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Within the continuous approach, the transmission coeffi-
cient T of the Dirac quasielectrons through a step-like potential
barrier in the o-T3 model is calculated and analyzed. It is beli-
eved that the degree of coupling of the central atom with the
atoms in the vertices of the hexagonal lattice is characterized by
the parameter o, which can acquire values from zero to one.
Particular attention is given in the work to intermediate values
of a, since, it is known from the literature, that they are im-
portant for observing a lot of physical phenomena. The wave
functions as well as the transmission ratio arc sought by the
Dirac type equation. The Hamiltonian of the system is repre-
sented by a spinor of 9 components, which is expressed, in
particular, by the parameter o. The transmission coefficient is
found by means of matching of wave functions at hetero-
junctions.

In particular, it is found that there is a range of problem
parameters, such as the height of the electrostatic barrier U, the
energy of the quasiclectrons %, the ratio of the Fermi velocities
in the barrier and out-of-barrier areas B, in which the value of
the transmission coefficient reaches maximum, that is, it is close
to unity for o values close to unity. In this area, the dependence
of the transmission coefficient on the value of o is weak. When
the value of o becomes exactly equal to one, then the value of
the transparency coefficient reaches the absolute maximum, that
is, one. For the zero angle of incidence of quasiparticles on the
barrier, the Klein paradox phenomenon is observed, i.e, the
quantum transparency of the system is perfect, and this is right
for any values of the parameters o, B, U, . For certain ratios of
particle energy E, the barrier height U and the magnitude of
there is the supertunneling phenomenon, which is that under
these conditions the transmission coefficient is equal to one
independently of the angle of incidence of the particles on the
barrier. Characteristic of the transmission spectra 7(F) is also
the presence of a critical angle of incidence and a gap of
energies.
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OCOBJNIUBOCTI PYXY NCEBOAOPENATUBICTCbKUX
AIPAKIBCbKUX KBA3IYACTUHOK B ANb®A-T; MOLOENI
13 cXxoauMHKonoAaisHUM BAP’EPOM

A. M. Kopoas, H. B. Measiab
Hayionanvnuii ynieepcumem xap4o6ux mexHonoziii

Y pamrax konmunyansnozo nioxody po3paxoeano i NpoaHamizoeano xoegiyicum
mpancuicii T Oipakiecokux keazienexmpoHie Kpizo CXOOUHKONOOIOHILE NOMeHYIANbHUI
oap’ep 6 a-Ts mooeni. Beaxcaemucs, wo cmyninb 36 3Ky YeHMPATbHOZ0 AmMoMA 3
amoMaMu Yy 6ePULLHAX 2EKCASOHAIbHOT SPAMKU XAPAKMePU3YEMbCS NAPAMEMPOM @,
AKUL MOHCe HabYeamu 3HauenHs 6i0 Hyist 00 odunuyi. OcoOnuey yeazy npuditeHo npo-
MIDCHUM 3HAYEHHIM Q, OCKINbKU, K 6I00MO 3 IiMepamypu, OHU € GANCAUGUMU OIS
cnocmepedicents HU3KY isuunux seuwy. Xeunvoei Qyuxyii, a maxoxc xoegiyicnm
MpanHcMIcii 6U3HAYeHO 30 OONOMO20I0 pieHaHHA dipakiecokozo muny. I amitemonian
cucmemu NPeOCMABIeHO CHIHOPOM i3 0e8 iImu KOMIOHEHMIS, SKI GUPANICAIOMbCS, 30-
Kpema, wepe3 napamemp a. Koeiyienm mpancmicii 3natioeno 3a 00nomo20io 3utu-
BAHHS XBUTLOBUX (PYHKYITI HO 2eMEPOMEIHCAX.

3’acoeano, 30kpema, wo icHye obrnacme napamempie 3a0aui, Makux K eucoma
enexmpocmamuuroz2o 6ap’epy U, enepeis xeasienexkmpona E, éionowennsa weuoxo-
cmeii Depmi 8 6ap ‘epHiti i nozabap ‘epriti obnacmsx B, 6 axiti 3uavenwns Koeiyienma
mpancMicii 00cseae MAKCUMYMY, MOOMO HADIUNICAECMbCSE 00 OOUHUYI, O DAUZLKUX
00 oOunuyi 3navens 0. B yiti o6racmi 3anexcricmv koe@iyienma mpancmicii 6i0 ee-
JUHUHY O € cnadxroo. Konu eenuuuna o, cmae moyHo pieHO0 0OUHUY, MO i 3HAYeHHS
Koeghiyienma npo3opocmi 0ocacae adCoIOMHO20 MAKCUMYMY, Mobmo oounuyi. J[na
HYILOBO2O KYMA NAOIHHA KEA3IMaACmUuHOK HA bap €p cnocmepieacmucs aeuuye Kieii-
HIBCLKO2O NAPACOKCY, MOOMO KEAHMOBH NPO30PICHb CUCHeMU € i0eanvHomo, 1 ye
cnpageonuso 0as 0yOv-saxux suauens napamvempie o, ff, U, E. Jlna nesnux cniegio-
Houtenv eHepeii wacmunox E, eucomu oap’epy U i eenuuunu ff mae micye seuiye
CYNepMYHeNI08AHHS, SIKe NONA2AE 6 MOMY, WO OIS 3A0AHUX YMOE KOeiyicHm mpaHc-
Micii OOpi6HIOE OOUHUYT HE3GNEIHCHO 6I0 KYmA NAadinus HacmuHox Ha bap'ep. Xa-
paxmepHum 0ns mparncemicitinux cnekmpie T(E) € maxosc HageHicms KpUmMu4Ho2o
Kyma naoiHHs ma 3a00pOHeHOT 301U eHepeiil.

Knrouosi cnosa: a-Ts mooenv, cxoounkono0ibnuii 6ap ’'ep, cnexmpu mpancmicii.

Introduction. Some modern physical structures can be conveniently described
using the so-called a-Ts model [1—8]. This model can rightly be attributed to a new
class of objects that have received the name of Dirac materials in recent years [9]. These
include very different objects in their structure, in particular the low and high-
temperature d-wave superconductors, superfluid phases 3He, graphene, two- and three-
dimensional insulators etc. [9]. The key concept that unites these different objects is a
linear dispersion relation that describes the low-energy excitations of the quasiparticles.
Due to the fact that the Dirac materials have a number of non-trivial, interesting
properties, they are actively studied in the last time. Under low energies, the qua-
siparticle states of the Dirac materials are described by a massless Dirac equation in one
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or two dimensions, analogous to the equation for the quasielectrons in graphene. The
dispersion relation for the Dirac particles relates to a cone in the three-dimensional case.
Some properties of the quasiparticle states are expressed in terms of topologically
invariant quantities and, importantly, are protected from the influence of moderate
perturbations due to the symmetry of inversion of time in the corresponding Hamil-
tonian.

The o-T5 model is an intermediate structure between a dice lattice and graphene. It
is characterized by the parameter o, which determines the coupling strength between
the central atom of the hexagonal lattice and the atoms in the hexagon vertices [1—8].
It is clear that different values of o correspond to different physical states of the a-Ts
model and it was successfully applied to various physical structures [1—38].

At the same time, it is known that the characteristics of structures based on Dirac
materials are significantly influenced by the difference in the values of the Fermi
velocity in different parts of the structure [ 10—19]. A lot of various structures with non-
equal Fermi velocities in different areas of the given structure were studied in last years.
They comprise the graphene based single- and double-barrier structures, various types
of superlattices including the quasiperiodic ones, superconducting junctions, structures
based on the topological insulators etc. [10—19].

Motivated by the above considerations, in this paper, we study the ballistic trans-
mission of quasielectrons through a step-like potential barrier in the o-T; model, and
show that it depends strongly on the relation between the parameters o and B, where 3
is equal to the ratio of the Fermi velocities in the barrier and out-of-barrier areas. By
changing the values of the parameters o and f3, one can flexibly control the transmission
properties of the structure under consideration within a wide range.

Model and Formulae. The Dirac-like equation for the considered model can be
represented as follows [1—8]

0 fcose 0

fTcosg 0 Ssing |w+Uly=Ey (1)
0 fTsing 0
where U is the external potential which corresponds to the rectangular barrier and is
equal to

0, x<0

v :{U x>0 @)

in different areas of the given structure; I, is the identity matrix.
The quantity fin (1) is equal to
f=vp(k, —ik,) ?3)
where k., k, are the quasi-momentum components, v+ the Fermi velocity.

For our purpose it is sufficient to take into consideration only one K valley in the
hexagonal Brillouin zone. The quantities v and £, acquire different values in the barrier
and out-of-barrier areas. The parameter ¢ is introduced for convenience: ¢ = arctga, o
is a parameter showing the coupling strength of the central atom with the atom at the
hexagon vertices; for the dice lattice o= 1, for graphene a=0.

The eigenfunctions in the equation (1) can be represented as follows:
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cos qpe” —cos qe”
i, x ik v —ikx ik
¥ =— 1 e* e 4 — 1 e g™ 4
s —i0 2 £ 0
sin e —sin e

where 0, ¢ are the angle of incidence and the refraction angle respectively, the qua-
simomentums in the out-of-barrier area kx and in the barrier area gx are equal to:

U—-EY
ko=\E'~k;: q.= U-£) 5 ) —k}:

q
8= q—i; q, =k,
the linear dispersion relation is used and the units with vey = 1; 2= 1 are adopted.
Using the appropriate matching conditions [20, 21] we can deduce the expression
for the transmission coefficient 7*

T =4cos’Ocos” @/ f,

©)

6
£, :2—2cos((9+(p‘)—sinz(2(p)(sin6+sin(p)2 2
Results and Discussion. The most important and at the same time characteristic
feature of the presented graphs is the presence of resonance values 7=1 in them, which
testify to the perfect transparency of this structure for the certain energies. As can be
deduced from the formulas above, the values of the energies £; for which perfect
transparency holds are subordinated to the formula
U

AT

that is, these values are essentially dependent on the parameters U and [ and are
independent of a. As shown in the following Fig. 1 for the dependence of 7 on the angle
of incidence 0, the energy £+ corresponds to the phenomenon of the supertunneling,
which is that under these conditions the transmission coefficient is equal to one
independently from the angle of incidence of the particles on the barrier.

T.(fi') Trrreveeeompee ,’ l.:,: ...... :..‘ .......... f; ,,.,_;.N.‘,.‘.‘ ..........
AR ! T
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I."| : i | " 5,
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Fig. 1. Plot of 7(E) function for the following set of the problem parameters: U=35, 0 =0,
6= 1.3 for all curves, p=0.2, 0.5, 1 for the dashed and dotted, dashed and solid lines
respectively
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Thus, an important conclusion can be made: in the system under consideration, it is
possible to create conditions for the realization of the phenomenon of the super-
tunneling.

In the general case, an increase in the parameter a leads to an increase in 7, which

is clearly visible both as a function of 7(E) (Figs. 1, 2) and as a function of 7(0)
(Fig. 3a,b).

I(E)

"0 5 10

Fig. 2. Plot of the T(E) function for the following set of the problem parameters: U =35,
a=1,0=13,$=02,0.5, 1 for the dashed and dotted, dashed and solid lines respectively
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| X “ |
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Fig. 3. a. T'vs 0 dependence, other parameters are as follows: =2, U=3, =5 for all the

curves, o= 0, 0.5, 1 for the solid, dashed and dashed and dotted lines respectively;
b. T'vs 0 dependence, other parameters are as follows: £ =2, /=3, 3 =0.1 for all the
curves, o =0, 0.5, 1 for the solid, dashed and dashed and dotted lines respectively

The dependence of 7 on the actual parameter o can be traced using Fig. 4. It is seen
that 7" is weakly dependent on o over the entire range of change a. see also
Fig. 3. a, b. At the same time, 7 strongly depends on 0, see Figs 3. a, b falling sharply
with increasing 0 until the angles 6 exceeds the critical angle 0., resulting in a
completely opaque barrier. And for small 6, the value of 7'is large.
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Fig. 4. Graph of the 7(¢) dependence, other parameters are as follows: U=3, E=2,0=1,
for all curves, p=0.2, 0.5, 1 for the dashed, dashed and dotted, and solid lines respectively

For the same reason, 7" also falls sharply with increasing 3, which is explained by
the formula for the critical angle 0. that we obtained from the Snell’s law. The depen-
dence of 7 on U has the form similar to the dependence of 7(F); this is quite natural
since the quantities £ and U are included in the formula for 7'in a symmetrical manner.

™ |1 e

0.87/ i 0.8

o¢ | 0.6 :

| : ;

0.4 : 0.4
R I P Lo
X0 1T 2 3 4,5 e i & 3 4,5
a ﬂ b ﬂ

Fig. 5. a. T'vs P dependence, other parameters are as follows: £=2,0=1, a = 1, with solid
lines of U =8, the dotted line of U= 3, the dashed line of U= 1;
b. T'vs B dependence, other parameters are as follows: for solid line U = 8, the dotted
line U=3, the dashed line U=1,£=2,0=1,a=0

Analyzing the dependence of the transmission spectra on the parameter 3 presented
in Figs. 5. a, b (the parameters for these figures are as follows: £ = 2, 6= 1 for both
figures, 0= 1 and o= 0 for Figs. 5. aand 5. b, respectively, with solid lines the value of
U = 8, the dotted U = 3, the dashed U = 1), note the following features: 1) the de-
pendence of 7(p) is weak for small values of B (B<1); 2) curves 7(p) are characterized
by the presence of a maximum corresponding to the phenomenon of supertunneling; 3)
characteristic of both figures is a sharp decrease in the value of 7' with increasing and
exaggerating parameter 3 of the critical value B.. This means that if, for example, we
fix all parameters except the angle of incidence 0, then a very sharp decrease in 7" will
be observed when approaching 0 to the critical value 0..

Conclusions

Transmission properties of single-barrier structure based on a-75 model are con-
sidered in the paper. It is believed that the barrier is sharp and has a rectangular shape.
The physical origin of the barrier is assumed to be electrostatic, but it is taken into
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account that the Fermi velocities in the barrier and non-barrier areas have different
values and are referred to in the literature as the Fermi velocity barrier. The parameter
a in this model can take values from zero to one, moreover the case o= 0 corresponds
to graphene and o = 1 to the dice lattice. Particular attention is given in the work to
intermediate values of a, since, as is known from the literature, they are important for
observing of a lot of physical phenomena. The wave functions as well as the trans-
mission ratio are obtained by the Dirac type equation. The Hamiltonian of the system
is represented by a spinor of 9 components, which is expressed, in particular, by the
parameter a. The transmission coefficient is deduced by means of matching of wave
functions at the heterojunctions.

The obtained spectra show a pronounced dependence on an angle of incidence of
pseudo-relativistic Dirac quasiparticles on the barrier of the structure under consi-
deration. In particular, for the zero incidence angle, there is a perfect penetration of
particles through the barrier for any values of the parameters a, 5, as well as of the
barricr height and thickness, that is, an effect similar to the Klein paradox is realized.
Instead, for certain encrgies the quasiparticles we observe the effect of supertunncling,
which is that for these energies the barrier of the system becomes absolutely quantum-
transparent for any angle of incidence of the particles on the barrier.
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