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COUPLING OF ELECTRONS TO LOW-FREQUENCY PHONONS IN
CATION RADICAL SALTS OF TTF STUDIED BY RESONANCE
RAMAN SCATTERING

ADOLFO SPEGHINI}, DANILO PEDRON!, CARLO BELLITTO§,
LUIGINO FELTRE?! and RENATO BOZIO!}
! Department of Physical Chemistry, University of Padova, via Loredan 2,

1-35131 Padova, Italy. § I.T.S.E.,, C.N.R., Area della Ricerca di Roma,
C.P. 10, Via Salaria km. 29.5, I-00016 Monterotondo Staz. (Roma).

Abstract We report results obtained by measuring the low frequency (40-150

cm™!) resonance Raman scattering (RRS) spectra and excitation profiles of
the cation radical salt (TTF)2(WgO1y) whose structure consists of almost
isolated (TTF*), dimers that are characterized by a CT absorption band
at 850 nm. Quantitative analysis of the RRS data has been performed
based on a Peierls~Hubbard model for an isolated dimer. The parameters
required for the calculation of the RRS data are derived analytically from the
microscopic parameters of the Peierls-Hubbard Hamiltonian, which include
the intermolecular (EIP) coupling constants. The excitation profiles have
been calculated using the time correlator technique and their fitting provides
the first experimental estimates of the EIP coupling constants.

INTRODUCTION

The coupling of electrons with molecular motions plays a central role in numerous
chemical and physical phenomena. Examples range from electrochemical and
photoinduced electron transfer processes to macroscopic charge transport and
electronically driven structural transitions (e.g., the Peierls transition) in molecular
conducting materials and, possibly, to the onset of organic superconductivity !.
In molecular materials, electrons can couple both with intramolecular vibrational
modes and with translational and librational motions of the molecule as a whole.
The former modes are effective in modulating the orbital energy € whereas coupling
with the intermolecular modes occurs because of their ability to modulate the
electron hopping integrals ¢ 2. This type of coupling becomes particularly relevant
in systems containing closely spaced molecular entities that exhibit comparatively
strong charge transfer (CT) interactions. While a fair amount of knowledge has
been accumulated on the electron-molecular vibration (EMV) interactions in CT
crystals and molecular conductors ?, effective experimental means of investigating
the electron—intermolecular phonon (EIP) couplings are still under development.

A method based on the analysis of the Raman scattering intensities of
low frequency intermolecular modes measured with exciting laser wavelengths in
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resonance with the CT transition is presented in this work. The theoretical analysis
is based on a calculation of the resonance Raman scattering (RRS) properties
of a Peierls—Hubbard Hamiltonian for the simplest possible system consisting
of two molecular sites with two electrons ®*. The method is experimentally
demonstrated by reporting and analysing the RRS spectra and excitation profiles
of the cation radical salt (TTF);(Wg0O19) containing almost isolated (TTF*),
dimers. Experimental estimates of the EIP coupling constants, of the hopping
integral and of the on-site correlation energy are thereby obtained and compared
with previous knowledge.

THEORY

Our model represents a dimer of two identical molecular radicals (labeled 1 and
2) using a two-sites, two—electrons Peierls—Hubbard hamiltonian, which reads

H=Hg+Hpgv +Hyv =Hg + Hpgmv + Herp + Hy. (1)

Denoting as ¢ the electron transfer interaction and U the on-site electron
correlation, the electronic Hamiltonian is

Hg = -t z:(a1 02,0 + a2 e01,0) + U(nitnyy + nagngy) = Z E.AlA,.. (2

n=1

The eigenstate creation operators (4}) and eigenvalues (E,) of Hg are given in
Table 1.

TABLE 1 Eigenvectors and eigenvalues of the Hubbard dimer Hamiltonian.

Basis states Eigenvector Eigenvalues
IS0} = Zz(alya) +alial )IO)  [1) = B:1So) + &2 |CT4) = AlJ0) By =
|CT4) = d=(alsal) £alial))(0)  [2) = B2IS0) + c2|CT4) = 4}j0) E;=E,
IT1) = af;a},/0) 13) = [CT-) = 40) Es=U
To) = Jz(al;af, —alial )iO)  |4) = |Ty) = Aj0) Ey=0
IT-1) = a},a}, |0) 15) = |To) = 4|0) Es=0
|6) = |T-.) = A}|0) Es=0

by = [1 + (E12/2t)%] 3} b,+ci,=1  Eix=3}U=xVU?+162)

The purely vibrational part of H reads
hw; hw,
Hv =ZT‘(P12.'+P;.'+Q§1'+Q§-')+Z 2

) (3)
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where Qpi, Ppi, w; are the dimensionless coordinate and momentum and the
angular frequency of the ith intramolecular mode of the nth molecule, while
U, Ve, W, have the corresponding meanings for the intermolecular (external)
modes. The electron—vibration interaction Hamiltonian Hgy includes an electron—
intramolecular vibration (EMV) coupling term

Hemv = Y27 2giqi(n1 — n2)
i

(4)
=) Vis(i)gi(A} As + AL A1) + ) Vas (i) gi(Af As + Al 4,)

and an electron-intermolecular phonon (EIP) coupling term
Hprp = - Z Gele E(al,,az,a + a;,valﬂ’)
[ o

=Y Pu(e)uc(A141) + D Pr(e)uc(A}42) + ) Pra(e)uc(A} A2 + 4} 4)).
[ e e (5)

In Eq (4), ¢ = 2'1/2(Q1,- — @3;) are the dimer modes corresponding to
the anti-symmetric coupling of the intramolecular vibrational coordinates. The
strength of the linear EMV and EIP coupling is specified by g; = (8¢/8Q;:)o
and g, = (8t/8u.)o, respectively, and by the following definitions of the coupling
constants, defined on the basis of the electronic eigenstates |n) (n = 1,2,3)

Vis(i) = 21%c1gi 5 Vas(3) = 2% cag;
Pyi(e) = —4bic1ge ; Paa(e) = —4bacage ; Prz(e) = —2(bica2 + baei)ge.-

For the dimer at equilibrium the dipole moment operator is
1
p = —ged(ns —na) = —edler (A ds + AJ A1) + ea(4] 45 + A} 4y)]

= Mla(AIAa + A;AI) + #23(‘4;‘43 + A;A2)

where d is the spacing between radicals in the dimer.

From Eqs. (4) and (5) one sees that the crude adiabatic states
[n) = A} |0), solutions of the electronic term Hg, are not eigenstates of
Hgy. Approximate electronic eigenstates can be written as Herzberg—Teller (HT)
adiabatic wavefunctions ¢

| nH T (g weh)) = + 3 EELNn |, (1)

m#n

(6)

The fact that several modes can couple with the same pair of states implies
frequency shifts and mode mixing (Duschinsky rotation) 5 of the normal
coordinates. This is easily seen when one considers that the total harmonic
potential energy

T({Ql’“e}) E, +(HEV)nn+E __q' +Z e 2+ E (HEVE):k_(HEiV)Im

k#£n
(8)
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contains products of vibronic matrix elements. From this equation one can also
note that terms such as Py;(e) and P,2(e) , diagonal in the electronic state index,
originate displacements of the minima of the potential energies.

Note that all the energies and matrix elements appearing in Egs. (7) and (8),
as well as the transition dipole matrix elements between the HT states, Eq. (7),
can be calculated analytically from the fundamental parameters of the Peierls—
Hubbard Hamiltonian, namely ¢, U, {g;} and {g.}.

The spontaneous Raman differential scattering cross section op(wr,ws) in
the rotating wave approximation is given by &7

> =] o0 o0 i . )
or = C wrw} R{ / dty / dt, / diy R(ts,tz,;) e~ —ilwp—ws)trtivsta}
0 0 0
(9)

where C is a numerical constant, #{z} indicates the real part of z and the third
order non-linear response function in the time domain R(t3,12,¢;) can be written
in term of a four-point correlation function of the dipole moment operator

R(ts,t2,t1) = (p(ra)p(r)u(rs)u(ra)) = Trlp(ra)u(re)u(ms)i(ra)p®)  (10)

where 7; represents an appropriate combination of the ¢; variables, p(®) represents
the thermal equilibrium density matrix and u(t) = e~*Ht y e'H*, The trace is
performed over the complete set of eigenstate of the system.

Approximating the Peierls-Hubbard Hamiltonian as diagonal in the HT
states (cfr. Eqs. (7) and (8))

B Y | BT ERT (AT |

assuming that the thermal bath generates homogeneous bands in the spectra, one
can perform the calculation of R from the knowledge of the energies EHT and the
transition dipole matrix elements between the HT states.

For a symmetric dimer possessing inversion symmetry, all three anti-phase
combinations of the rigid translational motions of the two molecules belong to the
gerade symmetry and are therefore expected to be Raman active. These modes
modulate effectively the transfer integral so that they exhibit non-zero coupling
constants {g.}. This modulation provides an efficient mechanism for intensity
enhancement at resonance with the CT transition. No such mechanism is operative
for the intramolecular vibrational modes.

EXPERIMENTAL RESULTS AND DISCUSSION

In choosing a system suitable for experimental investigations we have used the
following criteria. (i) The crystal structure is made up of dimeric units with
negligible CT interaction among them; (ii) the molecular constituents are key
components of organic conductors and superconductors; (iii) the CT absorption
band lies at wavelengths accessible to the available laser sources. Previous RRS
results have been reported for the crystalline cation radical salt (TTF)Br 3 which
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satisfies the above requirements except for the fact that it has a very large unit
cell containing eight formula units ®. Raman spectra in resonance with the CT
band were obtained using only three lines of a kripton laser.

In the present work we shall report new results on (TTF);(WgO15) which has
two formula units (hence two dimers) per unit cell ®. Another important difference
with respect to (TTF)Br is the much heavier mass of the counter-anions bearing a
(2-) charge. This should imply a large difference in the possible coupling between
intermolecular modes of the dimer and anion motions.
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FIGURE 1 (a) Electronic absorption spectrum of (TTF);(Wg019) powders
at 15 K. (b) Experimental (data points) and calculated (full curves) REPs
for the normal modes at 55 (), 90 (O) and 116 (A) ecm™? of a crystalline
powder mixture of (TTF)z(WgOlo) and NH,Cl at 15 K.
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RRS spectra have been recorded with a multichannel triple spectrometer
equipped with a CCD detector. A tunable (700 — 950 nm) Ti:sapphire laser
pumped by an Ar* laser was used for excitation. Typical laser powers of 30
mW were employed. Measurements were performed at a nominal temperature of
15 K using a closed cycle helium refrigerator. The samples consisted of crystalline
powder mixtures of (TTF)2(WgO,9) and NH,Cl in a 1:130 weight ratio. The
Raman band at 185.5 cm~! of NH,Cl was used as an internal standard for
normalizing the measured intensities.

The electronic absorption spectrum of (TTF);(WgO19) measured on
crystalline powders at 12 K is shown in Figure 1(a). The band at 530 nm is a
localized excitation of the TTF* radicals whereas the broad band centered around
835 nm is attributed to the CT band of the (TTF*), dimers.

Figure 2 shows low frequency Raman spectra of the samples measured at
various excitation wavelengths. The intensity enhancement of some bands when
the excitation wavelength (A,) enters into resonance with the CT absorption band
is made quite apparent by the comparison with the NH,Cl band at 185.5 cm~!.
The spectrum obtained with A, = 530.9 nm, resonant with the localized excitation,
is dominated by bands that do not undergo enhancement at resonance with the
CT band and are mostly assigned to modes involving motions of the (Wg019)2~
anions 10,
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FIGURE 2  Raman spectra of a crystalline powder mixture of
(TTF)2(We019) and NH,Cl at 15 K, obtained at different excitation
wavelengths Ao : (a) Ao = 920.1 nm; (b) Ao = 860.0 nm; (c) Ao = 780.0
nm; (d) Ao = 530.9 nm.

Comparison (reported in detail elsewhere) of the frequencies and relative
intensities observed in the Raman spectrum with A, = 860.0 nm with those
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observed for (TTF)Br when the excitation wavelength (A, = 647.1 nm) yielding
maximum enhancement of the Raman bands is used shows a striking similarity
of the frequencies of the most intense bands in both compounds. The greater
number of peaks observed for the bromide salt is quite understandable on
account of the larger number of formula units per cell. If one recalls that the
charges and especially the masses of the two counter-anions are very different
(MW[WgO;9] = 1408 a.u.), these observations suggest that the modes of the
(TTF*); dimers, notably those coupled to the CT band, are effectively decoupled
from the other motion of the lattice.

The experimental Raman excitation profiles (REP) for the modes at 55, 90,
and 116 cm™? are reported as the data points in Figure 1(b). No clearly resolved
vibronic structure is observable in the measured REP’s which appear to be similar
in shape to each other. Comparison with the structureless CT band absorption
profile, shows that the REP’s are narrower and peaked at a somewhat longer
wavelength.

The absence of resolved vibronic structures can be understood as the result
of the low frequency of the vibronically active intermolecular modes and of
homogeneous bandwidths comparable to or greater than these frequencies.

A possible explanation of the observed mismatch between REP’s and CT
band, whose absorption profile extends to shorter wavelengths than the REP’s,
can be given in terms of the theoretically expected vibronic false origin induced
by the HT coupling between states |2) and |3) via the intramolecular a, modes.

The full curves are REP’s calculated according to Eq. (9). All the terms
in [nHT), EHT and the transition dipole matrix elements have been retained
so that the calculated REP’s account not only for the vibrational progressions
originated by the linear diagonal EIP coupling but also for the frequency changes
and Duschinsky rotations (quadratic EIP coupling) as well as for non-Condon
(HT) contributions. The relative importance of the latter terms has been checked
by deliberately omitting them from the calculation. It turned out that the
non—Condon scattering channels indeed contribute significantly to the measured
intensities.

An important feature of the calculation is its ability to account for the finite
temperature effects. In fact the relative intensities of the REP’s for the different
Raman bands depend not only on the EIP coupling constants but also on the
temperature through the Bose population factors contained in the equilibrium
density matrix. A temperature of 25 K was chosen as a reasonable estimate of the
effect of the local laser heating of the samples. However calculations performed
for T = 40 K did not differ markedly.

The values of the parameters of the Peierls-Hubbard Hamiltonian used in
calculating the REP’s of Figure 1(b) are given below.

t=0.27eV ; U =1.05eV
wy; = 66 cm™! ;i wr=94cm™?! ; w3 =122 ecm™?
g1=0198eV/A ; g, =017TeV/A ; g3 =0270eV/A

A homogeneous width v = 550 cm™! is used for all the vibronic transitions. It
should be noted that the frequencies used for the calculation are the "bare” ones
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and do not coincide with those experimentally observed because of the ”softening”
due to the term in Eq. (8) quadratic in the matrix elements of Hgy.

The analysis of the optical spectra of a series of TTF halides reported by
Torrance et al. ® led to an estimate of U ~ 1.2 eV and of ¢ >~ 0.27 eV, values in
fairly good agreement with those we have adopted.

The values of the EIP coupling constants g. (e = 1,2,3) reported above
thus provide the first direct ezperimental estimates of such parameters. They
substantially confirm that previous indirect estimates and results of theoretical
calculations were in the correct range. An important merit of the RRS data
compared with other spectroscopic measurements is their ability to single out the
EIP coupled modes from the many lattice modes by way of their selective resonance
enhancement. The identification of the coupled frequencies is thus independent of
any attempt of assignment based, e.g., on lattice dynamical calculations, isotopic
effects, polarization measurements. The suggestion of a substantial decoupling
between intermolecular translational modes of the dimers and other unit cell
motions given by the comparison of the results of (TTF)2(WgO19) and of (TTF)Br
deserves further investigation. If confirmed, it would encourage to assign some
degree of generality to the coupling constants and frequencies of the EIP coupled
modes reported here.
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