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ABSTRACT

A novel mechanism has been reported for the intrinsic electronic properties of the 8-Pmmn 
borophene to investigate the electronic energy spectrum and spectrum parameters of the 
structure. To examine the structure, we extract the energy spectrum of the Hamiltonian 
for the monolayer borophene by using analytical method. Additionally, for the intrinsic 
properties, first we obtained the bare Fermi velocity which findings of the study are con-
sistent with experimental results. After obtained the bare state Fermi velocity 8-Pmmn 
borophene, dressed with triangular potential and renormalized Fermi velocity has been 
obtained. Corresponding renormalized Fermi velocity reshaped with the triangular poten-
tial which has non-negligible contribution to the intrinsic properties of borophene. This 
finding has important implications for developing electronic devices which made from the 
boron due to increasing the controllability of the structure. 
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1. Introduction

The first 2-dimensional material was isolated from gra-
phene in 2004 [1] by Andre Geim and Konstantin No-
voselov at the University of Manchester. The scientists 
received the 2010 Nobel Prize in physics. Since the 
discovery of the graphene, further researches have 
been realized on the other 2-dimensional materials 
because of their extraordinary electronic, optical and 
chemical properties [2-9]. Main application areas of 
the 2-dimensional materials are biological engineer-
ing, electronics, sensors, optoelectronics, composite 
materials, medicine, photovoltaic systems and energy 
storage [10-14]. With these applications great advanc-
es have been achieved, nevertheless none of these 
2D materials has been gained attention for commer-
cial applications, except of graphene. An international 
team of scientists led by N.P. Guisinger at Argonne 
National Laboratory; A. R. Oganov at Stony Brook Uni-
versity; M. C. Hersham at Northwestern University and 
Moscow Institute of Physics together with  Skolkovo In-
stitute of Science and Technology has been realized a 
large amount of research and synthesized borophene 
[15]. Borophene and graphene have many similarity 
due to their single atomic thickness sheets and they 
have great strong structure which display an extremely 
flexibility. However, they have substantial distinction 
on their lattice structures. Borophene is a crystalline 
allotrope of boron which has non-metallic nature as 
a bulk structure. Borophene is a highly anisotropic 
material which exhibit semiconducting and metallic 

behavior. Very recently, the 2-dimensional promising 
nanostructure has been predicted theoretically and 
effects of particle-hole symmetry breaking have been 
reported by optical conductivity [16]. In addition, ab-
initio properties of 8-Pmmn borophene has been stud-
ied, recently [17] and Li et al.[18] identified the energy 
spectrum of the 8-Pmmn borophene and showed it is 
ideal material to analyze Klein tunneling in the pres-
ence of anisotropy. Morover, similar to the graphene 
magnetic field effects has also been addressed in this 
material [19] but it still needs many work to specify its 
practical applications. Borophene has been started to 
frequently seen in the literature, but to date there is 
no study about triangular potential effect on the Fermi 
velocity. The research may be defined as a systematic 
process which consists of three elements or compo-
nents: (1) electronic energy spectrum is anisotropic (2) 
the anisotropic spectrum extended with triangular po-
tential, and (3) analysis and interpretation of triangular 
potential on the Dirac Fermion velocity which has two 
direction      and     are velocities along the x and y 
coordinates, respectively.

2. Theoretical model

Single-particle low-energy effective continuum model 
of the anisotropic Dirac model which corresponds to 
8-Pmmn borophene with triangular potential as, 

                                            (1) 
 
Where the first two terms correspond to kinetic energy 
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term and the third term described the tilted nature of 
the Dirac cones. ρ represents to valley index and + (-) 
corresponds to K (Kı) Dirac points. The      and     are 
velocities along the x and y coordinates, respectively. 
They are given by                           in units of 
         .      is anisotropic velocity arises due to 
tilted Dirac Fermions and its values is       .     is the 
identity matrix and σi are denotes to Pauli matrices.     
and      are the momentum operators. Corresponding 
energy dispersion of the  Hamiltonian can be obtained 
as,

the unit of velocity. Based on the calculations, we have 
chosen the strength of potential band parameter as a 1.

Seen from the Figure 1 (a) that energy band disper-
sion in k-space K valley of 8-Pmmn borophene and  
Figure 1 (b) have also shown the top side of atomic 
structure of borophene. As known that, we can control 
the model with strength term but when we increase or 
decrease the term strength, the anisotropic triangular 
structure deteriorates, i.e., for the best anisotropic tri-
angular spectrum, should be used the strength is 1. 
We have confirmed this part with contour drawings 
of the energy spectrum with Figure 2 and the aniso-
tropic circular spectrum appears to have evolved into 
an anisotropic triangle. Triangular potential strongly 
effects the anisotropic circular band structure of 2-di-
mensional borophene. 

Even if the changes orientation of the triangular or cir-
cular band structure of the borophene, to adapt the 
problem in the K or Kı valley responds with the same 
intensity in both valleys. Additionally, anisotropic gro-
up velocity of the borophene arises due to tilted Dirac 
Fermions which depend on the energy eigenvalues 
of the system. In this study, we modify the energy ei-
genvalues of the system with triangular potential and 
the contribution of the triangular potential part on the 

                                              (2) 
 
Here,

λ=+1 (-1)  is the band index which corresponds to con-
duction (valance) band and k= (kx, ky) is the two di-
mensional momentum operator. Inclusion of triangular 
potential on the 8-Pmmn borophene can be written as,

            
                                                                                          (3) 
                                              
 
     is triangular potential part of the borophene. β0 is 
      identity matrix and triangular potential velocity 

arises term is Δtri. The energy dispersion of the above   
      Hamiltonian can be obtained by analytical method,

    
                              

         
                      (4) 

 
together with

                              
                                                 (5) 

                                     
 

Figure 1. (a) Energy band dispersion in k-space representing equation (2) in valley K. (b) Top side view of atomic structure of borophene. 
The yellow and red balls denote the boron atoms move inward and outward from the plane, respectively [20]. 

where ki is the momentum operators. Δtri is an adjustable 
parameter which represents the triangular potential 
strength term. The adjustable parameter should be in 

   
 
 
    

   
  

                                        (6) 

   
 
 
    

   
  

 
energy eigenvalues of the bare borophene could not 
be neglected because its effect is really important on 
its energy. The relation of Dirac Fermion velocity and 
its relation to energy and momentum is obtained from,

where       is given in Eq.(4). Where ρ represents to 
valley index, + (-) corresponds to K (Kı) Dirac points 
and λ = 1 (−1) corresponds to electron (hole) states. 
Because of the anisotropy of the system along the 
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axis-direction, electronic charge carriers have distinct 
from each other and have different Dirac Fermion ve-
locity                           By following the same 
procedure, the triangular potential dressed Dirac velo-
city can be found by expanding the Eq.(4) expression 
around to k-points. The renormalized fermi velocity of 
the effective charge carriers in 8-Pmmn borophene 
is available upon to evaluated in Figure 3 (Figure 4) 
with variable kx (ky) values. In Figure 3 x-direction ef-
fective Fermi velocity under the influence of triangu-
lar potential. Figure 3a is corresponds to conduction 
band and Figure 3b is respond to valance band of 
the effective energy. It is well-known that borophene 

has different Fermion velocity      is                          . The value 
seen from the Figure 3a (conduction band) and Figu-
re 3b (valance band) with dashed lines. {red dashed 
lines, black dashed lines, blue dashed lines}={(0.1,ky), 
(0.2,ky), (0.3,ky)}. In conduction band x-direction ef-
fective Fermi velocity changes from                           to          
which represented with {red lines, black lines, blue 
lines}={(0.1,ky), (0.2,ky), (0.3,ky)}. The triangular poten-
tial dressed Fermi velocity x-direction in valance band 
can be found by following the same procedure which 
give changes from                           to 0      in Figure 3b. One of 
the important implication that  component momentum 

Figure 2. Fermi lines topology which are close to the K valley of the borophene a) circular anisotropic band structure b) triangular anisotropic 
band structure.

Figure 3. Renormalization     -direction of Fermi velocity in triangular potential dressed borophene with ky momentum.
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responsible of the anisotropy so when dressed the 
Hamiltonian with any potential ky component is really 
effected. Additionally, we have to receive considerable 
critical attention that the behavior of renormalized ve-
locity of x-component show different behaviour from 
the bare states.

With the same method, it is possible to investigate the 
renormalization    -direction of Fermi velocity in trian-
gular potential dressed borophene with kx momentum. 
In Figure 4a and Figure 4b, we show the renormaliza-
tion of the Fermi velocity along the x-direction which is 
quite different from the y-directions. In contrast to -di-
rection of Fermi velocity in triangular potential dressed 
borophene,    -direction of Fermi velocity in triangular 
potential dressed borophene has not changed which 
has       .   But, it is clearly seen from the figures that 
the behavior of the velocity has modified. That is, the  
    and     velocities along the x and y coordinates ef-
fected from the triangular potential and it is modify the 
intrinsic electronic properties of 8-Pmmn borophene.

3. Conclusion

This study aims to contribute to this growing area of 
research by exploring the electronic band spectrum of 
the 8-Pmmn borophene. The results in this study indi-
cate that triangular potential is really effective param-
eter on the intrinsic electronic properties of 8-Pmmn 
borophene. The potential is an efficient band param-
eter which affecting the band properties of the system. 
We have used the theoretical analytic method to get 
the influence of triangular potential in the energy spec-
trum of the system. Following this technique, we have 
computed the anisotropic energy spectrum and the 

results show the same experimental setup of bo-
rophene [15]. After that, moves on to discuss in the 
presence of triangular potential. Due to the its highly 
anisotropic nature of the structure we have found that 
x-direction of the Fermi velocity decrease the value 
from                           to 0      in valance band while x-direction 
of the Fermi velocity increase the value from                           to 
         in conduction band. But, even if y-direction of 
the Fermi velocity has not changed the value, trian-
gular potential has changed the behavior of the Fermi 
velocity with respect to kx momentum. Although exten-
sive research has been carried out on 8-Pmmn boro-
phene, no single study exists which analyze triangular 
potential on the energy spectrum. The potential has 
non-negligible contribution to the electronic energy 
spectrum of borophene. As a conclusion, the results 
of conclusion can be extended with spin-orbit interac-
tions which can be lead to better understanding for 
transport and electronic properties of the material. 
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