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We present here optical-absorption data of quinolinium ditetracyanoquinodimeth-
anide [Qn(TCNQ),] and (N-methylphenazinium), (phenazine),_ (tetracyanoquinodimethanide)
[(NMP), (Phen); ., (TCNQ)] for 0.5 Sx $£0.6. These materials span the range of electronic structure
from commensurate, to commensurate with confined soliton-antisoliton pairs (bipolarons), to in-
commensurate. The data show that these materials are semiconductors up to 300 K. The semicon-
ducting gap, due mostly to a Peierls distortion, is weakly temperature dependent, decaying slowly as
the temperature increases. This behavior, determined by the observation of the totally symmetric
a, vibrational modes of the TCNQ molecule, is similar for all compositions studied and is suggested
to be due to the effects of an external cation potential or to Coulomb effects, which vary little with
composition. Substantial in-gap absorption is observed and is suggested to be due to the presence of
quantum-nucleated and thermally generated bipolarons. The variation of higher-energy electronic
transitions with composition corresponds to a crossover from commensurate to incommensurate
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-electronic structure.

I. INTRODUCTION

In this paper we describe the results of a study of the
optical properties of quinolinium ditetracyanoquinodi-
methanide  [Qn(TCNQ),] and  (N-methylphen-
azinium) , (phenazine) ;_, (tetracyanoquinodimethanide)
[(NMP), (Phen); . (TCNQ)]. Qn(TCNQ), and (NMP), -
(Phen), . (TCNQ) for x ~0.5 are quasi-one-dimensional
charge-transfer salts with quarter-filled conduction
bands, i.e., one electron on every two TCNQ sites, ana
with room-temperature dc conductivities of ~ 100
O lem L For 0505x%0.57, the (NMP),-
(Phen);_,(TCNQ) material is commensurate with
confined soliton-antisoliton pairs (bipolarons), while for
x R 0.57 the electronic concentration is incommensurate.
Hence these materials provide a unique system to exam-
ine the relationship of the electron density and electronic
ground state to the optical properties of quasi-one-
dimensional materials.

The crystal structure of Qn(TCNQ), consists of chains
of qumohmum cations and TCNQ molecules along the b

axis.! The cation chains are disordered due to the ran-
dom arrangement of the dipoles on the Qn
cations. (NMP), (Phen), . (TCNQ) is formed from

(NMP)(TCNQ by the substitution of neutral phenazme,
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Phen, for up to 50% of the NMP’s.2 When x=0.50,
each NMP contributes one electron to the TCNQ chain
while Phen donates no electrons. Thus,
(NMP), 5(Phen)y s(TCNQ) is a quarter-filled-band com-
pound. The crystal structure of (NMP)TCNQ) (Refs. 3
and 4) remains bas1cally unchanged by replacement of up
to 50% of the NMP’s.2 For x=0.5 the NMP and Phen
molecules alternate along the chain and a high degree of
order is obtained. For NMP concentration slightly larger
than the quarter-filled-band limit, the excess NMP mole-
cules are randomly inserted into the NMP-Phen stacks.’

The dc conductivity of Qn(TCNQ), (Ref. 6) and
(NMP), (Phen),_,(TCNQ) (Ref. 7) for x ~0.5 is found to
increase slightly upon cooling, reaching a plateau in the
range 200-240 K and then decreasing rapidly with fur-
ther cooling. The details of this behavior change with

¥ Several models have been presented to explain the
temperature variation of the conduct1v1ty, including (1)
disorder-induced localization models,%° (2) a random bar-
rier model,'° (3) a semiconductor model,? and (4) a soliton
model.”!!

In these materials a large Coulomb repulsion U exists
between two electrons that occupy the same site, leading
to a splitting of the conduction band, so that those states
that correspond to doubly occupied sites are separated
from the singly occupied statés by a large gap. In this
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strongly interacting limit, the lower band is half-filled.
Evidence of large-U behavior is found from diffuse x-ray
scattering,'® thermoelectric power,'*!* and magnetic sus-
ceptibility. 14

Peierls!® has shown that for a one-dimensional metal
with no disorder, with a partially filled band (at T=0),
and with a finite electron-phonon coupling, the regular
chain structure is unstable against a static distortion of
the lattice and the formation of a charge-density wave
(CDW). This distortion causes a splitting at the Fermi
level, rendering the material a semiconductor. For the
quarter-filled large-U salts, the distortion manifests itself
as a commensurate dimerization or pairing of TCNQ
molecules so that the unit cell doubles in the chain-axis
direction. The lowering of the electronic energy of filled
states near the Fermi level is greater than the increase in
lattice energy due to the distortion, making the Peierls-
distorted state the ground state. For 0.50<x $0.57 the
distortion is commensurate with excess electrons beyond
the x=0.50 commensurate value in confined soliton-
antisoliton pairs, while for x 2 0.57 the distortion is in-
commensurate.

Measurements of the optical absorption by
Qn(TCNQ), and (NMP),(Phen),_ (TCNQ) for
0.50 s x $0.59, which we present here, support the idea
that these compounds are semiconductors at all tempera-
tures on account of a Peierls distortion of the system and
the presence of a small external potential for all x. At
low temperature the gaps are comparable to those in-
ferred from dc conductivity. The )presenc'e of a substan-
tial and temperature-dependent in-gap absorption may be
related to quantum-nucleated, doping-generated, and
thermally generated bipolarons. Variation with x of the
high-energy electronic transitions may reflect the cross-
over from commensurate to incommensurate electronic
structure.

The infrared spectra show the TCNQ a, vibrational
modes, suggesting that a Peierls distortion occurs in these
salts. It is well known that these totally symmetric
modes, normally infrared inactive, become active for po-
larization along the chain axis due to phase oscillations.
Because of the involvement of the electrons, the oscillator
strength associated with these phase phonons is very
large. When their frequencies are below the electronic
energy gap, they appear as ordinary resonances, whereas
when their frequencies overlap the electronic continuum,
they have the Fano!’ shape: an antiresonance, or dip,
_preceeded by a peak on the low-frequency side.

The strength of the Peierls distortion is thought to vary
with temperature. This dependence is most easily seen by
observing the change with temperature of the oscillator
strengths of the g, vibrational modes.’*~%  Temper-
ature-dependent absorption measurements on powder-
KCl samples of (TTF)(TCNQ) (TTF denotes tetrathioful-
valene) indicate a rapid growth of the vibrational features
that coincides with the Peijerls transition temperature at
53 K. Spectra of powders of (MEM)TCNQ), (MEM
denotes methylethylmorpholinium) suspended in mineral
oil on CsI windows?? reveal similar information through
a strong increase in the integrated intensity as the tem-

perature is lowered in the range 310-330 K.
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Several models have been proposed to explain the tem-
perature variation of the Pejerls gap. Conwell and Ho-
ward have introduced models that describe the variation
in terms of the presence of solitons and bipolarons and
the presence of an external potential due to cation
chains.!»2! ' i

The next section of this paper describes sample-
preparation and optical techniques used in this study,
while the following section contains the absorption data.
A detailed discussion in Sec. IV is followed by a summary
in the final section.

II. EXPERIMENTAL TECHNIQUES

A. Sample preparation

Samples of Qn(TCNQ), and (NMP),(Phen),_,-

* (TCNQ) for 0.50 $x <0.59 were prepared by the previ-

ously described method.? The relative NMP composition
is accurate to 0.015, so that the composition with
minimum NMP prepared, i.e., x=0.49, is most likely
x=0.50. The needle-shaped crystals were quite small,
ruling out reflection measurements. Therefore, absorp-
tion measurements were made on polycrystalline samples
prepared by grinding and mixing each sample with an in-
sulating host (KCl or paraffin) and pressing the mixture
into a pellet. The typical size of the TCNQ crystals in
these samples was several micrometers and the filling
fractions were very low. Thus, the crystals were suspend-

‘ed in the host material and the effective absorption

coefficients of the TCNQ compounds could be deter-
mined after correcting for the absorption and reflection
of the host. KCl was used for measurements from 500 to
40 0010 cm™!, while paraffin was used from 30 to 700
cm™ .

The composite samples were prepared by placing a
specific amount of sample with a specific amount of KCl
single crystals or paraffin into a vial and grinding in a
liquid-nitrogen-cooled freezer mill. This grinding process
produced a powdered sample that had small crystals of
the material uniformly dispersed throughout the host ma-
terial. Because only small amounts of the samples were
available, care was taken to remove as much of the
powdered sample from the vial as possible. If any materi-
al was lost, it was assumed that because both the TCNQ
salts and the host material were uniformly mixed, the
volume fraction was not affected.

The powdered sample was placed in a 3-in.-diam eva-
cuable die and pressed to form a pellet. For KCl, the
powder was pressed to ~9 kbar (128000 psi) and for
paraffin, ~1 kbar (16 000 psi). This procedure produced
pellets that were uniform in color, ranging from light
green to dark blue-green. Volume fractions for the KXCl-
host samples were ~0.1% or less, while the paraffin-host
samples were ~0.5%.

B. Absorption measurements

The temperature-dependent absorption measurements
were made using two types of Michelson interferometers:
single-scan and rapid-scan. The home-built single-scan
interferometer’>” with a 1.2-K bolometer detector was
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used in the range 30-700 cm ™! to study the paraffin-host
samples. Measurements with this instrument were made
using standard light-chopping and lock-in—amplifier
techniques. The interferometer and lock-in amplifier
were interfaced to a DEC LSI-11 minicomputer for data
acquisition and analysis. Low-temperature measure-
ments were made by placing the samples in the detector
cryostat. .

Between 500 and 4000 cm™! a Digilab FTS-14 rapid-
scan interferometer was used to study KCl-host samples.
Sambples were attached to the cold finger of an Air Prod-
ucts Helitran continuous-flow refrigerator for the low-
temperature measurements.

Spectra up to 40000 cm™ " were obtained at room tem-
perature using a Perkin-Elmer grating monochromator.?
Again, standard lock-in detection techniques were used.

1

C. Data analysis ‘

The transmittance T of the composite sample is given
by :

_(1=R)%e™™

 1-RZ%2x
where x is the thickness of the sample and R the
reflectance. The absorption coefficient a is dependent on

the absorption of the TCNQ salt, aycng, and that of the
insulating host, oy, viz.,

T ==(1)

a=fareng T Chost 5 . )

where f is the volume filling fraction of the TCNQ salt in
the host material. This expression for a is obtained from
the theory of Maxwell Garnett,> which expresses the
average response of an inhomogeneous material in terms
of that of the individual constituents. For the mixtures
used in this study, the filling fractions of the TCNQ salts
were below 0.005, so that only leading terms in f have
been considered. The reflectance of the composite sam-
ples, as expected because of the low filling fractions, was
equal to that of the host. Thus the absorption coefficient
of the polycrystalline samples can be calculated from
aTCNQ': - "%;]IIT + ;_xln( I_Rhost )'.'

Qpost

f

(3)
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The transmittance of the composite is the quantity mea-
sured with f and x being sample-dependent parameters.
Equation (3) assumes that R is small, so that the R? term
in the denominator of Eq. (2) can be neglected.

The reflectance of the host material, Ry, and the ab-
sorption coefficient of the host, ay., are dependent on
the particular host used. The reflectance of paraffin was
determined by measuring the far-infrared absorption of a
pure paraffin pellet.?> This measurement gave a dc value
of the transmission, which, in turn, was used to deter-
mined the reflectance of paraffin using Eq. (1). (The ab-
sorption of an insulator extrapolates to zero at zero fre-
quency.?’) A value of R=0.0125 was found for paraffin
at zero frequency and was assumed to be constant over
all frequencies in the far infrared. The absorption
coefficient, ap,,, could then be calculated from the
transmittance. The reflectance of KCl was determined
from the frequency-dependent index of refraction,?’ n,

with R=[(n—1)/(n+1)]% The reflectance is quite

constant over the frequency range of interest (500—40 000
cm™}) at about 0.03. Transmission measurements of KCI
pellets then gave the absorption coefficient, ag .

II. EXPERIMENTAL RESULTS

The infrared-absorption coefficients for Qn(TCNQ),
and (NMP),(Phen),_,(TCNQ) for x=0.49, 0.53, 0.55,
0.56, 0.57, and 0.59 are all similar. Figure 1 shows the
far-infrared absorption of Qn(TCNQ), at 6 K,?*% and
typical absorption data for (NMP), ss(Phen)g 4s(TCNQ)
at 25 K in the far infrared.’® Figures 2—4 show the tem-
perature dependence of the absorption data of
Qn(TCNQ), and (NMP), (Phen),_.(TCNQ) for x=0.49,
0.53, 0.55, 0.56, 0.57, and 0.59 over the frequency range
100-3000 cm™~!. Figure 5 shows the room-temperature
absorption data for x=0.49, 0.53, 0.55, and 0.59 in the
range 700-40 000 cm™ 1.3

Several important features from the data are evident:
(1) the absorption is quite low at 100 cm ™!, but increases
by a factor of about 30 at 3000 cm™! in all samples
shown. Note that there is qualitatively different tempera-
ture dependence at low and high frequencies. There is in-
creased absorption for increasing temperature at frequen-
cies below about 700 cm ™!, but a reduction in absorption

TABLE L _a, normal modes of (NMP)o ss(Phen )0.45(ICNQ),‘:QH(TCNQ ), and [TCNQ] .

Qn(TCNQ),

Vibrational (NMP)g s5(Phen )y 4s(TCNQ) [TCNQ]™?
mode fem™) Jfem™H) o (emTD)
14! 3052
Vv, ) 2218 2210 . 2206
V3 1605 1612 1615
vy 1425 1420 . 1391
Vs 1195 1205 1196
Ve 950 955 978
Vi 691 697 725
Vg . 600 .600. _ . 613
vy 306 300 . 337
Yio . 124 LT . 148

- *Reference 32.
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FIG. 1. Far-infrared absotption coefficient of Qn(TCNQ)z at
6 K (top) and (NMP), 5s(Phen ) 4s(TCNQ) at 25 K (bottom).

as the temperature increases at higher frequen01es 2)
There are several sharp and broad minima and maxima
throughout the infrared reglon shown that are associated
with molecular vibrations in the material. The strongest
of these features correspornd very closely in posmon to
. nine of the ten aq, totally symmetnc modes*? of
[TCNQ]~. These modes are listed in Table I for
Qn(TCNQ), and (NMP), ss(Phen)q 4s(TCNQ) along with
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1000 5. .
On CTCNQY ,
6K
— — 100K _
___ 200K
—.._ 300K
100 - S
100 - 1000

Frequency em™

FiG. 2. Absorption‘coefﬁcierit vs frequency for Qn(TCNQ),
at 6, 100, 200, and 300 K. Note the logarithmic scales.
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FIG. 3. Absorption coefficient frequency of (NMP),-

(Phen),_,(TCNQ) for x=0.49 (top), 0.53 (middle), and 055
{bottom).

those observed for [TCNQ] from Bozio et al.>? The a
modes of all other samples in the NMP-Phen system cor—
respond closely to those listed for the x=0.55 sample.
(The other vibrational modes are due to other normal
modes of the TCNQ molecule or the cations.) The a
modes have been observed in other TCNQ salts as well,
e.g., (TEA)(TCNQ), (TEA denotes triethylammonium),>
Csz(TCNQ)3,22 (TTF(TCNQ)," and (MEM)(TCNQ),.*
The temperature dependence of the strengths of the a,
modes is also readily observable, as seen, for example, i 1n
the 950-cm ™! mode for Qn(TCNQ), in Fig. 6. Note that
the @, modes with frequencies below about 950 cm™! are
resonances, while those above 950 cm™! are -antireso-
nances. (3) The sample-dependent spectra of
(NMP), (Phen),_,(TCNQ) for x=0.49, 0.53, 0.55, and

0.59, shown in Fig. 5, exhibit four prominent peaks at
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FIG. 4. Absorption coefficient vs frequency of (NMP),-
(Phen);_,(TCNQ) for x=0.56 (top), 0.57 (middle), and 0.59
(bottom).

A=3500 cm™! (0.4 eV), B=10000 cm™! (1.2 eV),
C=16000 cm™! (2.0 eV), and D =28 000 cm™! (3.4 V).
The peaks become less pronounced with increasing x.

IV. DISCUSSION

A broad absorptlon is observed that begins incredsing
at ~100.cm™! and peaks at 3500 cm™!. This absorption
band is ascribed®® to charge transfer from anion to neu-
tral TCNQ molecules (CT1). The absence of absorption
for frequencies below 100 cm™! at low temperatures

demonstrates that there is a gap in the density of states at_

the Fermi level, in contrast to predictions of disorder cen-
tered models.

The presence of the a, v1brat10na1 modes in the optlcal
spectra has been shown'® to be, due to the presence of
CDW phase oscillations. The CDW’s may arise from

Absorptidn coefficient (om D

0
0 10000 20000 30000
-1
Frequency (cm )

40000

FIG. 5. Absorption coefficient of (NMP), (Phen),_,(TCNQ)

- “for x=0.49, 0.53, 0.55, and 0.59 at 300 K.

—s.Several possible sources: (1) a periodic distortion of the

molecular lattice (the Peierls distortion); (2) Coulomb in-
teractions for which U, the on-site interaction, is large
compared to ¥V, and V,, the nearest-neighbor and next-
nearest-neighbor interactions;** or (3) an external po-
tential ¥V, arising from the donor-chain structure.'®?!

- The coupling of the conduction electrons to the out-of-

phase oscillations (the electron-phonon, e-ph, coupling)

T T T

Gn (TCNDY ,

9000

8000

7000

Absorption coeffic ient (cm™h.

6000 L L L
830 900 850 1000

Frequency (cm_l)

1050

FIG. 6. Temperature dependence of the
coefficient of Qn(TCNQ), at 950 cm ™!

absorption



and to the site nonequivalence of the TCNQ molecules in
the chains give rise to nonzero flucutations of the local
electronic density (phase oscillations or phase phonons).
These fluctuations induce a dipole moment, polarized in
the direction of the chain, that causes the normally
infrared-inactive ¢, modes to become infrared active.

The infrared-absorption spectrum is thus a sum of the
contribution due to single electron transitions between
the conduction and valence bands and the collective con-
tributions due to the phase phonons.>* Sharp absorption
bands are produced at the frequencies of each phase pho-
non for @ <2A (whete 2A is the size of the gap), whereas
for >2A sharp indentations occur at each phase pho-
non. The indentations exhibit an interference effect noted
by Fano!” in which the dip in the absorption spectrum is
preceded by a peak on the low-frequency side. It is,
therefore, possible to obtain an approximate value for the
total gap, 2A, from the a,-mode line shapes. From Fig. 3
we estimate that the gap is between 950 and 1200 cm™!
for (NMP), s5(Phen)q 4s(TCNQ). This value is in reason-
able agreement with numbers estimated from conductivi-
ty data.”?! Similar values of a gap are estimated for oth-
er x, qlthough large error bars make quantitative compar-
ison with the gaps obtained from conductivity difficult for
these other compositions. For Qn{TCNQ), we estimate
the gap in the range 700-950 cm™'. The change of
shape of the infrared bangls is most clearly observed by
comparing Vo at 306 cm ™! with vs at 1195 cm ™" and v, at
1425 cm™ in Fig, 2. The low-frequency mode is a peak
raised above the background absorption, whereas for the
higher-frequency modes there is a deep dip in the absorp-
tion with a peak at the low-frequency side. The above
vange of frequencies agrees with the gap found in
Qun(TCNQ), by fitting the temperature dependence of the
conductivity:* 2A=1200 X or 804 cm~!. Note that
these gap estimates in Qn{TCNQ), and in the NMP-Phen
* system both correspond to the frequency of the change in
the temperature dependence-of the absorption coefficient.

Conwell and Howard?! have suggested that the origin
of the gap is primarily from a Peierls distortion, supple-
mented by a small additional potential ¥, having the
.same periodicity as the Peierls distortion. Though
temperature-dependent” 4k diffuse x-ray scattering has
been reported,“> no intermolecular distortion of the
TCNQ chain has been observed in these materials, so
that site inequivalence must give rise to the Perierls dis-
tortion® The existence of an additional potential on the
TCNQ chain may arise from Coulomb effects or from the
neighboring chains. ‘In the first case, if the on-site
Coulomb repulsion U is large, and the nearest-nelghbor
repulsion ¥, and the next-néarest- neighbor repulsion ¥,
are related by ¥, >2V,, then the electrons on the chain
will tend to occupy every other site.” In the latter case,
" for (NMP), (Phen),_,(TCNQ) with x=0.5, the charged
NMP’s and neutral Phen’s alternate along the chain, giv-
ing rise to a periodic potential (of periodicity 2a) on the
TCNQ chain.” For x above 0.5, a Fourier component of
the electrostatic potential with this periodicity will occur.
The random arrangement of dipoles on the Qn chain in
Qn TCNQ)Z will also result in a small Fourler component

with the same periodicity. Whatever the cause, the am-
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plitude of ¥, is expected to be small, although 1ts effect
on the T-dependent oscillator strengths is strong

If the gap were due just to a Peierls transition, then any
extra electrons or holes, arising from doping effects,
thermal effects, or accxdently incorporated impurities,
Would be expected to give rise to kinks, or solitons, with
levels at midgap.!! However, in the presence of an addi-
tional potential, we expect b1polarons to be the stable
configuration.

The temperature dependence of the oscillator strengths
of eight of the a, modes is shown in Fig. 7 for
Qn(TCNQ),. For a pure Peierls transition, the modes
should disappear abruptly at a critical temperature T,.
Instead, there is a slow decay of the a, -mode intensity,

indlcatlng that the gap is present up to room temperature

and beyond. This fact is also confirmed in temperature-
dependent dc-conductivity measurements.5” Figures 8
and 9 show the temperature dependence of the-oscillator
strengths of two of the ag modes in the NMP-Phen sys-
tem. The other a, modes in this system were less temper-
ature dependent and tended-to be much more noisy.

The T dependence of the full gap is affected by the
presence of an additional potential as well as by the pro-
duction of sohtons or polarons through doping and
thermal effects. Conwell and Howard?' have calculated
the gap as a function of temperature for Qn(TCNQ),.
They ﬂnd that the gap equation decomposes into two
terms, ie., Ay T)=A((T)+A,, where Ay(T) is half the
full gap, Ay(T) is the Peierls-dependent portion, which
also depends on the number of solitons and polarons
present, and A, ‘is the external potential. Assuming 4%
extra electrons in bipolaron states and allowing the num-
ber of thermally generated defect states to change with
temperature, the full gap, calculated?! for several values
of the external potential, is shown in Fig. 7. The best fit

Qn (TCND ,

—
.
o

o]
h
o]

Oscillator strength
o
m

")
0.4 B ]
i y
0.2+ x ¥ 1
. X x x\—
: X
0 . i i ’ L
0 100 200 300

Temperature (K

FIG. 7. Temperature dependence of the oscillatar strength of
eight ¢, modes in Qn(TCNQ),: v3—1605 cm"‘ (0), v,=1425
em™! (0), vs=1195 cm™! (A), v4=950 cm™! (X), »,=691
em™! (Q), vs 600 cm ™! (), 1/9—306 em™! (+), and v;p=124
cm™! ( X . The curves shown represent the calculated gap
for Qn(TCNQ ), from Ref. 21: the dotted line for A,=0K (.e.,
no external potential), the dashed line for A, =10 K, and the
solid line for A, =25 K.
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to the measured oscillator strengths occurs (at least at the
highest temperatures) for A, =25 K.2!

At lower temperatures (below 200 K) the data in Fig. 7
indicate a more rapid dropoff than the theoretical fit.
Conwell and Howard?' have suggested that because the
samples exist in polycrystalline form, they will have a
range of gaps above and below the average value. The
presence of smaller gaps will result in a decrease of the
a,-mode intensities at lower temperatures than would
occur for the average gap value.

"For the (NMP),(Phen);_,(TCNQ) samples, the T
dependence of the oscillator strengths of the @, modes
* has only weak variation with x (Figs. 8 and 9). This fact
may reflect the role of the external potential A,, in each
of these compounds, reducing the T dependence of the q,
modes despite the variation from commensurate to in-
commensurate compositions, ’
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It is well known that the presence of bipolarons intro-
duces absorptions within the band gap.?® The compar-
ison of the optical-absorption data presented here to that
of doped polyacetylene*®*~*? and other polymers, such as
polypyrrole,* polythiophene,*** and polyaniline,*>*’
suggests that the in-gap absorption of Qn(TCNQ), and
(NMP), (Phen); _ . (TCNQ) may be due to electronic tran-
sitions to these bipolaron levels. While there is no sharp
onset of absorption near the gap and no sharp absorp-
tions within the gap that may be due to well-defined bipo-
laron levels, the very broad increase in absorption shown
here is consistent with the interpretation of Conwell and
Howard?! of the existence of a range of gaps about some
average gap value in these materials. Another possibility
is that a range of energy levels for bipolaron states may
exist. Conwell and Howard calculated?! for an external
potential of size A, =25 K in Qn{TCNQ), that the bipo-
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FIG. 8. Temperature dependence of the oscillator strength
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FIG. 9. Temperature dependence of the oscillator strength
of %=304 cm™' (X) and v,=117 cm™ (O) in
(NMP), (Phen), . (TCNQ) for x=0.56 (top), 0.57 (middle), and

--0.59 (bottom).



laron levels occur at w,=200 K (140 cm™!) above and
below midgap. For A,=10 K, o, was calculated as 125
K (90 em™!); for A, =50 K, &,=270 K (190 cm™}).

Hence, we see that a range of values for the external po-
tential gives rise to a range of values for the bipolarons.

levels.

In (NMP), (Phen);_,(TCNQ), the magnitude of the
absorption for frequencies below 2A does not scale as the
. number of bipolarons at low temperature, viz.,
(x —0.5)/2. However, for a given x the absorption does
increase with increasing temperatures (Figs. 3 and 4), in
accord with thermal generation of increasing numbers of
bipolarons with increasing temperature.!! The anoma-

lous x-independent magnitude of the absorption below

the gap may arise from the instantaneous creation and
destruction of confined soliton-antisoliton pairs (bipola-
rons) via quantum nucleation®® consistent with the
Heisenberg uncertainty principle.

The sample-dependent spectra of Fig. 5 indicate
several transitions to excited states. In the large-U case,
the ground-state configuration of a Peierls distortion
would imply a 2k or a 4k; CDW, depending on the rela-
tive strengths of the transfer integral f, the nearest-
neighbor Coulomb interaction ¥, and the next-nearest-
neighbor Coulomb interaction V,35% For small ¢, If
V,>2V,, then electrons would be located on every other
site resulting in a 4k dimer configuration (0, —), where
0 represents a neutral site and — represents an anion. If
V, <2V, the pairing of [TCNQ] ™ molecules would result
in a 2ky tetramer configuration (0,—, —,0). As ¢ becomes
larger, the two configurations compete so that com-
ponents of either configuration could be present depend-
ing on the relative values of V| and V.

The excitations at 4, B, C, and D have commonly been

interpreted,3"*>>° respectively, as charge-transfer excita-
tions CT1 (from [TCNQ]™ to [TCNQI°) and CT2 (from
[TCNQ]™ to [TCNQ] ™), and as localized excitons (exci-
tations of the TCNQ molecule), LE1 and LE2. A tetra-
mer model calculation®! shows that the CT2 transition
falls in the vicinity of peak B. Yakushi et al.* have as-
signed peak B in other TCNQ salts to the exciton of the
[TCNQ]™ anion, LE1™, consistent with a dimer model
calculation and with [TCNQ]~ solution spectra that
show the characteristic splitting at peak B. This splitting
is seen in many other TCNQ salts, as well as in the
x=0.53 data of Fig. 5. The dimer model of Yakushi
et al. also ascribes peak C in other salts to- the triplet-
state exciton of a [TCNQJ° and [TCNQ] ™ pair, and peak
D to the singlet-state exciton of this same pair. However,
the assignment of peak C to LE1 and peak D to LE2 for a
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pair of [TCNQ]’s is consistent with solution spectra for
[TCNQ]™ dimers.’®’! It is noted that for samples of
x 20.55 peaks C and D become nearly unobservable.
This change in the electronic spectra may reflect .the
crossover from an ordered commensurate electronic dis-
tribution (x $0.55), which can support localized in-
tramolecular [TCNQ]™ excitations, to an incommensu-
rate distribution (x 2 0.57), which can no longer support
these excitations. A more thorough theoretical examina-
tion of these materials is needed to clarify the variation of
these competing interactions with x and the effects upon
the electronic spectra in Fig. 5. These calculations,
within the context of a tetramer model, so as to incorpo-
rate on-site and long-range Coulomb interactions, should
include lower-lying energy levels and their associated
electrons in order to understand the transitions and ener-
gies involved.

V. SUMMARY

In summary, we have measured the optical properties
of Qn(TCNQ), and (NMP), (Phen), . (TCNQ) for
0.55x $0.6. Several important interactions involving
the unpaired electrons on the TCNQ chains have been
examined, including excitation energies, charge-transfer
interactions, the Peierls distortion, and electron-phonon
interactions. The existence of a gap in these materials
has been established (up to room temperature) and has
been shown to be due predominantly to a Peierls distor-
tion. A small contribution to the potential of the TCNQ
chains, with the same periodicity as the Peierls distortion,
causes a slow decay in the size of the gap as temperature
increases. This external potential may be the cause of al-
most no change in the spectra with variation of x. The
low-energy spectra (below 2A) may be absorption due to
quantum-nucleated " solitons or bipolarons, as well as
thermally activated solitons and bipolarons at higher
temperatures. The electronic structure at higher energies
is indicative of charge-transfer and excitonic interactions
and reflects the crossover from a commensurate distribu-
tion of electronic charge for x £0.57 to an incommensu-
rate distribution for x £ 0.57.
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