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The spectrum of the modelled regular superlattice which includes contacts
is investigated using the transfer-matrix formalism. It is shown that the sep-
arated pair resonances in the chain spectrum (which are distributed in the
permitted and in the forbidden zones, respectively) appear due to the exis-
tence of a single contact. The eroding of the noted minizones after making
correlations between the separate regular segments in the superlattice is
demonstrated. Similar resonances and minizones which can be called the
Tamm resonances and minizones are considered to be useful elements
for describing the surface states and zone-band structure of real systems
within the restricted geometry.
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1. Introduction

The modelling of the low-dimensional atom-molecular complexes, adatomic clus-
ters, chains, lattices and superlattices belongs to a number of traditionally and ac-
tively researched problems of the solid state theory [1]. The urgency of the research
is limited by the essentiality and the difficulties of a direct microscopic description
of the recently synthesized low-dimensional atom-molecular complexes and other
physical objects with the symmetry, for instance, different from the translational one
(icosahedra or quasicrystallic) [2]. This way, specifically, in [3], the one-dimensional
Kronig-Penny superlattice with a regular intrinsic structure determined by the com-
bination of zero-radius potentials [4] was studied. Then, the simple analytical model
is suggested [1] permitting to explore some general properties of superlattices, sep-
arate contacts (interfaces) being the model elements for describing semiconductor
and metallic films, quasicrystalls and other objects. Such a model can be used in
constructing more general theories. Using the transfer-matrix formalism this paper
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considers the problem regarding the spectrum of a regular superlattice as well as
suggests a simple method of describing the contact in the superlattice structure. It
is shown that the existence of a single contact causes separate pair resonances in
the chain spectrum (which are distributed in the permitted and in the forbidden
zones, respectively). The eroding of the mentioned minizones after making a con-
nection between the separate regular segments in the superlattice is demonstrated
as well. Similar resonances and minizones can be called the Tamm’s ones, being
useful elements for describing the surface states and the zone structure of the real
low-dimensional systems.

2. Statement of the problem. Transfer—matrix formalism

Consider the sequence of nonstructured particles forming a one-dimensional su-
perlattice with the alternation of the regular segments which are characterized by
different periods as well as by different power constants. The potential energy of the
system is modeled using the point-like interactions:

Ulx)= % /Zoi [V.d (x — na) + Vid (x — n'b)], (1)

where a, b are the lattice periods, V,, V,
are the power constants of the centrums v,
of different segments. We also assume
that the mass (or the effective mass)
of the scattered particle and the Plank
constant are equal to 1. The descrip-
tion of one-dimensionality (quasi-one-
dimensionality) of the zond-particle mo- R
tion is given, for instance, in [8]. The 2 b x
summation in (1) is carried out over all Figure 1. The schematic scene of the
different indexes n and n’. Modelling of  superlattice potential with the transla-
the superlattices using the potential (1) tional symmetry (a,b are the segments
is demonstrated in figure 1. The con- period, V,, V} are the power constants).
tacts of segments with different lattice
parameters are shown by means of the contrast horizontal lines. For simplicity, the
symmetry in the position of superlattice segments is suggested as a translational
(Na, Nb = const). The refusal from this assumption leads us to the problem of a
regular chain with defects, which was considered in [9]. In such a case with a su-
perlattice, a quasiperiod composed of two nearest segments (see figure 1) could be
considered.

The Shrodinger equation of the considered problem could be written in the fol-
lowing form:
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where E and W (z) are respectively the eigenvalue of the energy and of the wave
function of zond-particle in the field of the potential U (x).

For the model potential (1), the zond-particle motion can be considered as a free
motion and the wave function can be described by superposition of two plane waves:

VU () = Aexp (ikx) + Bexp (—ikz), (3)

where k* = 2E. The coefficients A and B could be extracted from the boundary
conditions.

The natural boundary conditions in the point d of n-atomic centrum for the wave
function and their first derivative could be chosen in the following way:

dW (d+0) _ d¥(d-0)

U(d+0)=T(d—0), - -

FVU(d—0). (4

The boundary conditions (4) follow from the original structure of equation (2)
and also from the general properties of the zero-radius potential (see [4]). In the
matrix form, the boundary conditions (4) could be rewritten as:

() = () R

where T,, is the transfer-matrix being the square unimodular matrix of the size 2x2
in the Kelly form [6]:
_ (o B
(). ©)

Within the framework of the transfer-matrix formalism, the problem regarding
the spectrum of a one-dimensional system of point-like centrums could be solved
exactly. A general approach to using the matrix form for the boundary conditions
for their connection with the energy spectrum as well as some characteristics of
particle transmission in the field of different potentials is given in [6]. This formalism
also makes it possible to determine some transport characteristics for the system
studied (for example, the Landauer resistance coefficient [9] which represents the
relation between the quantum-mechanical coefficients of transmission and reflection,
respectively). Following the general approach described in [6,9], the expressions for
the spectrum E and the resistance coefficient p could be extracted in the form of the
following relations (the conversion from the boundary conditions (4) to the following
expressions have also been considered in [9]):

),

2
1 ~
E = Q—, cosQa = =SpT,, (7)
2 2
Ktran 2
P=Ton 1Pl (8)

where () is the quasi-wave vector of the zond-particle, K .., Ken are the reflection
and transmission quantum-mechanical coefficients. The expressions for «,,, [, are
given in [9].
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Two types of a zond-particle motion in the field of the system considered would
be analyzed below: the resonance and nonresonance tunnelling [8]. Completely real
and completely imaginary values of the quasi-wave vector () correspond to these
cases respectively. Now consider the pure resonance tunnelling (otherwise, we can
put @ — iQ to obtain correlations). If N,, N, > 1, the diagonal representation of
transfer-matrix T, could be written in the following form:

Ty = 81,8, - ( s 0 ) )

where \,. are the eigenvalues of the matrix (6), §n = < STF 5,11, ) is the diago-

nalized matrix, S,+ = (Apx — ) B, 1
For instance, in the case of regular chain with the period a (V,=V;,=V, d=na):

Ao+ = exp (£iqa), cos ga = cos ka + % sin ka,
iV iV, :
g = <1 + %) exp (—ika), Ba = 1? exp (ika) . (10)

The chain containing isotopic and (or) shift defects was considered in detail in
[9]. Within the next chapters, the suggested transfer-matrix formalism will be used
for describing the complex superlattice (see figure 1).

3. A model of contact within the superlattice. The spectrum
and resistance of a single contact

Consider the superlattice within the quasi-period which includes N, atoms in
the segment with the period a and N, atoms in the segment with the period b. The
respective transfer-matrix has the following form:

Tc = (Ta)Na (Tb)Nb ) (11>

where T, and T, are the transfer-matrix (6) with the elements (10) for the regular
chains with periods a and b, respectively.

We are interested in the diagonal representation of the matrix T. (only the nu-
merical solution of the problem could be provided within all other representations).
As it was shown in [6,9], the diagonal representation of the matrix (6) with different
parameters doesn’t exist. Using matrix S, (as a diagonalizing one), using (9) and
(10) we obtain:

~ A~ ~ \Ng ~ /s~ \Ny ~
Tes =S, ' TS = (Tua) T, (To) ' T, (12)
where ’i‘a,bd are the transfer-matrixes within the diagonal representation, and

~ ~

T,=S;'S,, T,=5;'S.. (13)
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In this representation, the contact of two regular segments could be considered
as the last one, just like the regular chain that includes two defects in their structure
could be described by the non-diagonal transfer-matrixes ’i‘q and Tp (where matrix
Tp characterizes the next contact from the left to the right). Thus, the transfer-
matrix which corresponds to a single contact is ’i‘q, namely:

T 1 <>\b+—>\a—+%—0éb )\b——>\a—+%—ab>

U 14
7 )\aJr - )\af >\a+ - )‘b—l— +ap— o )‘a-l— - >‘b— +ap — 0 ( )

Note that the expression for the matrix Tp could be obtained from (14) by
changing the periods a and b. Finally, for describing the zone structure of the segment
which includes the contact we obtain:
Q_g Aot — Ao

2’ Aot — Aa_’
where (). is the quasi-wave vector of zond-particle in the field of the segment with
the contact.

E.= cosQeca =1+ (15)

The results of the numerical calcu-
s lations using the formulas (15) are pre-
| sented in figure 2. We should take into
0 | account the deformation of the zone
N | || structure of the lattice consisting of two
N ’ ! regular segments in comparison with the
5 J |l |II structures of zones of separate regular
N o f segments. The positions of a boundary
Y I limit of the permitted and of the for-
@agnﬂm ey ™ ’ bidden zones are shifted, and the sep-
U B s e e arate resonances (interfaces) have ap-
peared which correspond to the forbid-
den levels in the permitted zones and
(or) to the permitted levels in the for-
bidden zones, respectively. Those reso-
nances (which have a Tamm’s nature)
are split into pairs near the point of the zone boundary ¢ = 7n/a (n is the in-
teger number). Note that the same effect of splitting the separate resonances was
also found in the spectrum of the regular chains that include the isotopic- and (or)
shift-type defects [11].
Now consider the resistance coefficient (see chapter 2) which is limited by the
contact of two regular segments. Using the substitution of a nondiagonal element of
the transfer-matrix (14) into (8) one can obtain:

4 28 3.2

Figure 2. The dependence of Sp Ty, (ver-
tical axis) from the wave vector ka (hor-
izontal axis): V, = 0.4, b/a = 4.

1 w2 W
pe= —5— |sin®w+ [ 1+ == | sin® k + 2sin wsinw (cosgo—i— —Siﬂw) ., (16)
sin? ga k2 k

where

w=qla—0b)/2, p=(q+k)(a+b)/2, k=k(a—b)/2, W =2V, V,(Vo+ V)"
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Figure 3. Coefficient of resistivity p. (vertical axis) as a function of ka (a) and
of 1 —b/a (b) (horizontal axis): V, = 2, ka = 2.45.

The coefficient p. as a function of ka and 1 — b/a which was calculated using
formula (16) is shown in figures 3a,b. Besides the simplicity of calculation we put
V, = V,. The coordinate dependence for the resistance coefficient is not present in
the homogeneous chain model. Asimptotically, the resistance coefficient increases
near the edges of the zones as a function of the parameter 1 — b/a. Note that at the
determined values of V' and b/a, the decrease of the resistance coefficient up to zero
could be observed which corresponds to the regime of zond-particle pure tunnelling
(without dissipation). The mentioned properties of the contact can be considered as
general properties for any one-dimensional structure having an arbitrary superlattice
symmetry.

4. Spectrum of the superlattice having a translational symm e-
try

As it was stressed in chapter 1, the problem of determining the spectrum of
the superlattice having a translational symmetry reduces to the similar problem of
a regular chain with the change of the chain periods to the superlattice quasi-one
scale. Within the framework of the transfer-matrix formalism, we need to calculate
the trace of the matrix (11). Finding the solutions of the equation

T, — AT =0, (17)

where A is the eigenvalue of the matrix T., Lis the unity matrix, in accordance with
(7) the expression for superlattice spectrum could be expressed in the following form:

E, = %z, (18)
(Sb+ - Sa,) (Sa+ - Sb,) G, + (Sb+ - SaJr) (Sb, - Sa,) G_
(Sa-i- - Sa—) (Sb—i— - Sb—) ’

cos Qsa =

where G4 = cos q (Nya + Nyb) .
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L using the expression (18)) are shown
N - in figure 4. The complex character
NN V. of (18) is demonstrated at the de-

\/} . termined values of the potential and

the lattice period parameters. Tak-
ing into account the correlation be-
tween separate interfaces, the multi-
M3 iss a4 745 15 s s plication of resonance factors of the
kind (sin ga sin gb) ~* occurs. This ef-
fect can be interpreted as the ero-
sion of splitting Tamm resonances
(interface states) in some minizones.
In the case of disturbance of translational symmetry of the superlattice by the
“point-like” defects, the change of zone structure and Tamm minizones would be
provided. Thus the considered model gives the exact solution to the problem of cal-
culating the spectrum and introduced transport characteristics of one-dimensional
superlattices (including contacts). In spite of their model character, the obtained
results should be taken into account for describing the real physical objects having
the structure similar to atomic chains and superlattices [10-12].

Figure 4. The energy spectrum FEjg of the su-
perlattice as a function of ka.
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TamMmiBCbKi pe30HaHCK Ta MiHI3OHU A1 MOAEJIbHOIO
OAHOBMMIPHOIO noTeHuiany

lepacumos O.l., XyauHues M. M.

Opecbkunin oepxxaBHUN TigpPOMETEOPONOTIYHNIA IHCTUTYT,
270011 Opeca, Byn. JIbBiBCbka, 100

OTpumaHo 5 yepBHa 1998 p., B 0OCTaTOYHOMY BUMNAAI — 26 CiuHA
2000 p.

Y pob6oTi 3a gonomoroio popmMasiamy TpaHchep-maTpuLi Po3B’a3aHa
npobnema 0BUYMCNEHHS CNEKTPa PerynsipHoi cyneprpaTky 1a 3anporno-
HOBaHO A0CUTb NPOCTUIA METOA, ONNCY KOHTaKTY B ii CTPYKTypi. Nokasa-
HO, WO ICHYBaHHS OOHOr0O KOHTaKTy NPM3BOAUTb A0 BUHUKHEHHS BigO-
KPEeMNEHMX NapHUX Pe30HaAHCIB Y CNEKTPi NaHLIOXKa, a Takox npoae-
MOHCTPOBAHO PO3MUTTS TakMUX PE30HAHCIB Y BigNOBiAHI MiHI3OHW nicns
NMOEAHAHHS OKPEMUX PEryNSPHUX CErMeHTiB y cyneprpaTky. O3HayeHi
PE30HAHCU Ta MiHI30OHN € TAMMIBCbKMMU Ta MOXYTb BUCTYNATM 3PY4HUMM
efleMeHTaMm OnmMcy NOBEPXHEBUX CTAHIB Ta 30HHOI CTPYKTYPU peanbHNX
HN3bKOBUMIPHUX CUCTEM.

Knio4oBi cnoBa: KOHTakT, cyrneprparka, MiHi30OHa, CrekTp

PACS: 68.65.+G, 73.90Dx
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