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For the barrier-well-barrier model of nanostructured thermoelectric material, based on Gaussian, Poschl-Teller
potentials and rectangular barriers and well, thermoelectric characteristics were calculated. For quantum barrier-
well-barrier structures based on Gaussian and PoschlTeller potentials, a program was developed to calculate
thermoelectric characteristics using the Thomas algorithm for calculating the transmission coefficient of particles
through the quantum structure and numerical integration of expressions for electrical conductivity and Seebeck
coefficient, with corresponding graphical illustration of the results obtained. The calculations program is
implemented on the Maple computer mathematics platform. For the quantum structure based on rectangular
potentials, using the quantum impedance method, an expression was obtained for the transmission coefficient of
particles through such a structure and applied for the calculation of electrical conductivity, Seebeck coefficient, and
power factor using symbolic mathematics of the Maple package. The influence of resonant tunneling of particles
through the proposed triple-barrier structure on its thermoelectric characteristics is taken into account. An analysis

of the obtained calculation results is presented.
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Introduction

Since it became clear that if barriers are included in
bulk material, the properties of electronic transport can be
significantly altered, a number of studies have
investigated the role of "energy filtering"of carriers [5] in
thermoelectric phenomena. A theory of the quantum-
tunneling mechanism of thermoelectric phenomena was
developed for several quantum systems based on
superlattices with quantum wells, quantum dots, and other
thermotunneling objects [1] [4]. Moreover, the
emergence of a new technology based on grinding
thermoelectric material to sizes of 10-20 nm followed by
hot pressing (see, for example, [6]) ensures its nanoscale
structuring. That is, the bulk material is formed by
nanoscale grains with corresponding intergranular gaps.
At these grain and intergranular gap sizes, the system can
be considered as a quantum-mechanical system, which
includes a quantum well surrounded by two barriers. In
such systems, quantum transport of the tunneling type is
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realized. This model also accounts for the possibility of
resonant transmission through the barrier-well-barrier
quantum system.

I. Model of Nanostructured
Thermoelectric Material

As already noted, the presence of barriers
significantly alters the thermoelectric properties of the
material. In the case of a nanostructured material, the
nanograin itself will be described by quantum laws and
may contain bound states, which will cause resonant
processes when carriers pass through it. By defining the
shape of the barriers and the well with different functions,
several useful models of the nanostructured material can
be obtained. For example, by defining the well shape with
the Gaussian potential, one can obtain a model describing
a quantum dot surrounded by two barriers. If both the
barriers and the well are considered rectangular, then an
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exactly solvable model of the nanostructured material can
be obtained. Several advantages can be obtained for the
model described by the Poschl-Teller potential,
considering that under certain parameters such potential
becomes reflectionless. A graphical representation of one
of these models is shown in Figure 1, which depicts a
quantum-mechanical model constructed using the
function (4). Here, distances are given in relative units
x = x/a, where ag=1nm, and V, is the potential
parameter related to the height of the potential barrier, also
defined in relative units V, = Uy/E,, where
E, = h?/2ma,, and ¢ is the half-width of the Gaussian
function defined in relative units ¢ = w/a,.

Fig. 1. The potential-energy diagram of a nanoparticle
with intergranular barriers based on the Gaussian function:
the height of the barriers and the depth of the wells are one
relative unit each, the half-width of the barriers is ¢ =
1/3, and the half-width of the wells is ¢ = 1.
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The calculation formulas for electrical conductivity
and the Seebeck coefficient take the following form
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II. Fundamental Relations for Quantum
Transport

Kinetic phenomena during the passage of carriers
through a barrier-wellbarrier quantum system are
described by the quantum-tunneling mechanism of
transport phenomena. According to the ideas of
Landauer’s quantum transport theory [8], [9], the density
of the tunneling current in the case when an external
electric field and a temperature gradient are applied to the
system is given by the expression

= s leva@ [fo (52) - fo (Fer)| @k ()

EkO—Tp
koT

where f 0( is the Fermi-Dirac

distribution function, T(E) is the transmission coefficient
of the quantum structure, e is the elementary charge, v, is
the velocity projection in the direction Ox , p is the
chemical potential of the carriers, AV is the potential
difference applied to the sample, T is the absolute
temperature, and k is the Boltzmann constant.

For typical values of potential differences applied to
the sample and currents passing through it with
nanoparticle sizes of 10 — 20 nm, the voltage drop on one
grain will be from 1076V to ~10™* V. At a temperature
difference of 100K across the sample, the temperature
difference for one nanograin will be about 1073K, and
koT ~ 1077 eV. Therefore, considering the above, the
inequalities eAV << kT and
kO AT << kOT will hold true, and in the difference of
distribution functions, it is sufficient to limit to linear
terms in A V and A T. Then we obtain
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ERO-TR
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j = sty AETEN] B (eav + 5 AT) dE
In this formula, E,, is the kinetic energy of the carrier’s
motion along the Ox axis, and E = E, + E, where E,
corresponds to the energy that accounts for the degrees of
motion in the Y, Z plane. The equation for the heat flux

density j, in the same approximation will be as follows

E—pu
+—— AT dE.
7 a7)

Of o(E)
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where S = % and is approximately equal to 100 uV /K.

The expressions for ¢ and S include the transmission
coefficient of the particle through the barrier structure
T(E). For complex potential profiles as in our proposed
case, the expression for T(E) can mostly be obtained only
by numerical methods.

The calculation of the expressions for electrical
conductivity and the Seebeck coefficient will be
performed in relative units.
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I11. Modeling Nanostructured
Thermoelectric Material

3.1. Model of Nanostructured Thermoelectric
Material Based on Gaussian Potential.

V(x) = V, exp(—9(x — 1)?) — exp(—(x — 5)2) + V, exp(—9(x — 9)?)

When modeling a nanostructured material, the
nanograin can be described using the Gaussian potential
[7], which can result in bound states. Therefore, we will
use this potential to define both the potential barrier and
the quantum well. Hence, the potential of the
nanostructure will be described by the function

4)

which describes a Gaussian-type barrier with a half-width of one relative unit centered at the point x/x, = 1, a Gaussian-
type quantum well with a width of six relative units centered at the point x/x, = 5, and a Gaussian-type barrier with a
half-width of one relative unit centered at the point x/x, = 9. Here, x, = 1nm, and V; is the potential parameter related
to the height of the potential barrier, also defined in relative units as U,/E,. For the numerical solution, the Schrodinger

equation is reformulated in so-called finite differences.

Yn-1—2Y¥n+Pn41
A2

where A is the discretization step, n is the node number of
the grid, V;, is the value of the potential energy, and n is
the value of the wave function at the grid nodes.

Or in dimensionless form

Yn-1 = U + Ppy =0, (n=1,2,..N=-1) (6)

Y,
/g, ¢ =E/g,.

The finite difference equations (6) were solved
approximately using the Thomas algorithm [12].

If V (x) is non-zero in the interval [0, a] and if the
incident flux is normalized to one, then in the interval
(=o; 0]

whereun=¢ —v, — 2, v,

1/)1(X) = plkx + re~tkx

andforx > a P;(x) = tet &=,

From the conditions of continuity of the wave
function and its derivative at the point x 0, we arrive
at the following boundary condition

Y'(0) + ik (0) = 2ik. @)
Similarly, at the right edge of the interval
Y'(a@) — ik(a) = 0. ®

To implement the Thomas algorithm for the finite
difference analog of the Schrodinger equation and obtain
the boundary conditions of the boundary value problem, a
"dummy"grid node x_; is introduced, and the derivative
at the left edge of the interval ¥’ (0) is approximated by a
three-point expression

Y1-P_1
202

Y'(0) =

Using the expression for '(0), we arrive at the
following boundary condition at the left edge of the
interval

Y, + (0,5uy + ikA)Y, = 2ikA. )

2
+ 2 E -V, =0, (n=1,2,..N—1)
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Similarly, by introducing another "dummy"grid node
Xy +1 We find the second boundary condition

Yn+1 + (0,5uy + ikA)py = 0. (10)
Now the system of equations, which includes the

finite difference equations (6) and the boundary conditions
(9) and (10), takes the form

Yno1 T Unhy + Ppiq =0,
Y, + (0,5uy + ikA)Y, = 2ik4,
Yy + (0,5uy + ikA)yy = 0.
The solution to equation (6) will be sought in the form
Yns1 = Ry Y. (11)

For the coefficients R,, we find the recurrence
relation

1
R, {= :
n=1 7" potu,

(12)

For R,, the boundary condition at the right edge of the
interval is as follows

1
0.5 uy+ikA’

(13)

Ry, =

Now, starting from Ry_; which is determined by the
relation (13) using the recurrence relation (12), we will
search for Ry_,and so on, moving from the (N — 1) -
node to the node 0, sequentially calculating
Ry_2,Ry_3 ... Ri,Ry, we will find all N values R,
(n = 0; 1;...; N).

Using the expression for R,, we find the wave
function Y4, Y, ..., Yy

2ikA
R+0,5ug+ikA’

Yo = (14)

Now, moving in the opposite direction from node 0 to
the (N — 1) node using (6), we will sequentially find the
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wave function at all the internal grid nodes 1,5, ..., Yy.
Therefore, the sweep algorithm involves using the value
Ry-1 and calculating the coefficients R,
(n =N — 2; N-3,...,0) using the formula (13), and
then using R, and calculating the wave functions ,;
(n = 1; 2; ...,N) using the formula ¢,, = R,,_1 ¥, _1.

The Thomas algorithm is used for the numerical
implementation of finding the transmission coefficient
T(E) of carriers through the quantum threebarrier
structure and is based on the calculation formulas for the
coefficients R, (12) when they are sequentially applied
from the (N — 1)th node to the zero node and the use of
the relation (11) for the implementation of the reverse
recursive process. The obtained values N for different
values of the parameter € in the interval from 0 to 10
relative units will be used to obtain the transmission
coefficient according to the relation

©(E) = [yn % (15)
The obtained array for 7(E) is used for numerical
calculation of specific electrical conductivity and the

Seebeck coefficient according to the relations (2) and (3),
as well as the power factor P = o S2.

0.71

0.6

300 400 500 600 700 800
T

Fig. 2. The temperature dependence of the specific

conductivity o for the barrier-well-barrier structure

based on the Gaussian potential.
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Both stages of the algorithm are implemented in a
single program in the computer mathematics package
Maple, which are detailed in the work ([13]).

A graphical illustration of the calculation results for
barriers with a height of one relative unit, V/E, = 1 and
a width of a/a, = 1, i.e., one relative unit, and wells of
the same depth and a width of b/a, = 6, i.e., six relative
units, is shown in Figures 2, 3, and 4. The ordinate axis
shows the specific conductivity in relative units o /g, the
Seebeck coefficient also in relative units S/S,, and the
power factor o S2/(ay - S&).

3.2. An exactly solvable model for calculating the
thermoelectric characteristics of nanostructured
material.

For the considered problem, there exists an exactly
solvable model that assumes the existence of two
rectangular potential barriers with a width comparable to
the thickness of the intergranular gap and a rectangular
potential well with a width comparable to the grain size.
The corresponding potential can be written in the
following form

360 460 560 660 760 860
L
Fig. 3. The temperature dependence of the Seebeck
coefficient S for the barrier-well-barrier structure
based on the Gaussian potential.

300 400 500 600 700 800
T

Fig. 4. The temperature dependence of the power factor P = 65?2 for the barrier-well-barrier structure based
on the Gaussian potential.
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( 0, x <0,
Vo, 0<x <a,
V(x) = -1, 0<x <a+b,

Vp,a+b<x <a+b+a,
0, x>a+b+a.

To obtain an exact expression for the transmission
coefficient, the quantum impedance method is used [14].

The reflection coefficient for the quantum structure of
a rectangular barrierwell-barrier will be

kZ — k2 k3 — k2 ket — k2K2 2 k? + k2 ’
R={(2 A A,(b) + =22 A2(q) A, (b 4(1-42 - A%(a) A,(b
( o @+ A 0) + 5@ Ao ))/ ( - M@ Ay )) +
k2 + k2 k2 + k2 Kk + k2k2 2
2 A 2210 4 (b)) — 222072 A20g) AL (b
( Kok, 1(a) + Kok, 2( ) kq klzkz 1(a) 2(b) )

where A;(a) = tan(k,a), A,(b) = tan(k,b).
The expression for the transmission coefficient can be
found in the following way

7= 1-R.

Using the obtained expression for 7(E), the specific
electrical conductivity o, the Seebeck coefficient S, and
the power factor P = ¢ §% as functions of temperature
are calculated using the symbolic mathematics tools in the
Maple package, which are detailed in the work ([15]).

0.4+

0.3

300 400 500 600 700 800
T

Fig. 5. The temperature dependence of the specific
conductivity ¢ for the barrier-well-barrier structure
based on rectangular potentials.

6-

2

A graphical representation of the calculation results
for rectangular potential barriers with a height of one
relative unit, V/E, = 1 and a width of one relative unit
a/a, , and a rectangular potential well of the same depth
and awidth of b/a, = 8 relative units, is shown in Figures
5,6, and 7. As in the case based on the Gaussian potential,
the ordinate axis shows the specific conductivity in
relative units o/, the Seebeck coefficient in relative
units S/S, and the power factor P = ¢ §2/(0, S2).

2.614

2.60+

2594,

400 500 600 700  §00

13
Fig. 6. The temperature dependence of the Seebeck
coefficient S for the barrier-well-barrier structure
based on rectangular potentials.

300 400 500

600 700 800

T

Fig. 7. The temperature dependence of the power factor P = ¢ S? for the barrierwell-barrier structure based on
rectangular potentials
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3.3. The model of a nanostructured thermoelectric
material is based on the Poschl-Teller potential.

Let’s consider another example of a barrier-well-
barrier structure, this time based on the Poschl-Teller
potential. This potential is similar in shape to the Gaussian
potential but has a number of interesting features. In
particular, both for the potential barrier and for the well,
analytical expressions for the transmission coefficients
T(E) are known for a given potential, and under certain
values of its parameters, the Poschl-Teller potential
becomes reflectionless. Now, the potential of the
nanostructure will be described by the function

1 1 1

V(X) = cosh (3(x—1))2 - cosh(x-5)2 cosh(3(X—9))2.

an

which describes a Poschl-Teller type barrier with a half-
width of one relative unit centered at the point x/x, = 1,
a quantum well also of the Poschl-Teller type with a width
of six relative units centered at the point x/x, = 5, and a
Poschl-Teller type barrier with a half-width of one relative
unit centered at the point x/x, = 9. The height of the
potential barriers and the depth of the potential well are
both equal to one relative unit. The algorithm for
calculating the transmission coefficient, specific
conductivity, Seebeck coefficient, and power factor is
implemented using the program employed for the

1.2
1.1

1.0

0.5

300 400 500 600 700 800
T
Fig. 8. The temperature dependence of the specific
conductivity o for the barrier-well-barrier structure
based on the Poschl-Teller potential.

S-

corresponding calculations for the barrier-well-barrier
quantum structure based on the Gaussian potential. A
graphical illustration of the calculation results for barriers
with a height of one relative unit, a half-width a/a, = 1,
i.e., one relative unit, and a well of the same depth and a
b/a, = 6, i.e., six relative units, is shown in Figures 8, 9,
and 10.

IV. Calculation results

From the analysis of the calculation results for all
three types of barrierwell-barrier quantum structures, it
follows that in all cases the values of the relative Seebeck
coefficient are close. The difference between them does
not exceed 15 percent. Therefore, the presence of barriers
and wells is crucial for the increase of the thermoelectric
coefficient, and changing their shape does not lead to
significant changes.

Using the developed program, a study of the
temperature dependencies of the specific electrical
conductivity g, the Seebeck coefficient S, and the power
factor P = o S? on the height of the intergranular barriers
and the distance between them, i.e., the size of the
nanograins, was conducted.

The calculations showed that with an increase in the
height of the barrier, the specific conductivity

2.417
2.401
2.394

S 238
2.371

2.36

300 400 500 600 700 800
T
Fig. 9. The temperature dependence of the Seebeck
coefficient S for the barrier-well-barrier structure
based on the Poschl-Teller potential.

300 400 500

600 700 800

T

Fig. 10. The temperature dependence of the powera S? for the barrierwell-barrier structure based on the Poschl-
Teller potential.
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significantly decreases, particularly with a twofold
increase in the height of the barrier, the decrease in
specific conductivity is also close to two.

A similar behavior is observed in the dependence of
specific conductivity on the width of the barrier. From the
graphs shown in Figures 11 and 12, it can be seen that with
oth a twofold increase in the height of the barrier and an
increase in its halfwidth from approximately ~0.3 to
approximately ~0.7, the Seebeck coefficient increases by
approximately 20 percent.

However, changing the distance between the barriers,
i.e., the width of the well, has little effect on the
thermoelectric characteristics of the proposed quantum
structure. Figure 13 shows a graph of the transmission
coefficient dependency on the energy of the incident
particle 7(E), where at least six resonance peaks are
observed. However, the calculation of the eigenvalues of
energy in the mentioned structure using the developed
program, which determines the eigenvalues by
diagonalizing the matrix formed from the coefficients at
the values of the wave function at the grid nodes, gives
only three values. Also, the correspondence between the
resonance energies and the bound state energies is
incomplete. This discrepancy confirms the fact that the

/‘_‘_\

2.6
S
B/E/a,—a——r
2.5
2.44
300 400 500 600 700 800

T

Fig. 11. The temperature dependence of the Seebeck
coefficient as a function of barrier height: ” ° ™ - for
V0=1,8-for V0 =1.5,70" - for V0 =2.

0.84

0.64

0.4+

0 2 4 6 § 10

€
Fig. 13. The transmission coefficient for the barrier-
well-barrier structure based on the Poschl-Teller
potential with a well width of six relative units.

number of resonance energies and the number of
stationary states in the quantum well are not mutually
uniquely determined.

As can be seen from the graphical representation of
the calculation results of the temperature dependence of
the Seebeck coefficient S for four different widths of the
potential well b, specifically for b = 8,b = 6,b = 4,
and b = 2, the change in the Seebeck coefficient for
b = 8 when 7(E) has five resonance peaks to the case
when resonance states are completely absent at b = 2
does not exceed 4 percent. Such behavior of the Seebeck
coefficient is obviously related to the fact that the function
T(E) in the expressions for conductivity and
thermoelectric electromotive force is included in the
integral. Therefore, the presence of resonance tunneling
slightly changes both the Seebeck coefficient and the
power factor of the nanostructured material.

It should be noted that the obtained values of the
thermoelectric characteristics and their behavior with
changing temperature and parameters of the quantum
structure are consistent with the results obtained by other
authors, in particular [3], [7], [10], [11]. For the model
described by the Poschl-Teller potential for both the
barrier and the well, analytical expressions for the

T T T T T T
300 400 500 600 700 800
T

Fig. 12. The temperature dependence of the Seebeck
coefficient as a function of barrier width: ” ° ” - for a
half-width of 1=3, U - for a half-width of 0.5, 70 - for
a half-width of 1=2.

2.60
2.55
2504
2.457

2.404

\l

300 400 500 600 700 800
T
Fig. 14. Thermoelectric EMF of a triple-barrier
structure as a function of temperature for well widths b:
b=2-0b=4-"0"b=6-"+"b=8-".
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Table 1.

Comparison of the results of the numerical calculation of the Seebeck coefficient for the model based on the Peschl-
Teller potential — SPT with the results of the calculation using the approximation
T(E) = 1(E) " 1,(E) - 13(E) — Sa from the temperature T

1 2 3 4 5 6 7 8
TK 300 350 450 600 700 800 900
S4 2:24 2:28 2:31 2:33 2:33 2:32 2:31

SPT 2:35 2:37 2:39 2:4 2:41 2:41 2:31

transmission coefficients t(E) are known [16]. In
particular, the transmission coefficient through the barrier

h? Uy

2ma? cosh? (g)

Vix) =

. ... 2ma?u . .
with the condition m;jz % < 1, is given by the expression
T(E) _ sinh?(wka)
sinh2(mwka)+cosh? (n\/%—%f#)

ith th diti 2ma2U0 1.i . by th .
with the con monﬁ—2 > 1, 1s given by the expression

(E) _ sinh?(wka)
e inh? (ka) +cosh? J_Zmazuo_z'
sinh?(wka)+cosh?| m |=— 70~
2ma2U0

with the condition

1. . .
T = pisgiven by the expression

T(E) = tanh(mwka).

In the given expressions

E
k=\/2;;.

If the potential well is defined using the modified
Poschl-Teller potential in which two bound states exist

h? Uo

2ma? cosh? (g) -

_ 6
COShZ(g),

Vix) = —

which belongs to the category of so-called reflectionless
potentials, and therefore, the corresponding transmission
coefficient is one, which significantly simplifies the
calculation of thermoelectric characteristics related to
tunneling transport mechanisms.

In the general case, the potential for the modified
Poschl-Teller well has the following form

n? A(A-1)

" 2ma? coshz(g)'

V(ix) =

and the transmission coefficient for it is given by

sinh?(wka)
sin2(wA)+sinh?(wka)’

7(E) =

If the expression for the transmission coefficient of
the barrier-well-barrier quantum structure uses the
approximation (E) = t,(E) t,(E) 753(E) , where 7, (E) is
the transmission coefficient of the first barrier, 7,(E) is
the transmission coefficient of the well, and 75(E) is the
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transmission coefficient of the third barrier, which is an
approximatio (Table 1).

Comparison of the numerical calculation results with
the results obtained using the approximated expression for
T(E) showed that the deviation between the results does
not exceed ten percent, making the applied approximation
a convenient tool for quick prediction of the
thermoelectric characteristics of the material with certain
parameters of the Poschl-Teller potential.

Conclusions

A one-dimensional model of a nanostructured
thermoelectric material has been proposed, in which the
nanograin is modeled by a potential well, and the
intergranular boundaries are modeled by potential
barriers. The well and barriers are modeled by the
Gaussian potential with different parameters. The
modeling process is implemented as a program developed
on the Maple computer mathematics platform. Using the
developed program, the temperature dependencies of the
specific conductivity o, the Seebeck coefficient S, and the
power factor P = ¢ 5§% have been calculated and their
graphical illustration is provided.

It has been shown that with an increase in the height
and width of the barriers, the conductivity of the quantum
structure decreases, while the Seebeck coefficient
increases. At the same time, the power factor P = ¢ S?
decreases with an increase in the height of the barriers, and
changing the istance between the barriers, i.e., the width
of the well, has little effect on the thermoelectric
characteristics of the proposed quantum structure.

For the exact solvable case when the barriers and the
well are rectangular, the method of quantum impedance
has been used to obtain an analytical expression for the
particle transmission coefficient. Using symbolic
mathematics in the Maple package, calculations of the
temperature dependence for specific conductivity o, the
Seebeck coefficient S, and the power factor P = ¢ 52
have been carried out.

It has been shown that increasing the height of the
barriers causes a decrease in specific conductivity and an
increase in the Seebeck coefficient. It was found that
changing the width of the potential well slightly changes
the Seebeck coefficient, and the power factor remains
almost constant. For the proposed model, the effect of
resonance tunneling of particles through the barrier-well-
barrier quantum structure on the thermoelectric
characteristics of the nanostructured material was
considered. It was found that the presence of resonance
tunneling has little effect on the Seebeck coefficient and
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the power factor.

For the modified Poschl-Teller potential, with certain
parameter values, it is possible to obtain analytical
expressions for the transmission coefficients 7 of the well
and barrier. Assuming that the transmission coefficient of
the barrier-well-barrier system is equal to the product of
the transmission coefficients of the components of this
system, it has been shown that the difference between the
numerical and analytical calculations is practically non-
existent. This result indicates the feasibility of using this
approach (model) for a quick analysis of the
thermoelectric parameters of a nanomaterial based solely
on relatively simple analytical expressions.

Based on the proposed one-dimensional model of a
nanostructured thermoelectric material, calculations of
thermoelectric parameters (Seebeck coefficient, specific
electrical conductivity, and thermoelectric power) have
been carried out. It was found that the numerical values of
thermoelectric power practically do not depend on the

type of chosen potential (Gaussian, Poschl-Teller, or
rectangular) and, with the same height and width, differ by
no more than 15

Based on the generalization of the obtained results, it
can be concluded that with variations in the energy
parameters, particularly the height and width of the
potential barriers of the nanostructured material model,
achieving a significant qualitative improvement in
thermoelectric power P is difficult. However, quantitative
optimization of the power factor magnitude with
variations in the height and width of the barriers can be
achieved at the level of 10-15.
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Mopeab aJisi pO3paxXyHKy TEPMOEJIeKTPUIHHUX BJIACTHUBOCTEM
HAHOCTPYKTYPOBAHOI'0 MaTepiaiyi

Tpuxapnamcokuii Hayionarvhuil ynigepcumem imeri Bacuns Cmeganuxa, m. leano-@pankiecvk, Yrpaina,
lyubomyr.nykyruy@pnu.edu.ua

Jlns moneni Gap’ep-sma-6ap’ep HaHOCTPYKTYPOBAaHOTO TEPMOEIEKTPHYHOTO MaTepily, sika 0a3yeThCcsl Ha
noreHmianax [aycca, Ilemuts-Temnepa Ta mnpsAMOKyTHHX Oap’epax 1 5AMi, BHKOHaHO PO3PaXyHKH
TEPMOECTICKTPHUYHHUX XapaKTepUCTHK. J{1s KBaHTOBUX CTPYKTYyp Oap’epsma-Oap’ep Ha 0a3i moteHuianiB ["aycca i
IMemns-Tennepa po3pobneHa mporpama Uil PO3paxyHKY TEPMOEIEKTPUYHHMX XapaKTEPUCTHK B OCHOBI SIKOI
Thomas algorithm mast po3paxyHky KoedillieHTa MPOXOMKEHHS YaCTHHOK 4Yepe3 KBaHTOBY CTPYKTYpY Ta
YHUCEIHHOTO IHTETPYBaHHS BUPa3iB I MUTOMOI €IEeKTPOIPOBITHOCTI Ta KoedimieHTa TepMoe.p.C. i3 BiIIOBITHOO
rpadiyHOI0 1MFOCTpamiero ojAep)kaHMX pe3ynbTaTiB. [Iporpama po3paxyHKIB peanizoBaHa Ha IuaTdopmi
KOMIT'oTepHOT MaTeMaTHku Maple. [Iys1 KBaHTOBOT CTPYKTYpH Ha 0a3i NPSIKYTHUX ITOTEHIIAJIIB i3 3aCTOCYBaHHIM
METOJVKH KBaHTOBOTO IMIIEZaHCy, OJEp)KaHO BHpa3 Uil KoedillieHTa MPOXOJPKEHHS YaCTHHOK dYepe3 Taky
CTPYKTYpYy Ta 3aCTOCOBAHO HOTO AJIsI PO3paxyHKy 3aco0amMH CHMBOJBHOI MaTeMaTHKH makeTy Maple muromoi
MpoBigHOCTI, KoedimieHTa 3eeOeka Ta (akTopa MOTYKHOCTi. BpaxoBaHO BIUIMB PE30HAHCHOTO TYHETIOBAHHS
YaCTHHOK Yepe3 3alpOIIOHOBaHy TpHOap’ €pHy CTPYKTYpY Ha Il TepMoeneKTpiyHi XxapakrepucTuku. [logano anamisz
OJIEpKAHUX PE3YINIBTATIB PO3PAXyHKIB.

KorouoBi ciioBa: KBaHTOBHUIT TyHENBHUI MEXaHi3M TEPMOECIEKTPHYHUX SBUIL, MOJIETIb HAHOCTPYKTYPOBAHOT'O
Marepiaiy, koedimieHT 3eebeka, Koe(ilieHT MOTYKHOCTI.
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