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Abstract — Many quasi-one-dimensional (Q1D) organic crystalsknown as synthetic metals at room
temperature, become insulators when the temperaturelecreases, due to the Peierls transition. In theadt
years, it was demonstrated theoretically, that after the ptimization of parameters, the organic crystals of
TTF-TCNQ (tetrathiofulvalene-tetracyanoquinodimethane) are good candidates for thermoelectric material
Peierls transition in Q1D crystals of TTF-TCNQ typeis studied in a 2D physical model of the crystallhere
are considered two the most important electron-phoon interactions. The equation for phonon Green
function is deduced in the random phase approximatin as a sum of diagrammatic ladder series of clo$eops
of electronic Green functions. The polarization opetor as a function of temperature is calculated fo
different values of the parameterd, whered is the increase of the Fermi momentumkeg , that is determined
by the increase of carrier concentration. The Peids critical temperature T, was determined for different
values ofé.

Index Terms— Peierls transition, tetrathiofulvalene-tetracyanajuinodimethane, polarization operator,

phonon Green function, Peierls critical temperature

I. INTRODUCTION
In the last years an increasing interest in the afse

dimerization occurs. During this process, the maitha
elastic energy of the lattice increases. But edectattice
interaction leads to the renormalization of -eletito
spectrum and the energy of electron system de@ease

organic materials in thermoelectric devices hasnbedJnder certain conditions, the latter can overcorhe t

observed. Considerable research has been focusédeon
understanding and improving of the
properties of such materials. A special interesitiserved

increase of lattice energy, and then for wholeesysit is

thermoelectriéavorable to pass in dimerized state with lowealtehergy.

This leads to appearance of a forbidden energy lpastd

in the applications of quasi-one-dimensional organiabove the Fermi energy. As a result, the crystaictwh

materials for thermoelectric devices designed taved
heat directly into electricity, or electricity iroling. It was
demonstrated theoretically (see [1] and refererivexein)
that after the optimization of parameters, thegstats can
have much better thermoelectric properties thanseho
known so far.

Among the best theoretically and experimentallydisd
quasi-one-dimensional organic crystals are those
tetrathiofulvalene-tetracyanoquinodimethane, TTHNTL

before dimerization was a metal after dimerization
becomes dielectric. Usually, this process is causethe
decreasing of temperature. Thus, at a given terhyperthe
one-dimensional metallic crystal has to pass inetectric
state. This temperature is called the Peierls catiti
temperature.

In the previous papers [4-7] the Peierls structural
gansition in Q1D crystals of TTF-TCNQ type was
investigated in a 1D physical model of the crysidierls

But not all parameters of these crystals are welfansition was studied in the case when the coratuct
determined. Therefore, it is necessary to exparel thand is half filed and the Fermi dimensionless sjua
number of experiments and form the comparison d@homentum iske = 12 and in the case when the

theoretical results with the experimentally obtdimata to
improve the precision of some parameters.

In this paper, we propose to use the Peierls siraict
transition phenomenon to specify the values of apert
parameters of these crystals [2]. The Peierls itiansis
currently studied in many papers (see [3] and egfegs
therein).

The structural Peierls transition was theoreticabcted
by Rudolf Peierls who has established that thetktrone-
dimensional lattice formed by ions with one condhrct
electron for each ion is unstable at zero tempszafue to
the interaction of conduction electrons with thetida
periodic field and with acoustic phonons, in terwk
energy it is more convenient to deform uniformit¢attand
the constant of lattice to be doubled. It is séidt tattice
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concentration of conduction electrons is reduced e
band is filled up to a quarter of the Brillouin zk: = 174,
[4]. The renormalized phonon spectrum has been cadculat
for different temperatures.

In [8, 9] the Peierls transition in the same crigstaas
investigated in a 2D physical model. The polarati
operator as function of temperature was calculdtad
different values ofd, whered is the ratio of the transfer
energy in the transversal direction to conductikais to
the transfer energy along the conductive chains.

In this paper we also apply a 2D physical modethef
crystal. It is simultaneously considered two the sto
important electron-phonon interactions. One of thisrof
deformation potential type and the other is sintidathat of
the polaron. The ratios of amplitudes of the second
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interaction to the first one along chains and answversal the coupling constants are proportional to the védisies
directions arecharacterized by the parameteggsandy,, wjand w, of w; andw, with respect to the intermolecular
respectively. The analytic expression for the pionOyigtances w, >0, w, >0. The second interaction is of
polarization operator is obtained in the random phase o . . .
approximation. The polarization operator as a fiamcbf polaron_ type. This |nte_rac_t|0n is _conditioned bye th
temperature is calculated for different values ofvhered fluctuations of the polarization energy die molecules

is the increase of the Fermi momentuka, determined by grtoundt_the_conducu?n elleftr?r?' The COUp“nI%J.C.OnSd?
the increase of carrier concentration. The Peierilical 'Meraction IS proportional 1o the averageé po iy O

temperatureT, is determined for different values 6f so the moleculex,. This interaction is important for crystals

the Fermi momentum ik: + J, and for different values of composed ofarge molecules such as TCNQ, soaass

the parameted (from 0 to 0.6.The results obtained in the proporuonal to the volume of molecules. Coulomb

2D physical model are compared with those of 1D ehod interaction between carriers is not consideredabse this
interaction is significantly screened by polariaateffects.

The square module of matrix element is represeinted
IIl. 2D PHYSICAL MODEL OF THE CRYSTAL the following form:

Compound of TTF-TCNQ forms quasi-one-dimensiona’A(k'q)|2 = 211 /(NMcg)
organic crystals composed of TCNQ and TTF linear
segregated chains. The TCNQ molecules are strorﬁg/lz[sin(kxb)—sin(kx—qx,b)+ylsin(qxb)]2+
acceptors, and the TTF molecules are donors. Hawthe 2r . . 2
conductivity of TTF chains is much lower than that W, Tsin(kya) =sin(ky =ay.a) + 2 sin(q,3] °} )
TCNQ chains and can be neglected in
approximation.

The Hamiltonian of the system was described in ]
has the form:

the firshhere N is the number of molecules in the basic region of
the crystal,M is the mass of the molecule; parameters
and y, have the sense of the amplitudes ratio of second
electron-phonon interaction to the first one

"= Zk:‘g(k)a‘ak * 2 hefity vy = 262a, I(B°W)) , , = 26%ar, I(a%Wh) . (5)
q

EA(k,q)a;akw(bq +bfq). Q) From exact series of perturbation theory for thermm

kg Green function [10] we sum up the diagrams comntairtl,

Because the electron wave functions are strongly 2 ... closed loops of two electronic Green functions
localized, the approximations of tight bindingettons Wwhich make the most important contribution. Thisthe
and the nearest neighbors are applied. random phase approximation. We denote the phonons

In (1) the first term is the energy operator ofefre Green function in this approximation Byr -r',t-t"),
e!ectrons in the periodic fiel_d of th_e Iqttice, il i+s tWo-  and the free phonons one By(r -r',t—t'), wherer and
dimensional wave vector with projectiorts, (k). a; & are
the creation and annihilation operators. The enesfly
carriers has the form:

' are spatial coordinatesandt’ — time coordinates. For
the function D(r -r',t—t') an integral equation is
obtained. Performing Fourier transformation aftpatsl
£(k) =2w (- coskb)) + 2w, (1-coska)) , (2) and time coordinates, we obtain the Fourier compboé

. _ the Green functiorD(q, Q)
wherew; andw, are transfer energies of a carrier from one

molecule to another along the chain (with the datti D(q,Q)=D,(q,Q)- D, (q.Q)MN(@.Q)D(q,Q), (6)
constanb, x direction) and in perpendicular direction (with
the lattice constard, y direction). Due to the crystal quasi-where I1(q,Q) is the phonon polarization operatqris the

one-dimensionalityv, is much less thaw,. wave vector of longitudinal acoustic phonons ad is

The second term in the relation (1) is the gneof renormalized phonon frequency, determined from the
longitudinal acoustic phonons with two-dimensiongve equation

vectorg and frequenc,. - "
Q(a) = w, [1- (g )2,
w? = wlsin?(q,b/2) + wisin®(q,al2), () a
wherew; andw, are limiting frequencies for oscillations inWhere M(a,) is the dimensionless phonon polarization
x andy directions o, is much less tham,. In (1) b,'b, are ~ Operator. _ o
the creation and annihilation operators of an aimus 1he critical temperature of Peierls transitids
phonon. determined from the condition that at this tempemthe
The third term in equation (1) represents teeteon- renormalized phonon frequency is diminished up ¢z
phonon interactions. There are considered two sué§-(d) =0. It means
interaction mechanisms. The first interaction itedained — _
by the fluctuations of energy transfer andw,, due to the 1-Ref(q.Q) =0, (7)
intermolecular vibrations (acoustic phonons). Thi

interaction is similar to that of deformation pdiah and Where forRer1(q, Q) the following expression is obtained
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_ 1 T 5 T, 058 K; ford = 0.0157,T,0050 K; foro = 0.018,T, 047
Rell(q,Q) . j dkxjdkylA(k,q)I X K; for 6 = 0.02, T, 044 K. It is observed that thE,
- -n strongly decreases with the increase of the pamandet
N = Niig 8 i.e. when the carrier concentration is higher thiéical
e(K)—e(k+q) +hQ (®) temperaturd, is lower. This means that with the increase

of carrier concentration the diminution of electron
Here A(k,q) is the matrix element of electron-phononsubsystem energy, determined by the interactioh wie
interaction presented in (4)(k) is the energy operator lattice, is reduced.
presented in (2)n, is the Fermi distribution function, and

# is the Planck constant. 1.2 —s=0
- — §=0.0078
lll. RESULTS * ¢ <8=00157)
The critical temperature of Peierls transition is .......g=g:g;8
determined from (7), whef2 = 0, andq, = «, g, =n. The L1 0
polarization operator as a function of temperatise @
calculated for different values &f whered is the increase D?
of carrier concentration over the stoichiometrice omn
Figs. 1, 2, 3, 4 (the polarization operator is ndrR®lar)
the results of calculation are presented. 0,8r
1,2 T g s s s, s e . PP VT SRS MU SN RS S S
- 0 20 40 60 80 100 120 140
5 i BB T, K
&=0.0157 :
—rTREROLE Fig. 2. The same as in Fig. 1 fo= 0.013.
1,0
E In Fig. 2 it is presented the case whkr 0.013 Note
ECL’ that the valued = 0.013 is estimated for real crystals of
TTF-TCNQ. It is seen that increasing the ratio of the
08l transfer energy in the direction transversal todcmtive
? chains to the transfer energy along the conducthains,
the Peierls critical temperature is diminished. &er0, T,

057 K; foro = 0.0078,T, 055 K; ford = 0.0157,T, 047

0 20 40 60 80 100 120 140 K; for & = 0.0018,T, 042 K and fors = 0.02,T, 0135 K.

LK But the diminution of electron subsystem energyl sti
Fig.1. The polarization operator as a prevails over the increase of lattice elastic epemd the
function of temperature, for different values structural transition takes place for all consideoarrier
of 8 andd = 0. concentrations, now at lower temperatures.
1,2 , : ; , , .
In all figures the transition temperature does depend rg:goms
on the values of, andy,, because fony = n, g, = = the 1,1t He 25200157
respective terms become equal to zero. The Peierl: - —-—5=0018
transition temperature depends only on the valded ¢ _ 1.0 B NS M OO0 5=0.02

and ofke. In Figs.1, 2, 3, 4 the continuous, dash, dotted, ®©
dash-dotted and short dotted lines correspord=to (or to ﬂ? 0,9
a half filled band, Fermi momentuka = 172), § = 0.0078

(or about 0.5 % of the Fermi momentum increase¥ 0,8+
0.0157 (or to an additional increase in carrierogorration

which leads to increase of about 1 % of the Fermi 0,7
momentum),d = 0.018 (or about 1.2 % of the Fermi

momentum increase) aid= 0.02 (or to about 1.3 % of the 0,6 ' L ! L ! L '
Fermi momentum increase), respectively. The tramsit 0 20 40 60 80 100 120 140
temperatures are determined form the intersectiohs T. K

calculated curves with the horizontal line at 1.0. Fig. 3. The same as in Fig. 1 fb~= 0.2.

In Fig. 1 it is presented the case whkr 0. This case
corresponds to 1D physical model. It is seen thahé 1D _ o )
physical model, the Peierls transition takes pléreall In Fig. 3 it is presented the case wien 0.2. It is seen

values of parametex Fors = 0, T, (160 K: for = 0.0078 that increasing more the parametgrthe Peierls critical
P temperatureTl,, is additionally diminished, and more over,
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the transition disappears for= 0.0157,6 = 0.018 and =
0.02. This means that in the last cases, due tintmease
of deviation from the crystal quasi-one-dimensidgathe
diminution of electron subsystem energy can nowaite
over the increase of lattice deformation energy #mel
transitions do not take place. The Peierls tramsitippears
only foré = 0,T,0030 K and fow = 0.0078,T, 25 K.

L (NI B TR N (SN TR LT AR |
—3=0
- = 3=0.0078
1,0 \ = = =5=0.0157
—-=—35=0.018
sessses 5:0_0_2
—
0
DC_>0,8—
0,6+

0 20 40 60 80 100 120 140
T, K
Fig. 4. The same as in Fig. 1 fb= 0.6.

In Fig. 4 it is presented the case wher= 0.6. It is
observed that additional increase of the deviatiom the
crystal quasi-one-dimensionality (paramewr leads to
additional decrease of the polarization operatad #re
Peierls transition disappears for all values &fwith the

exception ob = 0. For this value the critical temperature is[5]

strongly reducedT, O 12 K. Thus, for the realization of
Peierls structural transition it is necessary that crystal
have pronounced quasi-one-dimensional propertidsttamn
carrier concentration does not prevails stronglgrothe
stoichiometric one.

IV. CONCLUSION

We have studied the Peierls transition in quasione
dimensional organic crystals of TTF-TCNQ type in 2D

approximation. It is applied a more complete 2D gitwi

model of the crystal. It was simultaneously constdetwo

the most important electron-phonon interactionse @i

them is of deformation potential type and the otker
similar to that of polaron. The ratios of amplitadef the

second interaction to the first one are charactdrizy the
parameters; andy,, respectively.

The phonon Green function is obtained in the random

phase approximation. The polarization operator as
function of temperature is calculated for differ@atues of
the parametew, whered is the variation of the Fermi
momentum over the valug: = 1/2 for stoichiometric
crystals. The Peierls transition temperafliyés determined
for different values ofl, whered is the ratio of the transfer
energy in the direction transversal to conductikiairs to
the transfer energy along the conductive chainis. fibund
that for 1D model of the crystal tfg strongly decreases
from 60 K down to 12 K with the increase of thegraeter
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0 from 0 up to 0.02, or up to about 1.3 % of thenfier
momentum considered in this papér the 2D physical
model, theT, also decreasesith the increase of carrier
concentratiom, and for a certain value of the transition
even disappears.

The Peierls critical temperature decreases, when th
deviation from the crystal quasi-one-dimensionality
increases and it decreases additionally when thenpeter
J increases. One can conclude that for the readizadif
Peierls structural transition it is necessary that crystal
have pronounced quasi-one-dimensional propertidstas
carrier concentration does not prevails stronglgrothe
stoichiometric one.
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