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Electron-phonon coupling in the quarter-filled TCNQ salt NPrQ(TCNQ)-
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The optical conductivity in the high- and low-temperature phases of the semiconducting charge-
transfer salt NPrQ(TCNQ); has been analyzed using a one-dimensional twofold-degenerate commen-
surate charge-density-wave model. The agreement with the model is good in the high-temperature
state; it is somewhat poorer at temperatures below the structural phase transition, an indication
of the increased complexity of the electronic structure. Above T, the semiconducting energy gap
is found to have an almost equal contribution from the external cation potential and the intrinsic
chain distortion whereas below T it is primarily due to the intrinsic chain distortion.

The infrared and optical properties of the “quarter-
filled” semiconducting organic charge-transfer salt N-
propylquinolinium(TCNQ)s were recently reported at
temperatures both above and below the 220 K structural
phase transition.! One of the most prominent features in
the optical conductivity of NPr@Q(TCNQ)z, as in most
TCNQ charge-transfer salts, is the appearance of the
normally infrared-inactive totally symmetric A, vibra-
tional modes of the TCNQ molecule,? % which become
infrared active due to coupling with the charge-transfer
process.?® In the previous study,’ these infrared features
where analyzed within the framework of two isolated-
cluster models: the dimer model, with one electron on

two sites,® and the tetramer model, with two electrons on

four sites.” While the tetramer model was more success-
ful than the dimer miodel, neither accurately reproduced
several important aspects of the infrared spectra, includ-
ing the overall intensity of the electronic and vibrational
features, as well as the line shape of the midinfrared elec-
tronic band. The aforementioned fundamental problems
are thought to have their origin in (a) the noninteracting
“p-mer” approximation, which is of questionable valid-
ity for infinite chains of dimers or tetramers, and (b) the
shape of the electronic conductivity spectrum, which for
finite width energy bands is not well represented by a
Lorentzian line shape.

An alternative description of these systems is to con-
sider the electron wave functions to be extended (rather
than localized on noninteracting clusters) along the
chains.® The fact that the chains are distorted produces
a charge-density wave (CDW), and may introduce gaps
in the conductivity spectrum. In cluster models, the 4,
modes became optically active by coupling to a charge-
transfer band; in the CDW case they become optically
active by coupling to the phase oscillations of the CDW
(a “phase-phonon” model). A comprehensive theory for
the optical properties of one-dimensional molecular sys-
tems with twofold-commensurate CDW’s was presented
by Bozio et al.®

The fact that the phase-phonon model has been suc-
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cessful in describing the optical properties of quasi-one-
dimensional semiconductors, where cluster models fail,®
suggests a reexamination of the optical conductivity and
the nature of the electron-phonon coupling in NPr@-
(TCNQ)z. Such a study also allows a more detailed ex-
amination of the nature and various contributions to the
semiconducting energy gap, which have important impli-
cations for charge transport. Based upon the spectral
similarity between NPr@Q(TCNQ)z and other quinoid-
based TCNQ charge-transfer salts, it is possible to gain
insight as to the nature of the transport gap in these
materials as well.107* In addition, NPrQ(TCNQ); is a
particularly difficult and interesting case for this model;
although it is a quasi-one-dimensional, large-U material,
NPr@Q(TCNQ); has strong TCNQ lattice tetramerization
in both the high- and low-temperature phases.5:16

In this paper we present fits of the 300 and 100 K
optical conductivities of NPr@Q(TCNQ); to a phase-
phonon model for one-dimensional systems with twofold-
commensurate CDW’s by Bozio et al.® The optical con-
ductivity is calculated from the complex dielectric func-
tion

é(w)=ew“W[ >+ZI————(“’ <Q‘;( LAY

where E(w) is the electric field, V,, is the volume per
TCNQ molecule, and N is the number of molecules in
the chain. The important terms in Eq. (1) are x(w),
I {(w), and (Qs(w)). These are defined in the following
way:

f(EBrn) — £ (Erm)
;nzrn (B — Ekm)z Epn — B — hw — AT
X |Fnm (K, 0) |2 (2)

is the dielectric susceptibility for a single-particle exci-
tation across the gap. The energy bands are defined

as By, = $4/€; + |Ar|?, with € = —2tcos(kd) and

x(w) =
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A = A, +iApsin(kd) the gap, with the subscript indi-

_cating the nature of the distortion (s for site-centered or b
for bond-centered CDW?’s). The condition A, # 0 is asso-
ciated with an alternating-molecular distortion, which is
not observed in NPrQ(TCNQ)z. The function f(Fy) is
the Fermi-Dirac distribution for spinless fermions,'” and
Jnm (k,0) are the matrix elements of the current operator
for a distorted linear chain.®'® The quantity (Qu(w)) is
a Fourier transformed generalized coordinate and is de-
fined by the relation

(Qa(®)) = Da() | D Tap(@){@p(w)) + E(w)Ia(w)
8

(3)
where

_ [ /M)[(w + #7a)? — wZ(q0)]™" (external),
Da(w) = { (2wa/B)[(w + iva)? —w2]™t  (internal),

(4)

is the phonon propagator for either an external acoustic
mode, where M is the mass of the TCNQ molecule, or one
of a number of internal A, modes, each of which is char-
acterized by an unperturbed frequency wg, 2 linewidth
Ya, and an electron-molecular vibrational (EMV) linear
coupling constant g,. Finally, Tog(w) and I (w) may
be described in phenomenological terms as a phonon-
phonon (self-) interaction and a phonon-amplitude func-
tion where o and @ index the phonon modes.® The con-
tribution of the cation chains to the total distortion gap
is

ot
8o =B+ (52) v )

where B, is the counterion contribution and (9¢/0u)¢ is
the linear coupling of the electrons to the acoustic mode.®
The Peierls (or intrinsic stack distortion) contribution to
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the total gap is calculated as Ap — B;. The frequency
shifts of the internal modes have been calculated in the
usual way.®

Using this model, what we calculate are the optical
properties due to interband transitions and phase-phonon
modes in the U — oo limit for a half-filled system of
spinless electrons (or holes). This is the appropriate case
for NPrQ(TCNQ)2, a guarter-filled system, which, in the
limit of large U, has a half-filled lower Hubbard band.

Initial fits agreed well with the data at low frequen-
cies, but gave too large values for the conductivity at
high frequencies. This larger oscillator strength can be
attributed to the neglect of the upper Hubbard band
in the model. To solve this problem, a phenomenolog-
ical approach was taken where the energy bands were
rescaled by introducing an effective bandwidth ¢/ = &t.
Two other parameters in the calculation must also be
rescaled: g/, = /&g and e(w) = £ 1€ (w), where ¢ is
the scaling parameter. A simple model calculation for
£ =1 and £ = 2 is shown in Fig. 1. When applied to
NPrQ(TCNQ),, the results using £ = 2 are much bet-
ter than those for £ = 1, suggesting that rescaled energy
bands are a better approximation of the band structure
for quarter-filled systems.

A comparison of the experimental and the calculated
frequency-dependent conductivity for NPr@Q(TCNQ); at
300 K is shown in Fig. 2. Model parameters, unperturbed
phonon frequencies, and electron-phonen coupling con-~
stants are presented in Table I. The description of the
EMYV coupling as a phase-phonon process improves on
the more localized tetramer model approach used earlier!
for NPrQ(TCNQ),. With the exception of the over-
all level in the far infrared the phonon intensities and
asymmetric line shapes are in very good agreement with
the experimental spectrum. This is especially noticeable
near the band edge, where the difference between the
joint density of states for one-dimensional energy bands
is quite different from the Lorentzian line shape used in
cluster models. Model parameters characterize the high-
temperature phase of NPrQ(TCNQ); as a semiconduc-

TABLE 1. One-dimensional twofold-commensurate CDW model parameters for a bond-centered
CDW fit to the chain axis optical conductivity of NPrQ(TCNQ); at 300 K and 100 K. The structural
parameters used in the calculations were d = 3.26 A, uo = 0.08 A and V;,, = 750 A3 at 300 K and
d=3.15A,uo =0.14 A and V,,, = 720 A® at 100 K; N = 200.

T 300 K T 100 K
t 2240 cm ™t 2340 cm ™!
2A 1545 cm™? 2090 cm ™!
r 1120 cm™* 285 cm™!
B./A 0.56 ~0
A, mode Wa (0) Yo o  Wer (02) Ve ga
(TCNQ) (m™) (em™) (em™) (em™) (em™) (em™') (em™) (em™*)
Vg 2193 (24) 32 464 2186 - (16) 5.6 384
vs® 1595 (4 67 603 1599 (13) 1.8 345
va® 1345 (29) 33 505 1354 (45) 10 642
st 1160 " (43) 52 613 1167 (33) 16 544
vs 957 (1.3) 11 105 961 (3.8) 2.6 186
ve 702 (8.5) 17 266 715 (17) 1.7 391
vs 605 (2.0) 6.7 127 610 (4.1) 2.5 193
ve 305 (19) 24 346 330 17 3.6 393

*These modes appear as doublets below T..
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FIG. 1. Model calculations showing the effect of scaling the
energy bands; the solid line is for £ = 1, and the dotted line
is for £ = 2. The energy band parameters are ¢ = 1000 cm ™%,
2A = 1000 cm™ ', and I" = 300 cm~*. There are two phonons
at 500 and 1200 cm™! with widths of 4 cm™! and EMV cou-
pling constants of 200 and 400 cm ™3, respectively. Note that
the main effect of rescaling is to reduce the midinfrared spec-

tral weight.
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tor. The CDW is centered on the “bonds,” and com--

mensurate with the TCNQ lattice. If a low-frequency
external acoustic mode is included in the calculations at
we(go) = 50 ecm™1, it is found that the gap consists of a
~ 60% Peierls contribution and a ~ 40% external cation
potential contribution.

The calculated unperturbed frequencies and EMV cou-
pling constants agree well with previous estimates for
NPrQ(TCNQ)2,! as well as with calculated and phase-
phonon model estimates for other TCNQ charge-transfer
salts of this type.12! However, the phonon linewidths
above T, are unusually large, indicative of charge delo-
calization on the TCNQ stack. The A, modes appear as
singlets, with the exception of the v4(A4,) mode which ap-
pears as a very weak doublet at room temperature. The
absence of splitting on a larger scale is another indication
that despite the tetramerized nature of the system, the
charge is not localized in the high-temperature phase.

The result of phase-phonon meodel fit to the 100 K (well
below T.) frequency-dependent conductivity is shown in
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FIG. 2. A fit of the twofold-degenerate CDW model for
¢ = 2 (double-dashed line) to the optical conductivity of
NPrQ(TCNQ)2 at 300 K (solid line). The dashed line is the
bare electronic continuum in the absence of electron-phonon

interactions. Parameters are listed in Table I.
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Fig. 3. As given in Table I, £ and 2A have both increased,
while the interband damping has decreased significantly.
The contribution of the counterion potential to the gap
has vanished completely.

Below T, the overall quality of fit is'somewhat poorer
than for the high-temperature phase. This behavior is
most notable in three areas: (1) below 1000 cm™! where
there is a lot of residual conductivity below the gap, (2)
near the extremely broad charge-transfer-like feature at
~ 1000 cm ™1, and (3) above 2200 cm~! where the over-
all phonon line shapes are not well reproduced in the
neighborhood of 2A. These features indicate the in-
creased complexity of the electronic structure in the low-
temperature phase, and show that there is some charge
localization in this phase, which is more nearly tetramer-
ized than the room-temperature phase.

In terms of the vibrational structure,® the unperturbed
phonon frequencies are similar {within experimental er-
ror) for the two phases. The phonon linewidths, un-
usually broad at 300 K, are significantly reduced be-
low T., indicative of increased order. Several of the
EMYV coupling constants change appreciably between the
high- and low-temperature phases. These large differ-
ences are unexpected in light of numerous reports of
the relative insensitivity of these parameters to struc-
tural phase transitions.®22 The largest changes are re-
lated to the appearance of doublet structures in the low-
temperature phase, which suggests that the transition to
a more tetramerized state may also be accompanied by
a subtle realignment of the TCNQ molecules within the
chain.

The model parameters of Table I characterize both the
high- and low-temperature phases of NPrQ(TCNQ); as a
semiconductor. Above T, 2A=1545 cm ™, a value higher
than the previous estimate.! Below 7., 2A increases to
2090 cm ™!, in reasonable agreement with previous spec-
tral and transport estimates of the gap.l'2® As expected,
the magnitude of the semiconducting gap is significantly
larger in the low-temperature phase.

These calculations provide information about the var-
ious contributions to the semiconducting gap. Above T,
we find that the gap contains a 40% contribution from
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FIG. 3. A fit of the twofold-commensurate CDW model
for £ = 2 (double-dashed line) to the optical conductivity of
NPrJ(TCNQ)z at 100 K (solid line). The dashed line is the
bare electronic continuum in the absence of electron-phonon

interactions. Parameters are listed in Table I.
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the NPrQ cation potential and a 60% contribution from
the intrinsic chain (or Peierls) distortion. Below T, the
gap is dominated by the Peierls contribution. Thus, we
find that between the high- and low-temperature phases,
the contribution of the counterion potential to the semi-
conducting gap is significantly reduced.

The question naturally arises as to the changing con-
stituency of the gap through the structural phase tran-
sition. Based upon the evidence for a gradual, second-
order phase transition in NPrQ(TCNQ),, 2324 it is rea-
sonable to postulate that the Peierls contribution to the
transport gap increases gradually (and thus, the coun-
terion potential contribution decreases gradually) with
decreasing temperature (between the two limits of 300 K
and 100 K that are discussed in this paper). Support for
this supposition can be found in the temperature depen-
dence of intensity of the A, modes as a measure of the
size of the Peierls gap.'* Our spectral provide clear ev-
idence for a gradually increasing Peierls contribution to
the gap through the phase transition.

Our results also have implications for the under-
standing of the charge-transport process in the high-
temperature phase of NPrQ(TCNQ);, which has been
described as “weakly metallic.”?32% As first suggested
by Jénossy et al.,?® a strong counterion potential could
influence the interaction between the NPrQ cations and
the two lowest orbitals of the TCNQ tetramer causing a
significant reduction of their energy splitting or even lead
to overlap of these states, resulting in metallic behavior.
The effect of the counterion potential,?® taken together
with the strong electronic damping and extremely broad
phonon linewidths, provides evidence for such a delocal-
ized electronic state.

Based upon our results for a dominant Peierls gap at
100 K, combined with spectral evidence! for 'a gradu-
ally increasing Peierls contribution to below the struc-
tural transition, we suggest this unusual phase transition
is the result of two simultaneous processes. First, the
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counterion contribution to the gap is gradually reduced,
and is completely absent at 100 K. Second, the Peierls
distortion grows to dominate 2A. As discussed above,
the reduced cationic interaction is expected to play a sig-
nificant role in the loss of metallic character and the evo-
lution of a transport gap below T..2% The formation of a
gap that is increasingly due to the intrinsic chain distor-
tion results in the increased intensity of the A, modes in
the infrared, a localization of charge (as compared to the
high-temperature phase), and a reduction of o4.. Finally,
the increasing Peierls contribution to the gap combined
with the simultaneously decreasing counterion contribu-
tion may even explain the unusually sharp drop in og.
through the phase transition.

In conclusion, we have presented an analysis of the
optical conductivity of NPrQ(TCNQ); -using a one-
dimensional twofold-degenerate commensurate charge-
density-wave model. Above T, the semiconducting en-
ergy gap is shown to have two important contributions;
below T, the Peierls contribution to the gap increases
with decreasing temperature and, at 100 K, it is wholly
due to the Peierls distortion. Based upon changes in
the gap composition with temperature and the propos-
als of Jdnossy et al.,?3 it is concluded that the “weakly
metallic” nature of the high-temperature phase is the re-
sult of the strong cationic interaction with the TCNQ
chain. The large electronic damping and broad phonon
linewidths confirm the earlier conclusion of charge delo-
calization above T,.. Below T, it can be argued that the
simultaneous reduction of the counterion gap contribu-
tion and the increase in the Peierls contribution results
in the formation of a semiconducting state and the ob-
servation of a gap in transport measurements.
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