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Abstract: We investigate the collective mode dispersions for the tight-binding dielectric matrix with two one-
dimensional electron bands per donor and acceptor chains, and the three-dimensional long-range Coulomb
electron-electron interaction within the random phase approximation. The hybridized collective modes are
the result of the strong coupling between the intraband plasmon and the interband dipolar modes due
to strong dipole Coulomb interactions. Our calculations show the existence of the low-energy renormal-
ized plasmon mode above the electron-hole quasi-continuum in the long wavelength limit. The obtained
modes are brought into correspondence with the optical data of quasi-one-dimensional organic conduc-
tor tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ). Namely, the renormalized plasmon and the
dipolar mode are assigned to the observed excitations at respective energy scales of roughly 10 meV and0.75 eV, explaining why lower excitation is eliminated while higher excitation persists below the temperature
of the Peierls phase transition.
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1. Introduction

Optical properties of the tetrathiafulvalene (TTF) deriva-tives are interesting in both non-linear and linear regimes.Most prominently, nonlinear optical materials have at-tracted a lot of attention lately due to their possible ap-plications in electro-optic devices allowing rapid process-ing and high density data stocking. The tetrathiafulva-lene (TTF) derivatives are of special interest due to thephotoinduced nonlinear effects discovered in them [1]. In
∗E-mail: agicz@pmfst.hr (Corresponding author)
†E-mail: pasko@pmfst.hr

this paper we are interested in linear optical propertiesof the tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ), the most intensively studied one-dimensional sys-tem.
Early measurements of the optical properties of the quasi-one-dimensional organic conductor TTF-TCNQ [2] haveshown a strong angular dependence of excitation at0.75 eV which is in qualitative agreement with the dis-persion of the plasmon mode predicted by Williams andBloch within the simple model of a quasi-one-dimensionalconductor with one one-dimensional electron band perchain in the random phase approximation (RPA) [3]. Fur-ther analyses of Williams and Bloch, as well as of Kahn
et al., within the extended models [4, 5] with two one-
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dimensional electron bands, each on a different type ofchain, have predicted a second excitation. Williams andBloch have found that the second coupled plasmon modehas been acoustic, but still both obtained modes have beenplaced above the electron-hole quasi-continuum in con-trast to the experimental findings which did not resolvethe two branches [2], whereas Kahn et al. have shownthat coupling between sublattice plasmons leads to theappearance of the acoustic collective mode in the narrowregion between the quasi-continuums of two sublatticeswhere its weak strength makes it unobservable in agree-ment with experiment.Also, far-infrared optical measurements have revealed theexistence of an optical mode at approximately 10 meV inTTF-TCNQ [6–8]. The frequency of this mode is compa-rable to the value of the (pseudo) gap ∆L produced by the2kF lattice instability at low temperatures (T < 50 K),but it cannot be related to this instability since it existsonly at high temperatures, where 2kF lattice fluctuationsare absent. This is an indication that this mode could beof plasmon origin, but it certainly cannot be understoodwithin a simple plasmon picture [3–5]. On the other hand,the existence of the mode at 0.75 eV even below 50 K, re-sembles the plasmon excitation in semiconductors at highenergy (∼ 10−20 eV) [9]. However, closer inspection of theRPA application to the two band insulator (see section 4.5in reference [9]) shows that so called interband plasmonis coincident with the longitudinal dipolar mode in ourapproach [10, 11]. Regarding the role of electron-phononinteraction, it is of secondary importance at these ener-gies. Electron-phonon interaction could only screen, i.e.renormalize, electron-electron interactions, but this effectwasn’t seen in experiments since the measured value ofthis mode was the same above and below the tempertureof phase transition (50 K) [8]. Yet, the elimination of thelow-lying mode due to the formation of the insulating gap∆L presents the possibility of a mixing of electron-phononand electron-electron interactions at low temperatures.As Williams and Bloch have already remarked, the modelsof Refs. [3–5] do not apply directly to TTF-TCNQ whichhas bands for which the interband transitions are dipoleactive (two per each type of molecular chain correspondingto energetically rather close highest occupied molecularorbitals (HOMOs) and lowest unoccupied molecular or-bitals (LUMOs) on each TCNQ and TTF site). The lowerorbitals participate in the intraband and interband transi-tions due to partial filling of corresponding bands. Exten-sive calculations of the stability of TTF-TCNQ show thatit is not Madelung energy but dispersive forces, accountedby such orbitals, that stabilize this crystal [11–14]. Thus,motivated by the above questions, in this paper we inves-tigate collective excitations within the model of a quasi-

one-dimensional conductor, proposed in Ref. [11], with twodipolar active orbitals per donor and acceptor molecules,
i.e. two one-dimensional electron bands per each typeof molecular chain, with the lower bands being partiallyfilled and the upper empty, and the three-dimensionallong-range Coulomb electron-electron interaction. Sincethe lower orbitals participate simultaneously in both theintraband monopole and interband dipole excitations, wetreat monopole-monopole, monopole-dipole, and dipole-dipole Coulomb interactions on an equal footing. It is wor-thy to note that the role of the Coulomb electron-electroninteraction in TTF-TCNQ was recently reinvestigated dueto unusual data obtained by angle resolved photoemissionspectroscopy (ARPES) [15]. Calculation of the matrix el-ements in Ref. [15] starts from the charge density of theHOMO of TTF and LUMO of TCNQ. The class of ma-trix elements calculated in Ref. [15] belong to those whichdescribe electron scattering inside the band i.e. they cor-respond to the on-site, the first, the second, and the thirdnearest-neighbour contribution to the monopole-monopoleinteraction. In this work we are interested in the long-wavelength limit and we neglect only on-site contributionto this interaction. In contrast to this local approach wetake into account dispersive forces up to the second or-der in the multipole expansion of Coulomb potential. Ourestimation, based on the shift of the excitation energiesfrom 3 eV in pure TCNQ and TTF crystals to 1 eV andless in TTF-TCNQ, shows that particular matrix elementof the dipole-dipole potential between nearest neighbour-ing molecules on the different chains is of the same orderof magnitude (1 eV) as the above mentioned numericallycalculated matrix element of the local monopole-monopleinteraction.
2. Analysis and discussion

Applying the recently proposed tight-binding formalismfor the dielectric matrix within the random phase approxi-mation (RPA), and proceeding as in Ref. [11], we have de-termined the energy dispersions of the hybridized collec-tive modes associated with the electron polarization pro-cesses. According to the results from Ref. [4] one expectsthat, at least in the long wavelength limit, four orbitalsper primitive cell would lead to four collective excitationsabove the electron-hole quasi-continuum. However, unlikein Ref. [5] and here, in Ref. [4], electrons have been confinedto strands of finite radius and the extent of the localiza-tion has had a strong influence on plasmon dispersions.The numerical calculations performed in this paper showthat the collective mode with the lowest energy is placedbetween the acceptor and donor quasi-continuums in the
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longwavelength limit in accordance with the predictionsbased on the numerical calculations within the two-bandmodel used in Ref. [5]. Additionally there are three col-lective modes above both electron-hole quasi-continuums,the first is a low energy branch that is acoustic in all di-

rections except along the chains, and the other two areoptic branches.
Our analysis proceeds by considering the tight-bindingdielectric matrix:

[ε] =


1− V0a0aΠ0a −V0a0dΠ0d −V0a1aΠ1a −V0a1dΠ1d
−V0d0aΠ0a 1− V0d0dΠ0d −V0d1aΠ1a −V0d1dΠ1d
−V1a0aΠ0a −V1a0dΠ0d 1− V1a1aΠ1a −V1a1dΠ1d
−V1d0aΠ0a −V1d0dΠ0d −V1d1aΠ1a 1− V1d1dΠ1d

 , (1)

found by Županović et al. within the random phase ap-proximation (RPA) [11]. The indices 0a(d) = (0a(d), 0a(d))and 1a(d) = (0a(d), 1a(d)) represent intraband and interbandone-electron transitions on the acceptor (donor) chains,respectively. The Vs are matrix elements of the barethree-dimensional Coulomb electron-electron interaction,meaning intraband-intraband, intraband-interband, andinterband-interband, in the long wavelength limit lead-ing to monopole-monopole, monopole-dipole, and dipole-dipole contributions reading
V0e0f = 4πe2

v0q2 , V0e1f = 4πieµfq‖
v0q2

and
V1e1f = 4πµeµf3

(3q2
‖

q2 − 1)+ U1e1f ,
where U1e1f is the short-range part of the Coulomb re-pulsion, respectively, with the dipole matrix element µa(d)oriented along the chain direction b. v0 is the volumeof the unit cell. Π0a(d) and Π1a(d) are intraband and in-terband bubble polarization diagrams. After taking into

account that the energy gaps on both types of chain Ea(d)(≈ 3 eVs) [16] are considerably higher than bandwidths(≈ 0.5 eVs) [17], the interband polarization diagrams re-duce to Π1a(d)(q, ω) = 2na(d)Ea(d)
ω2−E2

a(d) , with the fractional bandfillings being na(d) (nd = 2−na). The intraband polariza-tion diagrams for each type of chains are given by

Π0a(d)(q‖, ω) =
4
Nb

kF∑
k‖=kF−q‖

E0a(d)(k‖ + q‖)− E0a(d)(k‖)
ω2 − [E0a(d)(k‖ + q‖)− E0a(d)(k‖)]2 , (2)

where Nb is the number of the elementary cells alongthe chains, and kF is the Fermi wave vector. We considerthe tight-binding valence bands E0a(k‖) = −2t0a(cos k‖b−cos kFb) and E0d(k‖) = 2t0d(cos k‖b−cos kFb) for acceptorand donor sublattices, respectively. Here t0a(d) are transferintegrals of valence orbitals along the chains, and theenergy is measured from the Fermi energy.
The microscopic dielectric function that corresponds to the determinant of the matrix in Eq. (1) is

εm(q, ω) = (ω2 − ω2+(q))(ω2 − ω2
−(q))− 4πe2

v0q2 (Π0a(q‖, ω) + Π0d(q‖, ω))(ω2 − ω2
−t)(ω2 − ω2+t)(ω2 − E2

a)(ω2 − E2
d) . (3)

Here
ω2
±(q) = 12

[
ω2
a(q) + ω2

d(q)±√(ω2
a(q)− ω2

d(q))2 + 16nandEaEdV 21a1d (q)] (4)
are hybrids of interband dipolar modes from two sublattices ω2

a(d)(q) = Ea(d)(Ea(d) +2na(d)V1a(d)1a(d) (q)); due to their strongcoupling. ω±t denotes the corresponding transverse hybridised dipolar modes (q ⊥ b).The zeroes of microscopic dielectric function (3) determine the energies of the dressed electron-hole excitations. Thereare two types of dressed electron-hole excitations, namely, incoherent and collective. The difference between the energiesof dressed incoherent excitation and its bare electron-hole counterpart with the same wave numbers is of the order of
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a) b)

Figure 1. a) Dispersions of the acoustic Ω1/ωpl (dashed line) and the optic Ω2/ωpl (solid line) mode for q⊥ 6= 0 together with electron-hole
quasi-continuum of TTF (lower) and TCNQ (upper) bands and the dispersion of the acoustic mode Ω4/ωpl in between. Here ωpl =√
ω20a + ω20d = 0.9 eV with ω0a(d) being longitudinal (q⊥ = 0) frequencies of the intraband plasmons ω20a(d)(q) = ω20a(d)q2

‖/q2 for the
acceptor (donor) sublattice in the longwavelength limit. b) Onset in the longwavelength limit.

t0a(d)/Nb. The method for calculating such differences, in the jellium model, is developed in Ref. [18]. On the other hand,there are no a priori limitations on the difference between the energy of collective excitation and the energy of its bareelectron-hole counterpart corresponding to the edge of the electron-hole quasi-continuum. This difference depends onthe nature of the collective excitation. In the case of intraband/interband excitation (plasmon/Frenkel’s exciton) it is ofthe order of bandwidth/gap. An intraband electron-hole quasi-continuum of a quasi-one-dimensional conductor with twokinds of chains, defined by equations
E0a(d)(k‖ + q‖)− E0a(d)(k‖) = 4t0a(d) sin 2k‖ + q‖2 b sin q‖b2 , (5)

is depicted in Fig. 1. The two differently colored areas refer to the energies of the electron-hole excitations in theacceptor and donor sublattices, respectively.Here we calculate the energy dispersions of collective modes in the long wavelength limit. Since there are macroscopicdifferences between the collective excitations and their electron-hole counterparts, one can calculate collective modedispersions using a standard continuous approximation. Then, the polarisation diagrams in Eq. (2) are

Π0a(d) (q‖, ω) = 2
π



1√
ω2−∆2

a(d)(q‖)
arctan cos 2kF−q‖2 b√

ω2∆2
a(d)(q‖)−1 − arctan cos 2kF+q‖2 b√

ω2∆2
a(d)(q‖)−1

 , ω > ∆a(d) (q‖) ,

12√∆2
a(d)(q‖)−ω2

ln
∣∣∣∣∣∣∣

cos 2kF−q‖2 b−
√1− ω2∆2

a(d)(q‖)
cos 2kF−q‖2 b+√1− ω2∆2

a(d)(q‖)
∣∣∣∣∣∣∣− ln

∣∣∣∣∣∣∣
cos 2kF+q‖2 b−

√1− ω2∆2
a(d)(q‖)

cos 2kF+q‖2 b+√1− ω2∆2
a(d)(q‖)

∣∣∣∣∣∣∣
 , ω < ∆a(d) (q‖) ,

(6)

where ∆a(d)(q‖) = 4t0a(d) sin q‖b2 is the higher edge of theacceptor (donor) electron-hole quasi-continuum. Hence,the results for the collective mode dispersions follow fromEq. (3) after taking the polarization diagrams (6) derivedthrough continuous approximation into account. There-fore, the resulting collective modes, denoted Ω1,2,3,4(q) be-low, are the zeroes of the thus obtained dielectric function.

Their origin is in the strong coupling between the inter-band dipolar modes and the intraband plasmons from thetwo sublattices. Dipolar modes (≈ 3 eV) have higher fre-quencies then plasmon modes (≈ 1 eV), thus the resultinghigh and low frequency hybridised modes are, in theirorigin, dipolar and plasmon modes, respectively.In particular, we consider the case of the orthorhom-
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a)

b)

Figure 2. Dispersions of modes Ω1(q)/ωpl (a) and Ω2(q)/ωpl (b)
above the electron-hole quasi-continuum from Fig. 1.

bic counterpart of TTF-TCNQ lattice with parametersof t0a = 0.15 eV, t0d = 0.1 eV, kF = 0.132a−10 and
U1a1d = 1.52 eV. The wave vector dependence of the col-lective mode frequencies are determined numerically. Theresults for q⊥ 6= 0 are depicted in Fig. 1 a). The collectivemode Ω1 is acoustic and becomes an incoherent excitationfor q‖ > qc ≈ 0.4π/b, while the collective mode Ω2 stayswell above the electron-hole quasi-continuum throughoutthe whole I Brillouin zone. The mode Ω3, not shown inFig. 1, is situated at the frequencies of a few eVs thatwere not experimentally investigated in detail. As shownin Fig. 2, modes Ω1 and Ω2 are strongly anisotropic inthe long wavelength limit. It can be seen that both modesare optic for q⊥ = 0. The dispersion of the mode Ω1qualitatively resembles that of the plasmon mode for asingle one-dimensional electron band, but quantitativelyits energy is considerably reduced due to the strong cou-pling of dipolar and plasmon modes. Its small value isdue to the dominance of U1a1d over U1a1a and U1d1d whichare neglected in the calculation to emphasize this point.Namely, Ω1 is small only if the frequency of the lowertransverse hybridised dipolar mode ω−t is small, which is

the case provided
V1a1d,t ≈ ωatωdt2√nandEaEd , (7)

as seen from Eq. (4). The transverse dipolar frequen-cies for two chain sublattices presumably satisfy ωa(d)t ≈
Ea(d) [16]. This means Ea(d) � V1a(d)1a(d) which leads tothe requirement Ea, Ed, V1a1d � V1a1a , V1d1d . Since theproduct of the long-range parts of V1a1a and V1d1d is ofthe same order of magnitude as the square of the long-range part of V1a1d , the dominance of V1a1d is to be foundin the short-range contributions from nearest neighbour-ing pairs of donor and acceptor chains. Only short-rangedipole-dipole interaction between nearest neighbour pairsof donor and acceptor molecules (≈ 1.5 eV) is shown tobe of importance for the appearance of the low energycollective mode Ω1. However, quantitatively this interac-tion has approximately the same value as the short-rangemonopole-monopole interaction calculated in Ref. [15].Only intraband transitions contribute to monopole-monopole interaction and splitting of the high tempera-ture valence band, below the Peierls temperature, intolow temperature, full valence, and empty conduction sub-bands, obstructs monopole-monopole contribution to theeffective interactions. Namely, as the valence sub-band isfull, a polarization diagram for transitions within the va-lence sub-band vanishes at T = 0. Similarly, as the con-duction sub-band is empty, a polarization diagram for vir-tual transition in this sub-band vanishes too. The contri-bution to the effective interaction comes only from dipolartransitions and the crystal behaves like an insulator belowthe Peierls temperature. Modes Ω1 and Ω2 can be directlyassociated with the optical data of TTF-TCNQ. Mode Ω1can be assigned to the excitation at ≈ 10 meV observedat 100K in the infrared measurements [6–8], while modeΩ2 corresponds to the excitation at ≈ 0.75 eV [2]. Thesupporting reasons include the following: The measure-ments show [6, 8] that the low-lying excitation at ≈ 10 meVdisappears below 50 K, which is the temperature of thePeierls transition for TTF-TCNQ. The collective mode Ω1is a renormalised intraband plasmon. It does not existin insulators, meaning a Peierls insulator in this case.Furthermore, the modulation of the crystal structure inthe insulating phase below the temperature of the Peierlsphase transition also causes a weak splitting of the trans-verse interband dipolar mode ω−t [11] which is in analogywith the Davydov splitting of molecular excitons [19]. Suchsplitting is indeed observed for the excitation at ≈ 50 meVin the infrared data of TTF-TCNQ [8] corresponding tomode ω−t [11]. We expect that more refined measurementswould show the same splitting for the excitation at 0.75 eV,thus confirming the dipolar origin of mode Ω2. Further-more, our results show that the hybridised collective mode
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with the lowest energy (Ω4) is acoustic for all the direc-tions of wave vectors q, as shown in Fig. 1 b) for q⊥ 6= 0.Mode Ω4 appears as a collective excitation due to theopening of the gap in the electron-hole quasi-continuumbetween the lower edge of the acceptor (donor) contribu-tion δa(d)(q‖) = 4t0a(d) sin 2kF−q‖2 b sin q‖b2 and the higheredge of donor (acceptor) contribution ∆d(a)(q‖) in the longwavelength limit for the longitudinal wave vectors q‖ in theregion between 0 and 2kF− 2
b arcsin t0d

t0a if t0d < t0a sin kFb(or in the region between 0 and 2kF − 2
b arcsin t0a

t0d if
t0a < t0d sin kFb). The prediction of such a mode is in-trinsic to the quasi-one-dimensional case. In the two-or three-dimensional isotropic crystal a low energy gapis not present. Although small interchain hopping t⊥ ina real quasi-one-dimensional conductor, as well as themonoclinic crystal structure of real TTF-TCNQ, could af-fect the low-energy gap.To account for the anisotropy, it is conventionally agreedthat the effective mass changes with the crystal direc-tion. To quantify the degree of anisotropy it is custom-ary to use the effective-mass ratio in the various direc-tions, Γa(d) = m∗⊥a(d)/m∗‖a(d), where m∗‖a(d) = ~22t0a(d)b2 and
m∗⊥a(d) = ~22t⊥a(d)c2 are effective masses. In the particularcase of TTF-TCNQ acceptor and donor interchain transferintegrals in the transverse c direction between the chainsof same type, t⊥a = 1.7 meV for TCNQ and t⊥d = 0.3 meVTTF chains [20]. In TCNQ sublattice, the effective massratio is Γa = 1.94. TTF sublattice exhibits somewhathigher anisotropy, Γd = 7.49.
3. Conclusion
In conclusion, the present analysis shows the existenceof the low energy collective mode outside the electron-hole quasi-continuum in the long wavelength limit for themodel of a quasi-one-dimensional conductor with four or-bitals per primitive cell. Also, the present analysis in-dicates the importance of the long-range dipole Coulombelectron-electron interaction in the optical properties ofTTF-TCNQ. Strong dipole Coulomb interactions leadingto strong coupling between intraband plasmon and inter-band dipolar modes result in hybridized collective modes.These modes explain the low frequency optical data inTTF-TCNQ.
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