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Abstract: Using equivalent electrical circuits (EEC) is not common practice in several areas of physical
chemistry. The phonon concept is used in solid-state works but much less frequently in branches
of chemistry. Lattice vibration phenomena present a high complexity when solving equations in
real systems. We present here a methodology that crosses disciplines and uses EEC that can be
analyzed and solved using freely downloaded computer codes. To test our idea, we started with a
one-dimensional lattice dynamics problem with two and three masses. The initial mechanical model
is numerically solved, and then an equivalent circuit is solved in the framework of electrical network
theory through the formalism of transfer function. Our lattice model is also solved using circuit
analysis software. We found the dispersion relationship and the band gaps between acoustical and
optical branches. The direct solution of a mechanical model gives the correct answers, however, the
electrical analogue could give only a partial solution because the software was not designed to be
converted into an analogue simulator. Due to the finite size of the circuit elements, the number of
computed frequencies is less than those expected for two unit cells and right for eight. On the other
hand, by using a huge number of electrical components, the network behaves like a low-pass filter,
filtering higher frequencies.

Keywords: triatomic lattice; phonons; mechanical analog; electrical analogs; simulations

1. Introduction

Lattice dynamics is an important subject in solid-state physics. However, the amount
of papers that use the keyword phonon in chemistry is less extended when compared
with physics publications. Accorinti et al. [1] remarked on two ontologies for the matter.
At the point when the composition of chemical substances is required, the most well-known
model is that presented by the standard atomic model, as per which matter is made out
of atoms moving. Nonetheless, there is an alternate philosophy for the instance of solid-
state matter in light of the phononic model. As per that model, solids are made out of
particles at rest and phonons moving. All branches of engineering will be the workforce
to push forward the development of the future materials or electronic devices, in most of
which, phonons play an essential role. Rich and Frontiera uncover the role of coherent
phonons during the photoinduced phase change in a molecular periodic solid [2]. Recently,
Porter et al. explained the role of coherent phonons in antimony in ultrafast laser spec-
troscopy experiments. This type of experiments is an important tool in physical chemistry
to study the dynamics on their natural time scales [3]. As photons are the quantization of
the electromagnetic field, phonons are the quantization of the elastic field. A phonon is a
quasiparticle related with a compressional wave like sound or a vibration of a crystal lattice
and is a collective excitation. It is a common practice in physical and organic chemistry
to study molecular vibrations in gas or liquid phases and interpret IR spectra. However,

Physchem 2023, 3, 440-450. https://doi.org/10.3390/ physchem3040028

https:/ /www.mdpi.com/journal /physchem


https://doi.org/10.3390/physchem3040028
https://doi.org/10.3390/physchem3040028
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/physchem
https://www.mdpi.com
https://orcid.org/0000-0002-1735-6033
https://orcid.org/0000-0001-9203-0271
https://doi.org/10.3390/physchem3040028
https://www.mdpi.com/journal/physchem
https://www.mdpi.com/article/10.3390/physchem3040028?type=check_update&version=1

Physchem 2023, 3

441

understanding the concept of phonons and their relationship with vibrations requires a
much more complex analysis. Several useful concepts that involve phonons are dispersion
relationships, optical and acoustical branches, and band gaps. We can start by remember-
ing that elastic or electrical waves always behave similarly. Linear chains of masses and
springs are used in classical textbooks to treat lattice vibrations [4,5]. The one-dimensional
case is frequently used to explain the basic ideas. Experimental setups can improve the
understanding, for instance, a mechanical analogue; a modified linear air track, onto which
a linear chain comprised of cars of adjustable mass (particle mass) interconnected by coil
springs (interaction force between particles) [6]. Eggert [7] presented a mechanical ana-
logue, a ring formed with springs and masses in series, for a one-dimensional harmonic
lattice with periodic boundary conditions, including two oscillators, two set of mass and
spring, per unit cell and an isotopic impurity by substituting heavy for light mass and
vice-versa. The electrical analogue, a cascade of inductors and capacitors (L — C) circuits,
both experimental [8] and simulated [9] are also used to understand lattice vibrations.
The mathematical equations of motion that describe one-dimensional lattice vibrations are
isomorphic to those of an electrical circuit, with force constants related to electrical induc-
tances and masses to capacitances. Scott et al. [8] proposed to represent a transmission line,
a cascade of L — C circuits, of a real circuit, exciting from the input of the electrical network
and measuring the frequency response at its output with an oscilloscope. Vega et al. [9]
developed a computer-aided modelling electric analogue for lattice dynamics represent-
ing a system with two masses with a cascade of adjacent L1 — C; and L — C; circuits,
with C; = C;. This model was solved using a commercial electric circuit analysis software,
today obsolete, and compared with the available exact mathematical solutions. Lately, Moy
emulated one-dimensional crystals by superconducting coplanar two-dimensional waveg-
uide segments and determined the wave velocity of long-wavelength acoustic phonons [10].
According to their length, some waveguide behaves as inductance and other as capac-
itance. Once again, we have a transmission line formed by a cascade of L — C circuits.
Vibrational analysis in several materials such as Benziodoxoles and Benziodazolotetrazoles
and Iron carbonyls were reported by Yannacone et al. [11] and by Parker [12]. Vibrational
properties of phononic circuits were also described using Green'’s function method [13].
Electrochemical impedance spectroscopy users need to choose a relevant EEC to analyze
their experimental data. Van Haeverbeke, et al. reviewed the use of EEC across various
application domains [14]. Recently, G. Ding et al. [15] indicate that the topological interpre-
tation of phonons is a new platform to be considered in physical chemistry. These authors
demonstrated the appearance of ideal nodal-net, nodal-chain, and nodal-cage phonons
in LiAlSe;, NaMgH3 and AuBr. The analysis of lattice vibrations of a diatomic chain was
extended by Kesavasamy and Krishnamurthy to a one-dimensional triatomic chain [16].
The solutions for the dispersion relations were analyzed for some special cases, such as the
vibrations of a monatomic chain and the vibrations of linear AB;-type ionic and molecular
lattices. Bickham et al. and Kiselev et al. studied localized modes in a one-dimensional
monatomic lattice and anharmonic gap mode in a one dimensional diatomic and triatomic
lattices [17,18]. More recently, He et al. [19] studied the dual-tuning mechanism for elastic
waves in a triatomic lattice with string stiffening. The goal of this manuscript is to simulate
mechanical models of three different masses in a linear chain and the electrical analogue,
both via graphical user interface (GUI) of modern, easy-to-use free software and a circuit
simulator. One of the main advantages of this approach is that almost no special mathemati-
cal skills are required for the simulations, and that the components can be easily changed to
explore various configurations and obtain the frequency response. This work is structured
as follows: in Section 2 present the mathematical equations that describe our models, then
in Section 3 the mechanical model is numerically solved, we move on with the electrical
analogue model for a one-dimensional triatomic lattice in Section 4, and conclude with
Section 5 where we present the main goals and limitations of our simulations.
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2. Formulation

Several solid-state physics textbooks explain lattice vibrations in one and three-
dimensional lattices [4,5,20]. An exact solution for a triatomic lattice was developed by
Kesavasamy and Krishnamurthy [16]. A one-dimensional crystal lattice is a chain with n
links or cells (n — oo) immersed in an energy potential in such a way that the movement
of one cell influences the others. In this work, we will consider a linear triatomic lattice
consisting of n unit cells. Each cell has three particles of mass M;, Mp, and M3 located
alternately in the nth unit cell with a periodicity a (see Figure 1). Only the first neighbors’
interactions are considered in this model. As n increases, the border effects become less
important, and in the limit we can apply the Born-Von Karman periodic conditions [4].
In this cyclic situation, the n 4- 1 cell is equivalent to cell 1 (see Figure 2). Let U, V, and W
be the displacements of the three masses from the equilibrium positions. The masses are
connected with springs with force constant k;.

200000

Figure 1. Unit cell in a one-dimensional crystal lattice. a indicates the periodicity of the lattice and
M;, My, and M3 the masses of the atoms, which compound the unit cell.
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Figure 2. One-dimensional lattice network of n + 1 unit cells with three atoms each of them and
which follows the Born-von Karman boundary conditions.

The equations of motion for small vibrations, and atomic displacements, can be written
as [4,5,16]:

dz Un
1 412 = kZ(Vn_Un)'i'kl(anl _Un)
d> vy
2w,
M; dtz” = ki (Upp1 — W) + k3 (Vi — Wy)

where Uy, V;, and W, are harmonic functions describing normal-mode solutions having
the form:

u, = uoei(nKafwt)

V, = Voei(nKa—wt) )
W, = Woei(nKafwt)
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where 7 is an integer, K is the wave number, and w the oscillation frequency of a normal
mode. The differential equations requires:

Uy (k; — w? M + ky) — Voky — Wokie K4
= —Upky + Vy(kp — szz + kg) — Woks 3)
0 = —U()k1€iK‘Z — Voks + Wo(ky — w2M3 + k3)

and for a non-trivial solution, the coefficient determinant must be null:

(k1 — w2M1 + kz) —kz —kle_iKa
—ky (ky — w?My + k3) —k3 =0 4)
—kle‘lKu —k3 (kl - w2M3 + kg)

Solving Equation (4), we obtain:

M1M2M3 w6—
[MyMs(ky + k3) + My My (ki + k3) + MaMs (ky 4 k)] w+
(My + My + M3) (k1ka + koks + kiks) w?—

2k1koks (1 — cos(Ka)) =0 )

Equation (5) is a cubic equation on w? that provides a dispersion relationship w(K) for
the normal modes (that modes when quantized are called phonons). It could be resolved by
the formulation of Cardano [21]. However, in this work, we will rely on the practicality of
numerical solutions. For a given lattice wave vector K and a lattice constant 2, Equation (5)
can be numerically solved. The term (1 — cos(Ka)) depends on Ka values within an interval
of 71, so we will consider values for K in the interval [0, 7t/a] of the first Brillouin zone by
symmetry [5].

3. The Solution for the Mechanical Model

Equation (5) is solved by using Julia programming language [22] for the dispersion
relationship w(K). A GUI is provided as supplementary material (See Julia folder in the
supplementary material section). The GUI counts with sliders to set all three masses and
spring constants and also the number of unit cells. The resulting dispersion relationship
for K : [0, 71/a] of acoustic phonon (AP) and optical (OP) phonon branches, including
the band gap, are plotted in a graph. Furthermore, displayed data can be saved in a file
with the “txt” extension. Table 1 presents the values of masses and force constants of
the atomic configurations studied, the well-known cases of mono-atomic (I) or diatomic
(I and I1I). For case, 1, the theoretical frequency limit values for the first Brillouin zone [16]
are: vVk/M, \/3k/M, and v/4k/ M. Replacing the values given in Table 1 for k and M in the
theoretical expressions, we obtain the values: 31.623, 54.769, and 63.246 krad /s, respectively.
From Figure 3a we can see that the obtained values by Julia are in agreement with the
theoretical ones. Observe that at Ka/7 = 1, these results could lead to a misconception
about the frequency band structure, (a) AP branch, (b) and (c) OP branches. The obtained
solutions describe waves propagating along the chain with phase velocity w/K and group
velocity dw/dK. The dispersion relationship is the same as the well-known problem of
a monoatomic chain [4], with a periodicity of a/3. At K = 7t/a small, the relationship
w(K) is almost linear with K (see first branch in Figure 3a). When K7t/ a increases (upper
part of Figure 3a) the dispersion curve becomes flat, that is the group velocity, as expected,
drops to zero at the Brillouin boundary. Case II represents the study of normal modes
of a one-dimensional lattice with a basis. From [16], the theoretical values for the first
Brillouin zone limit frequencies are 0, \/ k(l /My +2/Mj3), /3k/M; at K = 0, which gives
the values 48.287 and 54.784 krad /s, respectively, for the given values of k, My, and M,
in Table 1. The dispersion relationship presents a band gap between the so-called optical
and the acoustical branches, as expected. The lower branch has the same structure as the
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single branch we computed in the monoatomic Bravais lattice: w is linear close to zero for
small K7t/a, and the curve becomes flat at the edges of the Brillouin zone. With a lattice
of p atoms in the unit cell, there will be p — 1 optical modes (2 in our case II) and only
one acoustic branch for each polarization model. The second gap is a consequence of a
3-atom unit cell with M; = M3 # M,. Equation (5) was resolved with Julia given the
values of 27.252, 31.616, and 59.922 krad /s for K = 7/a. For K = 0, the results given by
Julia for n = 50 are coincident with the values obtained analytically by [16] (see Figure 3b).
The case III of Table 1 expresses the limit when the spring becomes null. The theoretical
frequency limit values (lines in Figure 3c) for the first Brillouin zone [16] are 0, v/k/Mj,
V2k/ My + k/ M, taking the values 0, 31.623, 48.305 krad /s, respectively, for the values
from the Table 1 used for k, M;, and M, for this case. The values obtained by Julia, 0,
31.6228, and 48.3046 krad /s are totally in agreement with the theoretical values.

Table 1. Masses and force constants, and inductances and capacitances for the mechanical and
electrical analogues of the studied atomic configurations.

Case 1 Case I1 Case III
ki M; G L; ki M; G L; ki M; G L;
_ (N/m) (Kg) (F) (H) (N/m) (Kg) (F) (H) (N/m) (Kg) (F) (H)
1
1 100 1073 106 1073 106 1073 10-° 1073 100 1073 10-° 1073
2 106 1073 10-° 1073 1.5 x 10° 1073 066x10¢ 1073 1.5 x 10° 0 0.66 x 106 0
3 100 1073 10-° 1073 106 1073 10-° 10~ 100 1073 10-° 1073
x 104 x 104 x 104
T T T T T T
6 |- |
51 SOR, 448305
£ £ 3F $31623
3 3
2 |- |
1 |- |
b
0 ? | | (a) 0 ? | | ( ) 0 N & AB & (C)
0 025 05 075 1 0 025 05 075 1 0 025 05 0.75
Ka

Normalized Wave Number, =

Normalized Wave Number, %

Normalized Wave Number, =

Figure 3. Dispersion relationship, for cases I (a), II (b), and III (c), (—) and (O) Julia [22] for n =50
and 4 values of K, respectively, ((0) GNU Octave [23], and (A) Qucs-S [24]. In (a) numbers are
analytically obtained, in (b) analytically (48.287 and 54.784 krad/s) and via Julia (27.252, 31.616,
and 59.922 krad/s). In (c) numbers were analytically calculated. The acoustic phonon branch is
indicated by label AB and the optical branches first and second by labels FOB and SOB.

4. The Electrical Analogue Model

An electrical line, analogous to the one dimensional triatomic lattice, is constructed
using the method of association [8,9,16,25]. Two systems are analogous to each other if
two conditions are satisfied: (i) The two systems are physically different, (ii) Differential
equation modelling these systems are the same. Electrical and mechanical systems are two
physically different systems with the same differential equations. There are two types of
electrical analogies of translational mechanical systems [26]. Those are the force voltage
analogy and the force current analogy. In this work as in Ref. [9], we use the force voltage
analogy. Since we have three masses and three springs in the mechanical model, we must
have three inductances (L; with i =1, 2, and 3) and three capacitors (C; withi =1, 2,
and 3) in the electrical circuit [9]. Every single mass and spring constant is replaced by an
inductance and capacitor, respectively, i.e., Mj by L1 and ki by 1/Cj. The electrical line is
shown in Figure 4 for the triatomic unit cell. Figure 5 presents a finite cyclic circuit with
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8 unit cells. Each one of them with inductances L1, Ly, and Lz and capacitors Cq, Cy, and Cs.
Their values for the cases I, II, and III are displayed in Table 1. We are using a finite chain
because it is easy to simulate that in circuit analysis software, so a direct comparison with
the infinite mechanical lattice is not possible. However, we believe that the main aspects
are visible and useful from a practical point of view. The electrical equations are completely
equivalent to the mechanical system (see reference [9]). The circuit in Figure 5 is two linear
lossless, with no resistive elements e.g., resistance, transmission lines. The upper part,
M, and the lower part, N, of the network. From an input-output point of view, the parts
M and N are in parallel. The resulting electrical line can be analyzed using the electrical
network theory [27]. The frequency-dependent voltage transfer function, Z(w), of a linear
system (transmission line in our case) relates the output voltage, Vo, (w), of the system
to its input voltage, Vi, (w). In this case, the transfer function Z(w) can be expressed as
Z(w) = Vout(w)/ Vi (w). The function Z(w) could bring us the normal modes or resonant
frequencies of the network. Due to the losslessness of the line, Z(w) will exhibit sharp
peaks at these frequencies. The elements are then called Ly, Cp1; and Ly, and Cy;,, see for
i = 1 top Figure 6a,b. Each pair of Ly;, — Cy, and Ly, — Cy; is presented in an equivalent
circuit with the associated ABCD matrix [27], bottom Figure 6a,b for i = 1. We proceed to
analyze the circuits in Figure 5 whereas Rj, indicates input resistances viewed from the
generator side. In ideal cases, the Ry, is null and the output impedance (not displayed
here) is infinite (ideal probe). However, R}, could not be set to zero Ohm, because it is not
difficult, but impossible to simulate the circuit in some cases. And Ry, had to be fixed to
a very small value (>0 (). The resulting electrical analogue in terms of ABCD matrices
to solve this electrical model in the ideal case is displayed in Figure 7. All matrices of the
same type in M or N were considered together because there is no difference (invariant)
when computing the transfer function. Thus, only the matrix ABCD Mr, and ABCDNTi
need to be obtained. Where ABCD), = (ABCD);,)" and ABCDy, = (ABCDy,)" with
i=1,2,and 3 and n the number of unit cells. To obtain the parallel of the two total parts is
more convenient to introduce matrices Y)s and Yy which are equivalent to ABCDy,,, . or
ABCDJ,,,.,, which results from the multiplication of the matrices ABCD Mr, and ABC DNTi ,
respectively. Finally, by adding Yy to, Y we get the matrix Yr,,;.

—____ — (s N O

Figure 4. Equivalence between the mechanical model and its electrical analogue. In the electrical
analogue, the constants of forces k; are related to capacities 1/C;, while the masses M; with the
inductances L;. The mechanical model is at the top, and its electrical analogue for a triatomic unit cell
is at the bottom.
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Figure 5. The electrical analogue of the mechanical model of a one-dimensional atomic chain.
The figure shows the electrical model of a crystalline network composed of eight unit cells composed
of three different atoms.

Ly, Ly,
Vi 80— o V5 Vie L /800N o V5
T Cw, Cn, T
o— Ay, Bt — Ay, By, f—
Vi Va Vi Va
o—Cum;, D, 1 — Cy, Dy, 1o

(a) (b)

Figure 6. L — C circuits and ABCD matrices associated to each atom of the unit cells. (a) belongs to
M part, whereas (b) belongs to N part of the circuit of Figure 5.

Anrz, Butr, 1 Ariry, Bt [ Arin, B,
Cwryz, Dty 1 Ortgy Dty [ Oty Diay,

‘/In VOut

— AN"i BN’I'I T AN"‘Z BN,,,2 T AN"S BN’"s —
C’NT1 DNT1 - ONTZ DNT2 - C’N3

Figure 7. Representative block diagram of the electrical network. The figure shows the ABCD
matrices for the synthesis of the electrical network.

The transfer function Z(w) of the circuit is then obtained through the ABCDr,;,; matrix
of the Yr,1, because the term 1/ Apyyg(,) is the relationship Vo /Vyy = Z(w) expected
from Figure 5. The normal mode frequencies can be determined through the resonance
frequencies of the electrical analogue. The resonance frequencies are found exiting the
electrical circuit at a net node and observing the gain plot at another node. Some frequencies
could not be present due to boundary conditions and excitation mode. The described
procedure was implemented in GNU Octave [23]. The Gain = 20 X log(abs(1/ Apya(w)))
as a function of frequency was calculated and plotted in Figures 8-10 for the cases I, 1I,
and III, respectively, indicated in Table 2 which are the same as those reported by [16].
The utilized GNU Octave code (See GNU Octave folder in the supplementary material
section) to generate the plots is provided as supplementary material. The dispersion
relationships in cases I and II, observing Figures 8 and 9 can be found as follows. Each of
the unit cells has three atoms, and we have four unit cells in M or N parts of the equivalent
circuit. That means that for each value of K;a/mt = i/4 with, i = 1,2,3, and 4 we have
three resonance frequencies, one for each branch of the dispersion relationship. In general,
for n/2 cells per part, n even, we have 1/2 resonances in each branch. Note that the values
within the first optical branch (FOB) must be taken in decreasing order, while within the
acoustical branch (AB) and the second optical branch (SOB) must be taken in increasing
order. For instance, for i = 1 and Kja/ 7t = 1/4, the first resonance frequencies of the AB
(AB1) and SOB (SOB1) must be taken, whereas the last frequency of resonance of the FOB
(FOB4) must be taken. On the other hand, for i = 2 and Kya/ 7 = 1/2 the values AB2,
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SOB2, and FOB3 must be taken and so on. Figure 10 shows the dispersion relationships in
case IIL. Note that in this case the number of resonance frequencies is incorrect, we should
have just three resonance frequencies, they are indicated on the plot as AB, FOB, and SOB.
By plotting the resonance frequency values multiplied by 27t on the y-axe for each value of
Kja/m (x-axe), we can reconstruct the plots of Figure 3a,b. The results are not completely
applicable to case III (see Figure 10) where only the direct solution from Julia brings us
comparisons with previous theoretical results [16]. The circuit of Figure 5 was directly
implemented in the circuit simulator Qucs-S via its GUIL Three Qucs-S files for cases I, 1I,
and III (See Qucs-s folder in the supplementary material section) of the Table 1 are provided
as supplementary material. Based on the peaks of the frequency response plots generated
with Qucs-S we can construct the branches of the cases I and II in an analogous manner
than for the case of the Gain-Frequency plots obtained with GNU-Octave. See Figure 3a,b
where the frequency, in Hertz, obtained with Qucs-S are plotted in rad/s. On the other
hand, for the case III, the results provided by GNU Octave and Qucs-S are misleading.
For the cases I and II, Octave, Qucs-S results are qualitatively correct. However, they are
not exact. Table 2 condenses, for cases I, II, and II, all results obtained with Julia, GNU
Octave, and Qucs-S as well as the theoretical ones [16].

200 AB4 | ¢$—— Resonances
AB2 AB3

100
0

Gain (dB)

—100

AB = acustical branch
FOB = first optical branch
_200 SOB = second optical branch

01 2 3 4 5 6 7 8 9 1011
Frequency (kHz)
Figure 8. Frequency response of the circuit of the Figure 7 with Ry, = 0 obtained by GNU Octave for

case I. The three different branches are indicated as AB (acoustical branch), FOB (first optical branch),
and SOB (second optical branch).

200 AB4

AB1 AB2 AB3

Resonances

)/FOBI

FOB2

FOB3 FOB4

SOB1
100 SoB2
SOB3
O SOB4

AB 1bandgar FOB.

Gain (dB)

_100 2°bandgap
AB = acustical branch
FOB = first optical branch SOB
_200 SOB = second optical branch

01 234567891011
Frequency (kHz)

Figure 9. Frequency response of circuit of the Figure 7 with Ry, = 0 by GNU Octave for the case II.
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x10%

—1.2

—1.25

—-1.3

Gain (dB)

_135 AB = acustical branch
FOB = first optical branch
SOB = second optical branch

—1.4
012 3 45 6 78 91011

Frequency (kHz)

Figure 10. Frequency response obtained by GNU Octave for the case III. Note that in this case the
amount of resonance frequencies is incorrect, we should have just three resonance frequencies, they
are indicated on the plot as AB, FOB, and SOB.

Table 2. Frequency values in kHz for K in the interval [0, 77/4] obtained for the different methods
(mechanical model, electrical analogue, and direct simulation for n = 8 cells) and cases studied and
for Ref. [16].

Mechanical Model Electrical Analog Direct Simulation Ref. [16]

I II I 1 I I I II I I II I
1.313 1.215 0 0.660 0.610 - 0.661 0.601 0.741 - - -
2.605 2.406 0 1.966 1.830 1.664 1.940 1.82 2.180 - - -
3.852 3.536 0 3.238 3.012 3.300 3.160 2.98 3.480 - - -
5.032 4.337 0 4.454 4.134 4.874 4.380 4.04 4.360 - 4.337 0
5.032 5.032 5.032 5.594 5.200 - 5.540 5.30 - 5.032 5.032 -
6.127 5.747 5.032 6.638 6.144 - 6.640 6.18 - - - -
7117 6.613 5.032 7.570 7.002 - 7.560 7.00 - - - -
7.985 7.334 5.032 8.372 7.674 6.326 8.240 7.58 7.200 8.717 7.687 5.032
9.299 8.934 7.687 9.030 8.238 7.602 8.900 8.78 7.680 - 8.717 7.687
9.722 9.250 7.687 9.534 8.954 8.650 9.460 9.10 8.140 - - -
9.979 9.463 7.687 9.874 9.556 9.428 9.480 9.38 8.380 - - -
10.065 9.536 7.687 10.046 9.938 9.906 10.00 9.52 8.400 10.065 9.536 -

Results obtained with Julia (mechanical model), GNU Octave (electrical analogue), and Qucs-S (Direct simulation).

5. Conclusions

The main conclusion is that the reader must try carefully the result of simulation
and the convergence criteria for electrical circuits. The direct solution of a mechanical
model gives the correct answers, however, the electrical analogue could give only a partial
solution because the software was not designed to be converted into an analogue simulator.
The finite size of the circuit elements is always a problem to be considered. Although the
number of expected frequencies could be right, their numerical values at higher limits
could be distorted. But in any case, the finite electric analogue model play well the role of
an approximation. On the other hand, by using a huge number of electrical components,
the network behaves like a low-pass filter filtering higher frequencies. In such a case, GNU
Octave and Qucs-S results are similar. This may come from similar numerical routines. For a
fixed number of cells there are differences between GNU Octave, Julia, and Qucs-S. In the
last, we must use resistors to run the simulation. The results of the mechanical equation [22]
are in total agreement with the analytical values [16]. The three mass system was validated,
and the electrical analogues could be centralized to a more complex crystal lattices, 2D
and 3D lattices for example. Our approach provides detailed plots and numerical values
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for the first time in the Open literature, and a method that does not require any specific
mathematical skills to solve the systems. All codes for Julia, GNU Octave, and Qucs-S are
provided as supplementary material. The analogue circuit analysis technique could be used
to analyze a co-polymer chain under Dynamic mechanical analysis (DMA) measurement.
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