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We review the Quasi-Harmonic Lattice Dynamic (QHLD) method, which we have recently imple-
mented and adopted to carefully reproduce the crystal structure and lattice phonon dynamics of molecular
crystals as a function of temperature and pressure. Association with mean field electronic structure calcu-
lations alows us to characterize the Peierls coupling, namely the coupling between electrons and lattice
phonons. We apply this method to organic superconductors based on bis-ethylene-dithio-tetrathiaful -
vaene (BEDT-TTF), showing that many experimenta findings related to superconducting properties are
rationalized in terms of the Peierls coupling. Electron-intramolecular phonon coupling and electron
—electron interactions, however, have to be taken into account for a full characterization. We also present
results concerning another class of molecular crystals, the acenes. In this case, the focus is on the under-
standing of the temperature dependences of mobilities. First and foremost, however, we emphasize
the possibility of accurately predicting both the crystal structure and lattice phonon spectral signatures.
We analyse pentacene and tetracene, showing that both systems can crystallize into two different poly-
morphs. The two polymorphs have comparable stabilities, and can coexist in the same crystallite. Raman
spectroscopy in the lattice phonon region is used as a convenient tool to identify the two phases. The
Peierls coupling strength of pentaceneis evaluated.
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1. Introduction

The coupling between electrons and intermolecular (lattice) phonons, or the
Peierls coupling, is at the heart of many fundamental phenomena in low-dimensional
molecular crystals. Yet the role of Peierls phonons in basic properties such as charge
transport has to be clarified. We have recently implemented [1, 2] a method (Quas
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Harmonic Lattice Dynamics — QHLD) able to accurately reproduce the crystal struc-
ture and lattice phonon dynamics of complex molecular crystals, also as a function of
temperature and pressure. Association with Raman measurements and mean field
electronic structure calculations allows one to characterize the phonon structure and
the corresponding Peierls coupling. Here, we describe the successful application of
the model to two rather different classes of molecular crystals, bis-ethylene-dithio
-tetrathiafulvalene (BEDT-TTF) superconductors and acene semiconductors.

2. The QHL D method

In our approach, we start from the isolated molecule, using standard DFT methods
(6-31G(d) basis, B3LYP hybrid functional) to calculate the molecular geometry,
atomic charges, vibrational frequencies and Cartesian eigenvectors of the normal
modes. These data are used to deal with molecular degrees of freedom when consider-
ing the molecular crystal. The intermolecular potential energy @ in the molecular
crystal is expressed in terms of an atom—atom Buckingham model, combined with an
electrostatic contribution represented by the set of DFT (ESP) atomic charges g, cal-
culated for the isolated molecule [1, 2]:

1 C
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where the sum extends over all distances r,,, between pairs m, n of atoms in different
molecules. The Ewald method is used to accelerate the convergence of the Coulomb
interaction gm0y/rm. Am, B, @nd Cyy, in the Buckingam part of the potential are em-
pirical atomic parameters—there is one triad for each different pair of atomsinvolved.
The Buckingam parameters should be, in principle, universal parameters, transferable
among different crystals containing the same atoms. In practice, they are transferable
only within the class of molecular crystals they have been tuned for.

Given the above atom—atom potential, the effect of temperature T and pressure p
are accounted for by computing the structure that has minimum Gibbs energy G(p,T)
with the QHLD method. In this method, where the vibrational Gibbs energy of the
phonons is estimated in the harmonic approximation, the Gibbs energy of the system
is expressed as:

G(P,T)=Pye + PV +Z{[
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where V is the molar volume, Zq,j(th,jIZ) isthe zero-point energy, and the last term is
the entropic contribution of the lattice phonons. The sums extend over al j phonon
branches of frequency vq; and wave vector ¢. Given an initial lattice structure, one
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computes @ and its derivatives with respect to the molecular coordinates. The sec-
ond derivatives form the dynamical matrix, which is diagonalised to yield the lattice
phonon freguencies and eigenvectors. The structure as a function of T and p is then
obtained by minimizing G(T,p) with respect to the lattice parameters, molecular posi-
tions and orientations.

In the above expressions, the lattice phonons are considered separately from
molecular vibrations. This is the so-called rigid molecule approximation, but in crys-
tals made up of large molecules the approximation is no longer valid, and there is
acertain amount of coupling between lattice and low-frequency intramolecular pho-
nons. To account for such a coupling, we adopt an exciton-like approach [3], where
the interaction between different molecular coordinates is mediated by the intermo-
lecular potential depending on atomic displacements. These correspond to the
Cartesian eigenvectors of the isolated molecule normal modes calculated by DFT.

3. The Peierls coupling strength

The QHLD method provides a rather accurate description of the lattice phonon
frequencies and eigenvectors, independent of the crystal electronic structure. In order
to evaluate the strength of the Peierls coupling, we also need a proper description of
the electronic degrees of freedom, which is not a trivial problem in the case of mo-
lecular crystals, asthey are characterized by narrow bands and strong electronic corre-
lations. Coherently with the QHLD scheme, we adopt a semi-empirical approach,
which is less computer demanding and gives a better insight into the type of lattice
phonons involved in the Peierls coupling. We define the Peierls, or electron-attice
phonon (e-LP), coupling constants g(KL; q,)) as:

g(KL;q,j){gt—éE] ©)

where ty, is the hopping or charge-transfer (CT) integral between neighbouring pairs
of molecules KL and Qg is the dimensionless normal coordinate for the jth phonon
with the wave vector g. In this definition, the electronic part is dealt with in real
space, being relevant to a pair of molecules: the CT integrals are indeed calculated as
the variation of the HOMO (LUMO) energy in going from an isolated molecule to the
KL pair. The HOMO (LUMO) energy and its Qy modulation is computed by an ap-
propriate semi-empirical method, such as the extended Hiickel (EH) [4] or the ZINDO
methods [5]. Even then, the computational effort is considerable, given the high num-
ber of vibrational degrees of freedom. On the other hand, the coupling constants of
optical phonons depend weakly on the phonon wave vector, so we evaluate them only
at g = 0. The coupling constants of acoustic phonons are zero by symmetry at the zone
centre; therefore, we calculate them at several representative zone-border points and
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assume a linear dependence of gz(j)/v, on |q|.- An appropriate tight binding scheme is
adopted to compute the band structure starting from the value t for the nearest
neighbours, and to evaluate the dependence of the coupling constants from the elec-
tronic wave vector k [2].

4. Raman measur ements

Raman spectra have been collected with a Jobin Yvon T64000 spectrometer, cou-
pled to an Olympus microscope, with a spatial resolution between 2 and 1 my, yield-
ing the possibility of spatially mapping the crystals under investigation. Exciting lines
were from a Krypton ion laser. Micro-Raman measurements at low temperatures
(down to 80 K) and high pressures (up to 6 GPa) have been performed with a liquid
Nitrogen Linkam HFS 91 cryostat and with a LOTO diamond anvil cell, respectively.
Both were mounted on the microscope stage.

5. BEDT-TTF superconductors

The nature of the pairing mechanism in superconducting BEDT-TTF salts has been
the subject of extensive discussions [6]. The superconducting state is adjacent to mag-
netically or charge ordered states, showing evidence of important electron-electron in-
teractions. On the other hand, the crystal and phonon structures of these sats are very
complex, so the possible role of phonons in the superconductivity mechanismis difficult
to assess. We have applied the QHLD method to (BEDT-TTF),l; sdts [7, 8], which
have several non-superconducting and superconducting phases. We have verified that
the various phases indeed correspond to minima of the Gibbs energy. The available
experimental data (Raman, specific heat) connected to the lattice phonons of the su-
perconducting - and k-phases are properly reproduced. The Peierls coupling con-
stants have been evaluated by the EH tight-binding scheme, within the framework of
the dimer model [2].

By expressing the Peierls coupling constants in the reciprocal space, we evaluate
the Eliashberg function, which turns out to be in a qualitative agreement with avail-
able B’- and x-(BEDT-TTF),l; experimental data. From the Eliashberg function, we
derive the dimensionless coupling constant A and the logarithmic average phonon
frequency a1,. When these quantities are substituted in the Allen-McMillan egquation
for the superconducting T.[9], we find values well below the experimental ones. The
values of T, depend critically on the electronic density of states at the Fermi energy
N(Er), which is difficult to evaluate. In any case, the Peierls coupling does not ac-
count for - and k-(BEDT-TTF),l;values of T.. The above scenario changes substan-
tially when we include the Holstein (electron—intramolecular) coupling when evaluat-
ing A and a),.. Indeed, Holstein coupling contributes to A in only about 25%, but a,is
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more than doubled. Then, even before trying to estimate the superconducting critical
temperature, it is ingtructive to see if the new value of @, including the Holstein (in-
tramolecular) contribution accounts for other experimental observables related to super-
conductivity. Indeed, some years ago Marsiglio and Carbotte [10] proposed empirical
relations directly connecting aj, to the superconducting gap Aq and to the specific heat
jump at T.. Table 1 shows that there is an excellent agreement between experiment and
the values estimated trough the Marsiglio and Carbotte relations. Finally, by assuming
plausible values for N(E), the Allen—-McMillan equation gives the values of T, in agree-
ment with experiment and properly scaled for thetwo sdts[7, §].

Table 1. Calculated and experimental superconducting gap, 2A,, and specific heat jump,
AC, /T, of two superconducting (BEDT-TTF),l; sdts

. 2A 2A
Superconducting phase (c:)w(ﬁ)c (C%E_i; (ACy /7 To)caLc (AC, /YT )exp
B (BEDT-TTF),l4 22 25° - -
K-(BEDT-TTF),l4 9 12° 17 1.6°
%rom Ref. [11].
°From Ref. [12].
°From Ref. [13].

Asa further test of our approach, we have considered the effect of pressure on T..
In BEDT-TTF sdlts, the decrease of T.with p is large, up to ~ 3 K/kbar [14]. This
unusual pressure effect has been sometimes taken as the evidence of a non-
conventional pairing mechanism [15]. We have calculated the crystal and lattice pho-
non structure of B'-(BEDT-TTF),lsat 8 K, under 0 and 6 kbars. The pressure effect on
the Holstein coupling is very small, and has been disregarded. Preliminary results
show that the calculated decrease in T, is smaller than that measured (about 1 K vs.
amost 5 K). Even keeping in mind all the approximations of the calculations, which
are currently being refined and checked, we underline that the Peierls variation with p
is at least as important as the variation in N(Eg). From the data presented above, we
conclude that the phonon contribution cannot be disregarded in a proper description
of the coupling mechanism in organic superconductors.

6. Acene semiconductors

Acene crystals exhibit the highest mobilities anong organic semiconductors [16],
and the Peierls coupling is thought to be important in explaining the temperature de-
pendence and anisotropy of the mobilities [17]. On the other hand, for practical appli-
cations at room temperature, it is much more important to assess the acene crystal
structures and the corresponding lattice phonon spectral signatures. Indeed, the poly-
morphism of pentacene has been the subject of intense experimental and theoretical
studies [18].
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By applying our computational method, we have first aimed to identify the genu-
inely different polymorphs among the various reported single-crystal X-ray structures.
We have obtained two local minima of the potential energy @, i.€., two different
“inherent structures’ [19]. This behaviour clearly indicates that there are at least two
different single crystal polymorphs of pentacene. One of them (polymorph C) corre-
sponds to the structure reported in 1962 by Campbell and Robertson [20]. The other
(polymorph H) corresponds to the structure found in all more recent measurements
[21]. We have also obtained information on the global stability of the minima by sys-
tematically sampling the potential energy surface, and have found that the two poly-
morphs correspond to the two deepest minima [22]. The calculations also predict sig-
nificant differences between the corresponding Raman spectra that we have checked
experimentally, confirming the existence of two polymorphs [23]. Micro-Raman
measurements have also shown that the two polymorphs can coexist as micro-domains
in the same crystal. Application of pressures beyond 0.6 GPa irreversibly transforms
polymorph C into the thermodynamically more stable H phase [24].
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Fig. 1. Temperature dependence of tetracene specific heat.
Dots: experiment (from Ref. [26]); continuous line: QHLD calculations

Only one complete X-ray crystal structure has been reported for tetracene [20],
which is known to undergo a phase transition both when lowering T and increasing p
[25]. No clear indications exist about the low T and high p structures, partly because
the crystal is damaged upon the phase transition. Our combination of theoretical and
spectroscopic approaches is the key in elucidating this case. First, we have explored
the potential energy surface of tetracene, finding that, similarly to pentacene, there are
two minima very close in energy, one of which corresponds to the room temperature
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experimental crystal structure. The calculated thermodynamic properties of the two
polymorphs are very similar — the experimental temperature dependence of the spe-
cific heat [26], which is calculated very well by our model (Fig. 1), indeed does not
show evidence of phase transitions. On the other hand, the QHLD method predicts
that Raman lattice mode frequencies should be different for the two polymorphs. Ra-
man spectra as a function of T gave evidence for a phase transition from one poly-
morph to the other below 135 K. We have shown that the same low-temperature
polymorph can aso be obtained by applying pressure [25].
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Fig. 2. Raman spectra of tetracene in the lattice phonon frequency region at ambient conditions.
Bottom spectra: as grown crystals. Top spectra: after undergoing
the T-induced (left) and the p-induced (right) phase transitions

As shown in Fig. 2, trangitions induced by both T and p show large hysteresis or
even irreversibility, so that the initial phase is not recovered when the sample is brought
back to ambient conditions. The ambient tetracene polymorph has a crystal structure
very similar to the C phase of pentacene, whereas the low T, high p phase is similar to
the denser phase H. As in the case of pentacene, micro-Raman spectroscopy reveals
phase inhomogeneities that might affect tetracene mobilities. The lattice phonon Raman
spectroscopy therefore represents a convenient and reliable tool for checking crystal
quality, providing away to improve the performance of acene-based devices.

In the case of pentacene, we have also started to evaluate the strength of the
Peierls coupling. The Peierls coupling constants for g = 0 optical phonons of penta
cene have been computed as described above. Since pentacene has a ssimpler molecu-
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lar structure than BEDT-TTF, we preferred the ZINDO to the EH method to evaluate
the hopping integrals in this case. Table 2 reports the Valence (VB) and Conduction
Band (CB) lattice relaxation energy, E r(j), for the low-frequency lattice optical pho-
nons of the pentacene H phase at 0 K. The lattice relaxation energy directly expresses
the strength of the Peierls coupling and is defined as E r(j) = sz/2nvj, where G; isthe
total Peierls coupling constant of mode j, a sum of the modulations of the four main
hopping integrals in the ab crystal plane. By symmetry, only totally symmetric (A)
phonons can be coupled to electrons. Table 2 shows that several phonons are appre-
ciably coupled to the charge carriers, and that some difference exists between
coupling in the VB and CB. Phonons above 203 cm™ are not appreciably coupled, and
the largest contribution (~ 70%) to the total lattice relaxation energy comes from the
two lowest frequency modes, which are described as librations around the two short
molecular axes approximately parallel to the conducting ab crystal plane. Given the
low frequency of these librations, they are likely to affect the mobilities even at low
temperatures. A more detailed analysis of pentacene and tetracene mobilities and their
temperature dependencesisin progress.

Table 2. Low-frequency Aq phonons and lattice
relaxation energy E, g of pentacene (H phase) at 0 K

v(cm?) Valence band Conduction band
E r (MmeV) E r (meV)
27 20.1 155
61 6.7 3.2
70 ~0 1.1
96 1.2 2.5
132 ~0 ~0
148 2.6 ~0
156 0.8 1.8
162 ~0 ~0
203 2.1 1.2

6. Conclusions

We have shown that the QHLD method can be employed to characterize the struc-
ture and lattice phonon dynamics of complex molecular crystals. The method is very
simple, and its semi-empirical nature requires careful tuning over the class of molecu-
lar crystals of interest. In this way, a proper choice of parameters may compensate for
the inherent approximations and shortcomings. The QHLD approach alows one to
exploit the molecular nature of the crystals, dealing separately with the inter- and
intramolecular phonon dynamics, the latter being solved through conventional ab
initio methods. Association with mean-field electronic structure calculations has a-
lowed us to characterize the Peierls coupling in two rather different classes of molecu-
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lar crystals, BEDT-TTF organic superconductors and acene semiconductors. We have
shown that the Peierls coupling plays a fundamental role in the superconducting pair-
ing mechanism. In acene semiconductors, on the other hand, the QHLD method has
provided important clues about the obtainable crystal phases, reveaing the possible
influence of crystal phase purity on the observed maobilities.
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