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Abstract

The purpose of this paper is to present the results of investigations on qua-
si-one-dimensional organic crystals of tetrathiotetracene-tetracyanoquinodi-
methane (TTT(TCNQ),) from the prospective of thermoelectric applications.
The calculations were performed after analytical expressions, obtained in
the frame of a physical model, more detailed than the model presented ear-
lier by authors. The main Hamiltonian of the model includes the electronic
and phonon part, electron-phonon interactions and the impurity scattering
term. In order to estimate the electric charge transport between the mole-
cular chains, the physical model was upgraded to the so-called three-dimen-
sional (3D) physical model. Numeric computations were performed to de-
termine the electrical conductivity, Seebeck coefficient, thermal conductiv-
ity, thermoelectric power factor and thermoelectric figure-of-merit as a func-
tion on charge carrier concentrations, temperatures and impurity concentra-
tions. A detailed analysis of charge-lattice interaction, consisting of the ex-
ploration of the Peierls structural transition in TCNQ molecular chains of
TTT(TCNQ), was performed. As result, the critical transition temperature
was determined. The dispersion of renormalized phonons was examined in
detail.

Keywords

Organic Materials, Tetrathiotetracene-Tetracyanoquinodimethane,
Thermoelectric Figure of Merit, Renormalized Phonon Spectrum, Peierls
Transition

1. Introduction

Energy plays a crucial role in both industrial processes and daily life. Currently,
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around 90% of the world’s annual energy consumption, which is approximately
15 terawatt-years, is derived from heat engines fueled by fossil sources. However,
these engines operate at a modest efficiency of 30% - 40%, resulting in a substan-
tial amount of heat being dissipated into the environment. It is important to find
cost-effective technologies for 2 generating electricity from even a part of this
waste heat. Thermoelectric generators are anticipated to play a key role in achiev-
ing this objective. Additionally, these generators can function as refrigerators,
directly converting electrical energy into cold without the need for a compressor.

The primary factor influencing a material’s viability for use in thermoelectric
energy converters is the dimensionless thermoelectric figure of merit, denoted as
ZT =oS°T / k . Here, orepresents electrical conductivity, S denotes thermopow-
er (Seebeck coefficient), k=k®+k" is the thermal conductivity, which consists
from electronic & and phononic &* contributions and 7'is the operating temper-
ature. The goal is to achieve the highest possible Z7 values. While it might seem
intuitive to increase oand S while decreasing & simultaneously, these parameters
are independent. Enhancing o may reduce §and increase &°, and vice versa. De-
spite this, significant progress in the increase of Z7 has been made in recent dec-
ades, particularly in low-dimensional inorganic structures. Remarkable Z7 values,
such as ~2.4 has been measured [1] at room temperature in p-type Bi,Te,/Sb,Te,
superlattices. Z7'~ 3 has been reported in PbTeSe quantum dot superlattices [2],
and even ZT ~ 3.5 [3] [4] have been reported. However, these achievements in-
volve technologically complex and costly structures. Although the current com-
mercially used thermoelectric materials based on Bi,Te, have Z7~ 1 around 500
K, this is considered relatively low. Attaining Z7"> 3 would make solid-state con-
verters economically competitive with conventional alternatives, but commercia-
lization is currently limited. Nevertheless, there are instances of mass-producing
miniature thermoelectric modules for applications such as maintaining constant
temperatures in laser diodes [5], climate control seats in hundreds of thousands
of vehicles annually [6], portable beverage coolers [7], and various other uses,
including space applications. In [8] a comprehensive review was conducted on
thermoelectric materials and their applications. A prospective strategy for scal-
ing up the production of miniaturized thermoelectric devices is suggested, in-
volving the integration of high-energy ball milling and aerosol jet printing. High
ZT values are achieved through a combination of high electrical conductivity and
low thermal conductivity values [9] [10] [11].

In recent years, there has been a growing focus on organic compounds, cap-
turing the attention of researchers. These materials are not only cost-effective
and abundant but also exhibit diverse and often unconventional properties when
compared to their inorganic counterparts. Additionally, they have the advantage
of being environmentally friendly. One notable example is poly(3,4-ethylenedi-
oxythiophene) (PEDOT) doped with poly(styrenesulphonate) (PSS), where thin
films of p-type have registered a Z7 value of 0.42 at room temperature [12]. For
n-type materials, the most promising result has been achieved with powder-
processed inorganic hybrid polymer, poly[Kx-(Ni-ett)], with a Z7 value of 0.2 at
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400 K [13]. Furthermore, even higher Z7 values, reaching around 1, have been
reported in films of PP-PEDOT/Tos [14]. This underscores the potential of or-
ganic compounds in advancing thermoelectric technology.

We have anticipated substantial Z7 values in certain quasi-one-dimensional
(Q1D) organic crystals, including TTT,I, [15] and TTT(TCNQ), [16]. Organic
crystals with a Q1D structure are composed of linear chains or stacks of mole-
cules arranged in a three-dimensional crystal lattice. Many organic materials ex-
hibit quasi-one-dimensional structure, such as ion-radical salts like tetrathioful-
valene-tetracyanoquinodimethane (TTF-TCNQ), crystal polymers, and specific
charge transfer complexes. In Q1D crystals, the interaction between molecules
along the chains is more pronounced than between different chains, resulting in
needle-like shapes and often unique properties. Previous predictions of high Z7°
values in Q1D organic crystals were based on a simplified strictly 1D physical
model. We have developed a more realistic 3D model, enabling a more precise
simulation of the thermoelectric properties of select Q1D organic crystals.

The aim of this paper is to present the findings from investigations conducted
in recent years, focusing on Q1D organic crystals for potential applications in
thermoelectric systems. The research involves a comprehensive examination, mod-
eling, and analysis of various properties such as electrical conductivity, Seebeck
coefficient, thermal conductivity, thermoelectric power factor and the thermoelec-
tric figure of merit within these crystals. Furthermore, the study explores the
Peierls structural transition in TCNQ molecular chains of TTT(TCNQ),, deter-
mining the critical transition temperature and analyzing the dispersion of re-
normalized phonons at different temperatures and various dimensionless Fermi
momentum (&) values. The paper is structured as follows. Section 2 describes
three-dimensional model of the crystal. Section 3 presents the results of com-

puter simulations. The conclusions are formulated in Section 4.

2. The Physical Model in 3D Approximation for TTT(TCNQ):

In this Section we will present the physical model of the TTT(TCNQ), crystal.
The Hamiltonian of the 3D crystal model, employing tight binding and nearest

neighbor approximations, is expressed in the following form:

H=Y c(k)aja, + Y hobb,+Y A(k.q)aia, (b, +b",). (1)
k q kg

Let’s describe each component of Equation (1). The first term corresponds to
the energy operator of free electrons within the periodic field of the lattice. The
second term represents the energy operator of longitudinal acoustic phonons.
The third term characterizes the interactions between electrons and phonons.
Here, &(k) denotes the energy of the carrier, where @, and q, are the creation
and annihilation operators of the electron with a 3D quasi-wave vector k and
projections (k,, &, k). Similarly, b, and b, represent the creation and an-
nihilation operators of an acoustic phonon with a 3D wave vector ¢ and fre-

quency @, . A(k,q) represents the matrix element of interaction. The energy
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of the electron, £(k) is measured from the band top, and this term is presented in

the following form:

e(k)=2w, (1-coskb)—2w, (1 - coskya) —2w, (1—cosk,c). ()

Here, w;, w;, and w; represent the transfer energies of an electron from the
specified molecule to its nearest neighbors along the lattice vectors b, &, and c.
The coordinate axes x, y; zalign with b, a, and c respectively, and the conductive
chains are oriented along b. The quasi-one-dimensionality assumption implies
that w is significantly larger than w, and ws.

Only longitudinal acoustic phonons are considered due to their significance as

the primary scattering mechanism. The dispersion law is as follows:
o, = sin’ (bq, /2)+ @; sin® (aqy/Z) +a; sin®(cq, /2) 5 (3)

where @, o, and @, are limit frequencies in the X, y and z directions, gis a
phonon quasi-wave vector with the projections (g,, g,, ¢,). Due to the same qua-
si-one-dimensionality, @, is much bigger than ®, and w;,.

Two the most important interactions of electrons with acoustic phonons are
considered, generalized for the 3D case. One of them is of deformation potential
type. Three coupling constants of this mechanism are proportional to the deriv-
atives w;, w, and wj with respect to the intermolecular distance of w;, ws,
and w;. The other interaction is similar to that of polaron. The coupling constant
is proportional to the mean polarizability of the molecule ¢,. The square of ab-
solute module of the hole-phonon interaction A4(k,q) which appear in the ex-

pression of scattering probability has the form
|A(k,q)|2 = Zh/(NMa)q ){w{2 [sin(kxb) —sin((k, —q,)b)+ sin(qxb)]2
+ [sin (kya) —sin ((ky -9, )a) +7, sin(qya)]z (4)
+w) [sin(kzc) —sin((k, —q.)c)+7, sin(qzc)]z}

Here, M represents the mass of the TTT molecule, and Nis the count of mo-
lecules in the crystal’s fundamental region. The parameters y,, y, and y, sig-
nify the ratios of amplitudes for the second interaction compared to the first one
in the direction of chains and in transversal directions. These parameters can be

determined using the expressions provided below
y=2a, /bW, v, =2ea,la’wy, ¥, =2,/ W, . (5)

The analysis includes hole scatterings on point-like and neutral impurities, as
well as on static and thermally activated defects. The description of these scat-
tering rates at room temperature involves a dimensionless parameter, denoted as
D,, which can be minimized significantly under conditions of high crystal purity
and perfection.

Applying the theory of linear nonreversible processes, we can express the elec-
trical conductivity through the two particle retarded Green function. The chain of

equations for the two particle Green function is decoupled by expressing the
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three particle Green Functions through the two particle ones. As result we obtain
a closed equation for the two particle Green function, which can be solved and

expressed through the mass operator M, of the two particle Green function,

V% (k+q)
K0 } ©

where W, , isthe electron-phonon scattering probability.
W =207 |A(K +q.q)[ {(1 +N, =1y, )| E(k+q)-

+(, "'”k—q)(g[E(k"'q)_E(k)_th}

defined in the form

= Z I/VkJrq,k |:1
q

E(k)+ho, | -

Here N, is the phonon distribution function. When an electric field and a
temperature gradient are applied in x direction along chains and the electrical
and thermal flows are calculated in the x direction too, we obtain for the elec-
trical conductivity, o,

and thermoelectric figure of merit (ZT )XX the expressions

thermopower S_, electronic thermal conductivity £

2

e va(k)nk(l—nk)

o, =
TV o M;

| LE(K) =B v (K

, (8)

Y (1-ny) zvf(k)nk(l—nk) ©)

>

e eTk,cT M]}: k.o M]f
K = 1 [E :| (k)"k(l_”k)
R i ,,(, M;
i . (10)
[E(k)_EF]Vi(k)”k(l_”k) z"z(k)”k(l‘”k)
k,o M]): k,o le
7T, =0 SAT/(kL +k.,) (11)

where V represents the volume of the crystal’s fundamental region, v, (k) de-
notes the projection of carrier velocity on x direction, eis the carrier charge, &, is

the Boltzmann constant, n, is the Fermi distribution function, k*

XX

represents
the lattice thermal conductivity. At room temperature, we can consider the elec-
tron-phonon scattering processes elastic and we can also neglect the transversal
kinetic energy of the carrier in Equation (7). Then integration in Equation (6) on

the whole Brillouin zone can be realized analytically and finally we obtain

4%k, T (w))’ X
M= — 1-, cos(k,b
k \)Aflhm|w1 Sil‘l(kxb)| {[ 71 COS( . ):I
d .
+8sin2—1(kxb)[l+zsm2(kya)_272 cos(kya)+yﬂ (12)
d .
" m[l +2sin” (k.c)—2y; cos(k.c)+ 7/32] + DO}

. . . _ gy
where v, is the sound velocity along chains, d, =w,/w, =w;/w],
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d, =wy/w, =w;/w, D, describes the electron scattering rate on impurities, on
static and thermally activated defects at room 7.

To determine the parameters d, and d,, we have calculated the electrical con-
ductivity in the transversal directions, namely o, and o . Along these axes,
the overlap of electron wave functions is minimal, making it more practical to
express the system’s Hamiltonian in the localized states representation. Specifi-
cally for the y and z directions, the dominant term in the Hamiltonian is the
electron-phonon interaction, while the component describing electron motion
in the periodic lattice potential is treated as a small perturbation. Consequently,
a canonical transformation is applied to the Hamiltonian, allowing us to account
for the primary part of the electron-phonon interaction in the zero approxima-
tion. This results in a significant narrowing of the initial conduction band along
the conductive chains. As a result, transport in the transversal directions adopts
a hopping-type nature, with carriers manifesting as small polarons.

Expressions for o, and o, were calculated numerically. By comparing them
with the experimental data of &, ~o_, =3.3 Q '.cm™, it can be estimated that
w, =w, =0.015w,. These values are of the same order because the lattice con-
stants a2 and cin yand zdirection are very close to each other.

The investigation delves into the Peierls structural transition within TCNQ
molecular chains of TTT(TCNQ),. A more complete physical model of the crys-
tal is applied, that consider simultaneously two the most important electron-
phonon interactions mentioned higher. The analytic expressions for the phonon
Green function and for the phonon polarization operator are obtained in the
random phase approximation. The effects of interchain interaction on the pho-
non dispersion and on Peierls critical temperature are estimated. The effects of
interchain interaction on the dispersion of renormalized phonons and on Peierls
critical temperature for different values of Fermi dimensionless quasi momen-
tum are analyzed. In order to deduce the expression for renormalized phonon
Green function we apply the random phase approximation. From exact series of
perturbation theory for the phonon Green function we sum up the diagrams
containing 0, 1, 2, ..., e closed loops of two electron Green functions that make
the most important contribution. We obtain for the Fourier component of the

phonon Green function D(q,Q) :
D(g.Q) =Dy (4.Q)- Dy (¢.Q)11(¢.Q) D(4.) (13)

where D, (q,Q) is the phonon polarization operator, D, (q,Q) is the free pho-
non Green function, g is the wave vector of longitudinal acoustic phonons and
Q(q) is the renormalized phonon frequency. The real part of the dimensionless
polarization operator is presented in the form:

N
o he,

n, —

n
k+q (14)

Rell(,2)= e(k)—e(k+q)+nQ

T U3 K )
[ dk, [ dk, [ dk.|4(k.q) x
In Equation (14) N represents the number of elementary cells in the basic

region of the crystal, where N =rN , with r being the number of molecules in
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the elementary cell (r = 2), A(k,q) signifies the matrix element of electron-
phonon interaction presented in Equation (4), &(k) denotes the carrier energy,
h is the Planck constant, n, is the Fermi distribution function. The renorma-
lized acoustic phonons spectrum Q(q) is determined by the pole of function

D(q,Q) and is obtained from the transcendent dispersion equation
Q(q)=o,[1-11(4,2)]" (15)

Equation (15) can be solved only numerically.

3. Results and Discussions

Crystals of TTT(TCNQ), can be obtained by simple chemical methods in form
of dark-violet needles of length 3 - 6 mm [17]. This compound, characterized as
a charge-transfer complex, consists of chains of TTT anions and TCNQ cations.
The internal structure exhibits pronounced quasi-one-dimensionality, with lat-
tice constants ¢ = 3.75 A, b= 12.97 A, and a = 19.15 A along the x, y; and z di-
rections, respectively [17]. It’s noteworthy that the x-axis aligns parallel to
TCNQ chains along c. The primary charge transport occurs along TCNQ chains,
with an electron transfer energy of w, =0.125 eV between nearest TCNQ mo-
lecules in the x direction. In transversal directions, the parameters w, =d, -w,
and w, =d, -w, are relatively small, indicating a hopping-type transport me-
chanism. The parameters d, and d, have the values of d, =0.015 and d, =0.015
for TTT(TCNQ),. The sound velocity was estimated by modeling of Peierls
structural transition, v, ¥4x10° m/s. In transversal directions, v, ~v, =v, /2.
Additionally, p, is estimated to be 1.7. The stoichiometric electron concentra-
tion in TTT(TCNQ), crystals is approximately n=1.1x 10" cmor
& =2w,/E. =0.35, where Ej represents the Fermi energy, and ¢, is the di-
mensionless Fermi energy. The mass of a TCNQ molecule is M =3.72x10°m,,
where m, is the mass of a free electron. The number of molecular chains per
elementary cellis r=2.

Thermoelectric properties are modeled numerically as function of dimension-
less Fermi energy for crystals with different purity.

In Figure 1, the electrical conductivity along the TCNQ chains at room tem-
is low (~10° Q'.cm™)

and the difference between 3D and 1D physical models is not distinguishable. It

perature is presented. For stoichiometric crystals, o

xx

is observed that the increase of ¢, leads to a significant increase of o, which
achieves values up to 13.5 x 10° Q.cm™" for the purest crystals with D, =0.02,
if the concentration on conducting electrons is doubled with respect to the stoi-
chiometric value (n=2.2x10*" cm® or & =1.05). From the behavior of elec-
trical conductivity, it can be observed that, the higher the purity of the crystal,
the more evident becomes the interchain interaction and the deviation of the 3D
model from the 1D increases.

For stoichiometric crystals S, ~ =120 uV/K (Figure 2), and this value is prac-
tically independent of crystal purity. If ¢, is increased, the absolute value of

thermopower first decreases, reaching a maximum value and decreases again to
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Figure 2. Seebeck coefficient S, along TCNQ chains as function of Fermi energy £n

zero. The region with positive S, indicates that for ¢, >1.05 the charge carri-
ers become holes. If the concentration of electrons in increased twofold,
n=22x10"" cm’ or &, =1.05, S,, = =100, =130 and -152 pV/K for crystals
with D, =0.1,0.04,0.02. This is a very promising result, leading to the increase
of the power factor (Figure 3).

Purification of the crystals ensure an additional increase of the power factor,
up to 17 x 107> W-m™"K* (~4 times higher than for Bi,Te,) and even 31.2 x 10~
W-m™.K™ for the purest crystals with D, =0.02.

For ¢, =1.05 the thermal conductivity (Figure 4) is provided mainly by
the electrons, k{ ~13.2 W-m "K', while the lattice contribution is only 0.4
W-m K" It is observed that the maxima of & are slightly displaced toward
lower &, in comparison with the maxima of o . This phenomenon reveals
the violation of the Wiedemann-Franz law.

Thermoelectric figure of merit (Figure 5) in stoichiometric crystals is small,
(Z1),, ~ 0.05, and remains small, even if the crystal is strongly purified. This

takes place because the electronic thermal conductivity and electrical conductiv-
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ity increases simultaneously. If the concentration of conducting electrons is two-
fold increased with respect to the stoichiometric one (7=2.2x10*" cm?® or

& =1.05), (Z1),, = 0.07, 0.23 and 0.35 for crystals with D, =0.6,0.2,0.1 and
(ZD),, = 0.53, 0.68 for crystals with D, =0.04,0.02. If ¢, is increased up to
1.2, a value of (Z7),, near unity is predicted.
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Figure 3. Power factor P along TCNQ chains as function of E
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Figure 4. Electronic thermal conductivity k! along TCNQ chains as function of E,
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Figure 5. Thermoelectric figure of merit (Z7),, along TCNQ chains as function of E,
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In the following we will discuss about the behavior of the Peierls transition in
Q1D organic crystals of TTT(TCNQ),. The Peierls transition has been studied
by many authors [18] [19]. In the previous paper it was studied the behavior of
Peierls transition in TTF-TCNQ crystals [20] and in TTT,I, organic materials
[21]. The aim of this paper is to offer a comprehensive model of the Peierls tran-
sition in TTT(TCNQ), crystals within the context of a complete physical model
in 3D approximation, that takes into account, simultaneously, the two most sig-
nificant electron-phonon interactions mentioned earlier.

In Figures 6-9, we illustrate the variations of renormalized phonon frequen-
cies, denoted as Q(qx) , with respect to g,, considering different temperatures,

g,and g, values, and Fermi quasi-momentum (4;). Here, g,, g, and g, represent

24 T T
- — o(q,) : :
- —.--T=300K
»n 200 o 7=200K
= |=-=7T=100K
1 |—— T=90K
LS
gl
= ’
SS__ ............ / ............... PARN.
S 7 P
4_ ..... P IRTETRY. L AT T
t s g
s ‘ :
0_ A R N
/4 /2 3n/4 b

X

Figure 6. Renormalized phonon spectrum Q(g,) is plotted for various temperatures, with
7 = 1.7. The dashed line represents the spectrum of free phonons. Dimensionless Fermi

momentum is k.= 0.5671/2.

24 T T T 1
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. —---T=300K
"n20 . . .7=200K
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ol

Figure 7. Renormalized phonon spectrum Q(g,) is plotted for various temperatures, with
7 = 1.7. The dashed line represents the spectrum of free phonons. Dimensionless Fermi

momentum is k= 0.5671/2.
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Figure 8. Renormalized phonon spectrum Q(g,) is plotted for various temperatures, with
7 = 1.7. The dashed line represents the spectrum of free phonons. Dimensionless Fermi

momentum is k.= 0.597/2.
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Figure 9. Renormalized phonon spectrum Q(g,) is plotted for various temperatures, with
» = 1.7. The dashed line represents the spectrum of free phonons. Dimensionless Fermi

momentum is k.= 0.6271/2.

the projections of the phonon quasi-wave vector onto the x, yand z axes, respec-
tively. The initial phonon frequency is denoted as @(q, ), and &; is the Fermi
dimensionless quasi-momentum, determined by the carrier concentration varia-
tion. Across all figures, it is evident that the values of Q(g, ), are reduced com-
pared to the frequency ®(g,) in the absence of electron-phonon interaction.
This reduction indicates that the electron-phonon interaction diminishes the
values of lattice elastic constants. Furthermore, as temperature 7 decreases, the
curves exhibit a change in shape. In the dependencies Q(qx) a minimum ap-
pears, becoming more pronounced at lower temperatures. It was anticipated that
at a specific temperature, Q(g,) would reach zero for g, =2k, , signaling the

structural Peierls transition. However, our calculations reveal that renormalized
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phonon frequencies reach zero for a value of ¢ =2k, . This deviation from
q, =2k, is attributed to the deviation of k. from m/4.

Figure 6 displays the phonon spectrum when g, = 0, g, = 0 and 4, = 0.567/2,
omitting the interaction between TCNQ chains. In this scenario, the Peierls
structural transition occurs solely within TCNQ chains at 7= 90 K, as experi-
mentally confirmed by a substantial reduction in electrical conductivity. The
crystal lattice undergoes a transformation from the initial state with lattice con-
stant b along TCNQ chains to a new crystalline state with constant 45. At this
temperature, a metal-dielectric phase transition occurs, accompanied by the
complete opening of a gap in the carrier spectrum just above the Fermi energy.

When considering the interaction between TCNQ chains (with g,# 0, g, # 0),
the Peierls critical temperature experiences a reduction. Figures 7-9 depict a
three-dimensional physical model with g, # 0 and g, # 0. These figures illustrate
the dependencies of Q(qx) on g, for g, =m, g, =, at different values of carrier
concentration and temperatures. In Figure 7, where the Fermi momentum 4; =
0.56m/2, it is noteworthy that Q(g,) reaches zero at 7'= 80.9 K, indicating the
occurrence of the transition at this temperature.

Figure 8 shows the renormalized phonon spectrum, Q(g, ), for a Fermi mo-
mentum of & = 0.591/2, and with g, = m, g, = 7, taking into consideration the
interaction between TCNQ chains. As a consequence, the Peierls transition ma-
nifests at 7= 56.9 K. Notably, it is evident that as carrier concentration increas-
es, the Peierls critical temperature experiences a more pronounced decrease.

In Figure 9, the same dependencies of the renormalized phonon spectrum
Q(q,) are presented as in the preceding figures. However, the Fermi momen-
tum is now increased to k= 0.62n/2, with g, = 7 and ¢, = 7 remaining constant.
Various temperatures are illustrated in this figure. Notably, the transition tem-
perature continues to decrease, reaching 7"= 35.2 K. This observation unders-
cores that with an increase in carrier concentration, the Peierls critical tempera-

ture continues to diminish.

4. Conclusion

The purification and optimization of carrier concentrations demonstrate that
crystals of n-type TTT(TCNQ), hold significant promise as materials for ther-
moelectric applications. In TTT(TCNQ), the carrier concentration must be in-
creased. It is possible by additional doping with donors and further purification
of the crystal. Values of Z7 near unity are expected for crystals with o= 2.4 x 10*
Q7'.cm™. Detailed modeling of the Peierls transition in TTT(TCNQ), crystals in
a 3D physical model is presented. We have carried out investigations using a
comprehensive physical model of the crystal, that incorporates two most signifi-
cant electron-phonon interactions. The dispersion of renormalized phonons is
calculated in the random phase approximation. Numerical computations of the
renormalized phonon spectrum, (g, ), were conducted across various temper-

atures and with different values of g, and g,. Our findings reveal that neglecting
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the interaction between TCNQ chains (g, = 0 and g, = 0), initiates the Peierls
transition within the TCNQ chains alone, occurring at 7= 90 K. However, when
considering interchain interaction (g, = m and g, = n), the transition completes
at a lower temperature of 7'= 80.9 K. Additionally, our calculations show a not-
able reduction in the Peierls critical temperature with an increase in carrier con-
centration. Specifically, for & = 0.597/2, the transition takes place at 7'= 56.9 K,
and for & = 0.62m/2, the transition occurs at an even lower temperature of 7'=
35.2 K. It’s crucial to note that these results are obtained under the consideration
of interchain interaction. Furthermore, the electron-phonon interaction is ob-
served to reduce the renormalized phonon spectrum, Q(qx) , compared to the

initial frequency (g, ).
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