Weyl nodes are connected to one another by the Fermi 
arc states occurring on the surface. Theoretically, the low energy Hamiltonian of such a system is robust against 
perturbations since it includes all three Pauli matrices18. The exotic features of Weyl semimetals including Weyl 
nodes in the bulk and Fermi arcs on the surfaces have attracted attention both theoretically and experimentally19–21.  
The surface states (Fermi arcs) have been observed in topological metal16, TaP21 and YbMnBi22 recently. The bulk 
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transport properties have also been investigated, and experimental works have shown consistent agreement with 
theoretical predictions22–24. Moreover, due to the high mobility and chiral nature of electrons in Weyl semimetals, 
they are expected to be ideal candidates for transport and tunneling applications. Several transport applications 
such as charge transport25, magnetotransport26, extremely large magnetoresistance and ultrahigh mobility27 have 
been predicted and observed recently.

In this work, we have investigated the properties of Klein tunneling transmission of Weyl fermions (including 
the so-called “magic” transmission angles) with and without the influence of magnetic fields, which are induced 
by four ferromagnetic stripes, as shown in Fig. 1. Our tunneling calculations based on electron wave functions 
in three regions show absence of backscattering for normally incident electrons in the presence of applied gate 
potential close to Fermi level. Also, we show that a particular wave vector can be selected by tuning the external 
magnetic fields, which may be useful for electro-optic applications. By calculating the angular dependence of 
electron transmission, we find that the resonance of Fermi wave vector and the barrier length causes magic trans-
mission rings, i.e., perfect transmission angles in two transverse dimensions where the transmission probability 
(T) is 1.

Methods
To obtain the transmission probability of the system, we consider electron wavefunctions in the three regions 
shown, i.e., Ψ​1, Ψ​2 and Ψ​3 for incident, propagated and transmitted electrons, respectively. It is experimentally 
shown that in three-dimensional Dirac semimetals, the Fermi level as well as potential barrier height, can be 
tuned by applying a bias to a gated region or by alkali metal doping28,29. By modulating the concentrations of 
alkali metal dopants in the different regions, one can create Weyl semimetal system with a band-profile as shown 
in Fig. 1(c). Another alternative would be to apply a back gate to all three regions, and one additional top gate 
to change carrier concentration only within the barrier region, as was demonstrated in ref. 28 in thin-film Dirac 
semimetal Cd3As2 experimentally. However, the fabricated material must be quite thin (several nanometer thick-
ness) since screening effect is only available for short ranges. As shown in Fig. 1, the application of gated potential 
or metal doping raises the carrier concentration in the barrier region. We assumed a rectangular potential barrier 
in the central region. If the potential barrier height exceeds the Fermi energy, then the Fermi level will lie within 
the conduction band in the first and third regions, but cuts across the valence band in the second region. In our 
scheme, ferromagnetic stripes are placed on top and one side of the Weyl semimetal at the barrier boundaries. 
The anti-symmetric configuration of ferromagnetic stripes whose magnetic moment perpendicular to the surface 
induce a localized magnetic field B which is modelled by a delta-function at the boundaries. This translates into 
a magnetic vector potential A whose spatial profile is shown in Fig. 1(b). The top and side ferromagnetic stripes 
create a gauge potential on y- and z-axis respectively. Note that, by controlling the two magnetic fields along y- 
and z- direction independently, the effective gauge potential on arbitrary transverse direction can be generated.

We first consider the case without a magnetic field, for which the low energy Dirac Hamiltonian of the Weyl 
fermion can be described as follows

Figure 1.  The schematic representation of the single potential barrier Weyl semimetal under the influence 
of magnetic field induced by four ferromagnetic stripes on the top and one side surfaces. The anti-
symmetric anisotropy of ferromagnetic stripes generates a delta function magnetic field B thus a magnetic 
vector potential A. Induced potential barrier changes the carrier concentration of barrier region, such that the 
Fermi level (blue dashed line) cuts across the conduction band in first and third regions, but lies within the 
valance band in the second region. The occupied states are shown by light blue near the Weyl nodes.
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σ σ σ σ= . + = + + +( )kH v V v k k k V( ) , (1)F F x x y y z z0 0 

where νF is the Fermi velocity, and σ represents all three Pauli matrices. To investigate the transport properties in 
the bulk system, we consider Weyl electrons near one node and neglect the contribution of surface states (and 
hence Fermi arcs) and intervalley scattering to the conduction. By solving the above Hamiltonian, the eigenener-
gies can be found as ε = − = ±E V v kF F F0  . The positive part of energy represents the electrons carrying neg-
ative charge above zero energy while the negative part is for the states that exhibit positively charged behavior 
(holes) that are unoccupied states in valance band. By considering a transmission of electrons along x-direction 
at angles γ (the angle between k and the xy plane) and φ (the azimuthal angle with respect to the x-axis), the com-
ponents of the eigenstates of equation (1) can be obtained as
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The top component of wavefunction ψa for incident, propagating and transmitted regions shown in Fig. 1 can 
be written as
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The next step is to write the bottom component of the wave function ψb by using the relation 
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In the above, the Fermi wavevector is = + +k k k kF x y z
2 2 2  and the three components of wavevector outside 

of the barrier can be written as γ φ=k k cos cosx F , γ φ=k k cos siny F , γ=k k sin ,z F  while the x-component of 

wavevector within the barrier is 


= − −−( )q k kx
E V

v y z

2
2 2F

F

0 . The propagating angles within the barrier 

θ = − ( )tan
k

q
1 y

x
 and α θ= − ( )tan cosk

q
1 z

x
 can be found by considering the conservation of the transverse 

wavevectors ky and kz at the barrier interfaces. Finally, the transmission function t can be derived by considering 
the wavefunction continuity at the barrier interfaces with the proper matching conditions.

Results and Discussions
In Fig. 2, we analyze the transmission probability =T t 2 in the case of different applied potential V0 but constant 
Fermi energy (EF ≈​ 82 meV). The examples (a) and (c) shows the angular dependence of the tunneling probability 
when V0 is much greater than EF, which is the case of electron conductance between electron and hole states at the 
barrier interface. As shown in (b) and (d), the transmission profile of the system is exactly same as the graphene 
case presented in ref. 8, if one reduce the system in two-dimension by setting the constant value zero for one of 
the incident angle (γ =​ 0 or φ =​ 0). The graph (e) shows the case when the V0 is close to EF, thus, the Fermi level is 
very close to the Weyl node in the barrier. Therefore, only normal incident electrons (γ ≈​ 0 and φ ≈​ 0) can be 
transmitted perfectly.

The additional perfect transmission rings can be understood by the resonance condition of Fermi wavevector 
kF and the barrier length L. These perfect transmission angles can be derived by using the relation 

π= = ± …q L n n, 0, 1,x  by substituting the expression of qx [see Eq. 2 below]. In two-dimensional relativistic 
materials such as graphene, the consequence of these resonances enables other perfect transmission angles which 
satisfy the above condition as shown in Fig. 1(b,d) as well as ref. 8. However, here we found perfect transmission 
rings instead of points as a consequence of these resonances since two incident angles must satisfy the resonance 
condition in Weyl semimetal. The number and shape of the perfect transmission rings can be intuitively predicted 
that they are highly dependent on applied voltage and Fermi energy since qx is a function of V0 and EF. Also, it can 
be clearly seen that larger barrier length must enable more perfect transmission rings as shown in Fig. 3. 
Moreover, matching of perfect transmission angles in two different transverse direction results in very interesting 
tunneling profile when the barrier length L is large enough. This can be understood by the combination of many 
transmission rings caused by incident angles γ and φ. Analytically, one can predict these angles by using reso-
nance conditions and wavevectors as


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Every incident angle that satisfies above expression cause a unit transmission probability (T =​ 1) is depicted 
by bright pixels in Fig. 3. The predicted transmission profiles shown in Fig. 3 may be experimentally observed by 
using a point electron source and measuring electron transmission density right after the second interface of the 
barrier.

The absence of normal backscattering has been widely investigated in mostly two-dimensional Dirac semi-
metals such as graphene and silicene. It has been revealed that normally incident electrons can be perfectly trans-
mitted even in the case of high applied electrical potentials due to the chiral nature of particles in these materials. 

Figure 2.  Angular dependence of transmission probability for different configuration of applied potentials 
in the case of L = 100 nm and EF ≈ 82 meV. (a,c) show the cases of V0 ≈​ 200 meV and 285 meV respectively.  
(e) shows that when the applied potential is close to Fermi energy (V0 =​ 80 meV), only normal incidence 
electrons can transmit as Fermi level is very close to the Weyl node in the barrier region. (b,d,f) Represent the 
cross section of three-dimensional transmissions (a,c,e) in the case of γ =​ 0.
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This has also been studied in Weyl semimetal multi-barrier structures generated by periodic electrostatic poten-
tial gates30. Our results on the Klein tunneling transport without a magnetic field also confirm the absence of 
backscattering and reveal the magic transmission rings, which can be analytically derived from Eq. 2. Besides, it 
has been shown that the number of magic transmission rings and their configuration are highly dependent on the 
barrier length [see Fig. 3].

Now, we analyze the transmission profile of Weyl semimetal under the influence of magnetic field induced by 
ferromagnetic stripes on top and side surfaces. The delta-function magnetic fields at the barrier interfaces cause 
following gauge potentials on z- and y-directions.

= Θ − Θ −
��

ˆA B l x x L y[ ( ) ( )]Bz z B0( )

= Θ − Θ −
��

ˆA B l x x L z[ ( ) ( )] ,By y B0( )

where =lB e B0

 . Thus, the Hamiltonian in Equation (1) must be modified as σ= . + +p AH v e V( ( ))F 0. 

Here, we have neglected the Zeeman splitting since the band shift is very small and only observable under a very 
high magnetic field of ≈​25 T, as shown experimentally in the Weyl semimetal TaP31. Furthermore, it has been 
shown that at field strength above 3 T, Weyl semimetals like TaP begin to exhibit insulator-like behavior31. The 
magnetic field causes a change on the both transverse wave vectors as → +k ky y

eABy


, → +k kz z
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vector along y- and z-direction are recalculated with the contribution of the magnetic field; they can be written as
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Figure 3.  Angular dependence of transmission probability in the case of EF ≈ 82 meV, V0 = 150 meV for 
different configurations of the barrier length L. Larger barrier length results in more magic transmission 
rings, and the combination of the perfect incident angles for two transverse directions causes different 
transmission profiles.
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where η = ±1 depending on the sign of the magnetic field. Here, the two independent orthogonal magnetic field 
vectors can create arbitrary angle effective magnetic field that is transverse to the transmission by setting both 
sign and strength of the magnetic anisotropy of ferromagnetic stripes. Analyzing the angular dependence of the 
transmission probability, it is shown that electrons are affected by the magnetic field by means of transverse 
Lorentz displacement. More importantly, a very small range of perfect transmission angles can be selected in 
two-dimensional transmission space by means of the magnetic gauge potential. Figure 4 shows the effect of mag-
netic field on the transmission angles and rings. The perfect transmission rings are deflected and distorted in the 
presence of the magnetic field, as shown in Fig. 4(a) and (b). In the case of normal transmission induced by set-
ting an applied potential close to the Fermi energy [see Fig. 2(e)], the specific wavevector that exhibits absence of 
backscattering can be tuned by the magnetic gauge potentials. This allows one to generate transmission for a 
particular incident vector while blocking all other incident vectors. In Fig. 4(c) and (d), the angles corresponding 
to the absence of backscattering are shifted to different orientations by tuning the magnetic gauge potentials. It 
can be seen that any point in two-dimensional transmission space can be chosen for unit transmission probability, 
which may be very useful for electro-optic applications. Moreover, by changing the difference between Fermi 
energy and barrier height (EF −​ V0), the radius of perfect transmission points can be changed as well.

The magnetic barrier profile shown in Fig. 1(b) consists of two asymmetric ferromagnetic strips with an 
out-of-plane magnetization that give rise to a square-shaped magnetic gauge potential, and is commonly adopted 
in previous studies on two-dimensional transport under the influence of a magnetic field. For instance, a similar 
double magnetic barrier structure was considered on the surface of topological insulator32. However, ref. 32 also 

Figure 4.  Angular dependence of transmission probability under the influence of magnetic field by 
considering magnetic gauge potentials on z- and y-component of Fermi wavevector for barrier length 
L = 100 nm. (a,b) Shows the effect of magnetic field in the case of V0 =​ 140 meV and V0 =​ 200 meV respectively. 
(c,d) Shows the effect of magnetic field on normal incident electrons when the barrier allows only normal 
incident electrons since the applied potential is close to Fermi energy (EF ≈​ 82 meV, V0 =​ 60 meV). It is seen 
that application of magnetic field can set the perfect transmission angles on the two-dimensional transmission 
space.
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considers the case of magnetic field with a square profile, which induces a linearly increasing magnetic gauge 
potential, as shown in the work. In this case, the resulting Klein tunneling properties would be different since the 
gauge potential is not constant within the central barrier region. Another option to achieve square shape magnetic 
vector potential may be using a single ferromagnetic strip whose magnetization is in the in-plane direction33.  
These type of magnetic barriers, i.e., square shape gauge potential, would be useful for electron filtering according 
to their incident angle when they are combined with another effect (e.g., strain) that can lift the valley or spin 
degeneracy, as investigated in several previous studies33–37. Another work38 investigates the combined effects of 
magnetic and electrostatic potential barriers, in either the symmetric or antisymmetric configuration, on the 
transport properties of graphene. It shows that the symmetric configuration would give rise to a deflection of the 
incident angle of electrons at the barrier interfaces, which is similar to the predicted Klein tunneling behavior of 
Weyl semimetals [as depicted in Fig. 4]. On the other hand, the antisymmetric barrier configuration would cause 
electron collimation closer to the normal direction by reflecting the electrons that possess a large incident angle, 
or suppression of transmission if electrical potential and Fermi energy are comparable to one another.

Since graphene and Weyl semimetals with the conventional non-tilted energy dispersion have similar 
energy-momentum relation, the effect of an applied magnetic barrier in the central barrier region in a Weyl sem-
imetal should give rise to similar results to that on the Klein tunneling properties in graphene. Figure 5 confirms 
that the application of magnetic field on graphene shifts perfect transmission angles, similar to that shown in 
Fig. 4 for Weyl semimetals, but the former is confined to two dimensions.

The results shown in this paper are obtained by using appropriate parameters that can be realized in current 
technology. Here, we discuss the validity of the Hamiltonian, and feasibility of electrical and magnetic barrier 
structures.

The Hamiltonian shown in Eq. 1 describes the dynamics of low energy electrons near one node in Weyl sem-
imetals. Therefore the validity of this approximation is restricted by an energy range depends on the full band 
structure of the material hosting such a Weyl nodes with linear energy dispersion. Thus far, it has been shown that 
the linear energy dispersion of Weyl cones along all three directions is effectual up to 0.4 eV in NbAs17. Despite 
this result does not indicate an upper limit, it is larger than the Fermi energy used as example in this work. 
Moreover, the linear energy dispersion along three directions up to 2.5 eV was also observed in Dirac semimetal 
Cd3As2 which may be driven into Weyl semimetal phase29.

In our scheme, both electrostatic and magnetic barrier exist. To generate such an electrostatic barriers (p-n-p), 
we require modulation of the carrier concentration of the sample as a whole, as well as modulation of the carrier 
concentration only within the barrier region. One of the methods to achieve this is by using a back gate to change 
the carrier concentration of the whole sample, thus causing a change of the Fermi level, and a top gate to change 
the carrier concentration within only the gated (barrier) region. The validity of this method in three-dimensional 
semimetals has been experimentally confirmed in Cd3As2 by the observation of a gate-tunable Fermi level and 
carrier concentration28. Another method to generate an electrostatic barrier is modulating the doping concen-
tration in three regions. In particular, tuning of the carrier concentration by alkali doping has been achieved in 
Cd3As2, where the Fermi level has been raised to approximately 250 meV above the Dirac point29.

Based on current nanotechnology, magnetic barriers may be realized by several different methods. One 
method is by fabricating ferromagnetic stripes on the top of the structure39–45, which we used as an example 
in this manuscript. Another option of achieving the spatial modulation of the magnetic field is by depositing 
a superconductor film with the desired pattern on top of the device structure, and then applying a uniform 

Figure 5.  Angular dependence of transmission probability in graphene in the presence of different strength 
of applied magnetic barrier causing a constant vector potential in the barrier region, and induced by two 
asymmetric ferromagnetic strips at barrier boundaries for different electrical potential profiles (a) 285 meV, and 
(b) 63 meV, where the Fermi energy is 83 meV and barrier length is 100 nm.
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magnetic field42,46,47. Various structures of magnetic barriers have been experimentally achieved by using these 
methods. The upper limit of the magnetic field strength induced by ferromagnetic stripes directly depends on 
the saturation magnetization of the ferromagnetic material. For instance, the saturation magnetization of mag-
netic barrier around 3.75 T has been experimentally achieved, and the transport properties under the influence 
of the resulting magnetic barrier have been investigated in two-dimensional electron gas structures39. The 
upper limit of the magnetic barrier strength induced by a uniform magnetic field on superconductor pattern 
is restricted by the critical magnetization of the superconductor material, which is in excess of 30 T, as shown 
in Nb3Sn48.

Although we focused on a single magnetic barrier which induces a constant gauge potential within the 
barrier region [see Fig. 1(b)], it has been shown (see e.g., refs 49 and 50) that magnetic barrier superlattice of 
two-dimensional Dirac semimetals (such as graphene) can also yield very interesting results, as far as the electron 
collimation and resonant tunneling properties are concerned. The origin of the shift of the electron’s momentum 
(shown in Fig. 4) can be understood by the mismatch of the Fermi surfaces along the transmission direction. In 
the case of magnetic superlattices, the mismatch is cumulative through the lattice, and can induce distinct trans-
mission profiles depending on the structure of superlattice. If the resulting magnetic gauge potential profiles are 
square-shaped and antisymmetric, they tend to lead to electron collimation towards normal incidence by reflect-
ing the electrons having large incident angles, as shown in graphene previously49. This is unlike the results plotted 
in Fig. 4, which show an asymmetric transmission with respect to normal incidence. In the case of a superlattice 
consisting a periodic square-shaped magnetic field profile, the resulting gauge potential has a zig-zag character-
istic, which in turn, causes a zig-zag displacement of the Fermi surfaces of Weyl fermions in k-space. Therefore, 
additional resonances may be expected depending on the number of periods of the superlattice50. Additionally, 
the conductance exhibits an oscillatory behavior with respect to the Fermi energy50. As compared to our results, 
such a magnetic superlattice structure may potentially induce additional magic transmission rings in the trans-
mission profile.

Conclusion
Thus far, the Klein tunneling has been widely investigated in graphene and successfully realized by direct and 
indirect measurements9,10. Experimental realization of Weyl semimetal has made possible this kind of relativistic 
tunneling in three-dimension as well. Since the direct evidence of Klein tunneling requires the application of 
magnetic field to observe the phase shift of conductance oscillations10, we investigated the tunneling properties 
and angular dependence of the transmission under the influence of magnetic field with experimentally feasible 
methods and parameters. The results showed very interesting transmission profiles such as perfect transmission 
rings due to the resonance conditions. The effect of barrier length on the angular dependence of transmission 
profile results in an interesting transmission profile due to perfect transmission angles of the combination of 
two transverse directions. By using a point electron source, these transmission profiles can be experimentally 
observed by measuring the electron transmission density on the second interface of the potential barrier. In 
addition, we also analyzed the magic transmission rings in Weyl semimetals as a function of applied potentials 
and barrier widths. By tuning the potential barrier height, magic transmission rings can be controlled and used 
for many applications such as electron collimation51 and Veselago lens52–54 for electrons in three-dimensional sys-
tems. It has been shown previously that the application of asymmetric potential barriers may suppress the magic 
transmission peaks in graphene11. Therefore, further analysis of the magic transmission rings in Weyl semimetals 
may help realize the transistor effect in such materials. Finally, we showed that the perfect transmission regions 
can be selected by tuning the magnetic fields which may be used to generate localized transmission in the bulk of 
Weyl semimetals, a prediction which may be utilized in electro-optic applications.
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