
This article was downloaded by: [Tomsk State University of Control Systems
and Radio]
On: 20 February 2013, At: 12:39
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Electronic Properties of
(NMP)X(PHEN)1-x(TCNQ)
A. J. Epstein a , R. W. Bigelow a , Joel S. Miller b , R.
P. McCall c & D. B. Tanner c
a Xerox Webster Research Center, 800 Phillips Rd.,
W114, Webster, NY, 14580, U.S.A.
b Central Research and Development Department,
E.I. DuPont de Nemours & Company, Wilmington,
DE, 19898, U.S.A.
c Department of Physics, University of Florida,
Gainesville, FL, 32611, U.S.A.
Version of record first published: 17 Oct 2011.

To cite this article: A. J. Epstein , R. W. Bigelow , Joel S. Miller , R. P. McCall & D. B.
Tanner (1985): Electronic Properties of (NMP)X(PHEN)1-x(TCNQ), Molecular Crystals and
Liquid Crystals, 120:1, 43-49

To link to this article:  http://dx.doi.org/10.1080/00268948508075757

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948508075757
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
39

 2
0 

Fe
br

ua
ry

 2
01

3 



Mol. Cryst. t iq.  Cryst. 1985, Vol. 120. pp. 4349 
0026-894 11851 1204-004315 15.00/0 
0 1985 Gordon and Breach, Science Publishers, Inc. and OPA Ltd. 
Printed in the United States of America 

ELECTRONIC PROPERTIES OF (NMP),(PHEN)I -,(TCNQ) 

A.J. EPSTEIN and R.W. BIGELOW 
Xerox Webster Research Center, 800 Phillips Rd., W114, Webster,'NY 
14580 U.S.A. 

JOEL S. MILLER 
Central Research and Development Department, E.I. DuPont de Nemours 
R Company, Wilmington, DE 19898 U.S.A. 

R.P. McCALL and D.B. TANNER 
Department of Physics, University of Florida, Gainesville, FL 3261 1 
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ABSTRACT The energy gap and charge conduction mechanism of 
(NMP),(Phen),.,(TCNQ) with x between 0.5 and 0.6, a range where this 
large U system evolves from a commensurate (x 0.57) to an 
incommensurate (x 2 0.57) Peierls insulator, have been studied with 
infrared and transport measurements. The conductivity and infrared 
absorption studies show tnal the low temperature gap is 0.1 to 0.15 eV. 
The weak T-dependence of this gap reflects contributions from both the 
Peierls order parameter and an external periodic potential due to 
ordering of the NMP+ and Phen" in the donor stack, Ae. The 
oscillator strengths of the low frequency phonon modes provide a 
measure of the T-dependence of the order parameter, A(T). The results 
are in agreement with a calculation of Conwell and Howard of the 
Peierls distortion A(T) in the presence of a small A,. The T-dependent 
thermopower S(T) varies markedly with x. This behavior implies an 
important hole type conduction despite the presence of excess 
electrons, in accord with charge conduction at the soliton level, though 
a large asymmetry in electron and hole mobilities may have a role. 

I .  INTRODUCTION 

The (N-methylphenazinium)x~~henazine),.x(tetracyanoquinodimethane) system 
[l], Fig. 1, has been a model system for the study of a variety of unusual 
phenomena[2]. Through control of the chemical composition, x. the number of 
conduction electrons per unit cell can be varied from -0.5 to 1.0. This series 
of one.dimensional conductors is then a nearly ideal system in which to test 
the numerous physical concepts. Earlier x-ray diffuse scattering[3,4,5], 
optical[d,7] and magnetic studies[2,8] demonstrated that for x 2 0.67 this 
system has conduction electrons on both donor and acceptor chains and 
coulomb repulsion (U) less than the bandwidth (W). In contrast, for x < 0.67 
nearly all the conduction electrons are on tho TCNQ stack and the system is in 
a large U (U/W > 1) regime. Structural studies[4,5] have shown that the 
x = 0.5 system is an ordered crystalline segregated stack charge transfer salt 
with 0.5 excess electrons per TCNQ. The sysem has a commensurate Peierls 
distortion at 4kf = a*/2 whare a* is the reciprocal lattice vector in the TCNQ 
stacking direction. Thermally generated solitons have been shown[9,10,11] to 
have a large role in this system. .' 'dition of up to seven percent extra NMP 
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NMP+ TCNO Phen 

(a) (b) (C)  

(i.e., 0.50 6 x ,< 0.57) leads to the excess charge being accommodated in 
soliton states on the TCNQ stack. The theoretical studies[l2] of highly 
correlated one-dimensional salts near the one-quarter filled band limit predicted 
that the solitons in this system have charge fe /2 .  For x 1 0.58, these studies 
show a crossover to an incommensurate Peierls distortion. The conductivity of 
(NMP),(Phen),.,(TCNQ) system has been analyzed as that of a Peierls 
serniconductor[t3]. 

We have carried out temperhture-dependent infrared absorption studies of 
the (NMP),(Phen),.,(TCNQ) system. We report the first direct detection of the 
Peierls gap in these syslems, in contradiction to the disorder models(14-17] 
which predict a finite density of states at the fermi level. The anomalously 
strong and temperature (T) dependent ag modes demonstrates that the 
semiconducting gaps in these materials are indeed Peierls gaps. The detailed 
analysis of this data supports that Ihe interchairt potential due to the alternation 
of NMP' and Phen" leads to a potential which is commensurate with the 
Peierls distortion and results in shifting the insulator-metal transition to higher 
temperatures and confinement of the solitons into bipolaron units. 
Temperature dependent thermopower of this system confirms the 
commensurate4ncommensurate transition and implies an important contribution 
of holes to the dc conductivity, in accord with charge conduction at the soliton 
level, although asymmetry in electron and hole mobilities may have a role. 

11. EXPERIMENTAL TECHNIQUES 

The small crystals were grown from solution. Generally, the values of x, which 
are determined by solution absorption spectra, are accurate to f0.02. In cases 
where solution analysis yields x = (0.50-6) with 6 - 0.01, concerted studies 
suggest that !or these samples, x is equal to or slightly larger than 0.50, that is, 
very close to stoichoirnetric. An example of such a composition is an 
x = 0.49 sample. 

Because the crystals were too small for reflectance studies, absorption 
measurements were made on composite samples prepared by grinding and 
mixing many small crystals with an insulating host and compressing the mixture 
into a pellet. The typical crystal size in these samples was several microns and 
the volume fraction in the mixture was below 0.01. Thus, the crystals were 
isolated in the host; the absorption coefficient of the TCNQ salts could be 
determined after correcting for the absorption and reflection of the host. In the 
frequency range studied (below 4000 ern.') this absorption is mostly from the 
TCNQ chain direction. Measurements were made in two overlapping frequency 
regions. From 50 to 800 cm-' a homebuilt Michelson interferometer was used 
to study paraffin-host samples. Low-temperature measureinents were made by 
putting the samples in the detector cryostat. Between 600 and 4000 cm-', a 
Digilab rapid-scanning interferometer was used to study KCI-host specimens. 
Use of a Helitran continuous-flow refrigerator enabled the low-temperature 
measurements. 
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ELECTRON PROPERTIES OF (NMP),(PHEN),.,(TCNQ) 45 

The thermopower (S) was measured for at least a half dozen crystals of 
each composition. Measurements were taken with the temperature gradient of 
less than 1K along the stacking axis using a technique designed for use with 
these sinall single crystals[l8]. The results for crystals from the same batch 
were reproduceable with small variation in the maximum value of -S observed. 
The variation between batches of the same "x"  values reflected the uncertainty 
in x. 

111. EXPERIMENTAL RESULTS AND DISCUSSIOhJ 

A. Infrared Studies 

The far infrared results for samples of the various compositions were 
similar for all compositions studied and similar to the results for Quinolinium 
(TCNQ)2[19]. Figure 2 presents typical absorption data for 
(NMP)0.55(Plien)0 45(TCNQ) at 25K. Figure 3 shows the temperature 
dependence of tlie (NMP)0.55(Phen)0.45 (TCNQ) absorption data over a 
broader frequency range and as a function of temperature. Three features are 
of particular importance: 

(i) n 2: 0 for frequencies less than 100 cm-'. 
(ii) Nine of the ten TCNQ a modes display anomalously strong infrared 

activity. The modes with frequencies below -1000 cm-' are 
resonances while those above 1000 cm.' are antiresonances. 

9 

(iii) Broad absorption is observed, increasing above 150 cm.'. -1 , 21 FIGURE 2. frequency Absorption for coefficient (NMP)o,55 vs. 

( P ~ ~ I ~ ) ~ , ~ ~ ( T C N Q )  at 25K. 
Note the linear scales. The 
arrows indicate the as 
modes. 

KYM 

OO 3Ln 6 o o m  
FREaUEKV iem-'l 

The lack of absorption below 100 cm.' demonstrates that there is a gap in 
tlie density of states at the Ferini level. The presence of a gap demonstrates 
that earlier models [14.17] which focused on disorder localization of 
conduction electrons are not appropriate for these systems. In contrast, the 
presence of the TCNQ ag modes is strong evidence for the description of these 
materials as Peierls semiconductors. These modes were normally infrired 
inactive because they are totally symmetric oscillators. However, they become 
strongly infrared active in the presence of the phase oscillators of a charge 
density wave [20]. The crossover from resonance to antiresonance for these 
modes allow an estimation of the bandyap of this material of 2A in the range 
of 950 to 1200 ern.'. This is in reasonable agreement with numbers estimated 
from the conductivity data [9.11,21]. The temperaturo dependence of the 
oscillator strength of these ag is a measure of the temperature dependence of 
the Peierls gap, Ap. The data in Fig. 3 show that Ap does not go to zero 
near the inean field transition temerature of -150K. It has been shown that 
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46 A. 1. EPSTEIN et al. 

FIGURE 3. Absorption coefficient VS. 
frequency for (NMP)o,55 
(P~~II)~.~~(TCNQ) at 25K, 
loOK, 200K and 300K. The 
arrows indicate the ag 
modes. Note the logarith- 
mic scales. 

1 1 
103 300 Km 3x0 

Fl€umcY ( C d )  

the persistance of the Peierls gap to higher temperatures is a result of the 
presence of a small (-20K) interchain potential with the same periodicity as the 
Peierls distortion[l9,22]. 

The increase in absorption beginning at -150 cm-' is similar to that 
reported for moderately doped polyacetylene [23] and polypyrrole [24] although 
the scale of energies is reduced by an order ot magnitude. The data suggest a 
broad absorption by the solitons in this system. The presence of an interchain 
potential is expected to lend to the formation of two bipolaron levels in the gap 
[22,25]. In addition, overlap of the bipolarons, and the presence of the excess 
donor charges should cause the bipolaron levels to spread across the gap. 
This absorption increases with temperature as expected due to the thermal 
nucleation of additional bipolarons. 

The presence of the Peierls gap is in agreement with the observed [26] 
decoupling of the spin diffusion and charge conduction in this system. 

B. Thermopower Studies 

Figure 4 summarizes the results of the temperature dependence of the 
thermopower of (NMP),(Phen),.,(TCNQ) for representative compositions. 
Generally all compositions studied have S Z -65pVIK at room temperature. 
As the temperature is lowered, S becomes increasingly negative for samples 
with x <, 0.53. At the lowest temperature (T < 100K) IS[ begins to decrease 
again. In contrast for 0.54 <, x 0.56, S is nearly T independent above 100K, a 
behavior similar to that of Q~inolinium(TCNQ)~[l1,27]. For x > 0.57, S(T) 
changes again, becoming more T-dependent. Figure 5 sumniarizes this 
variation in S(T,x) with a plot of minimum thermopower observed, Smin, vs. x. 

The decrease in Smin as x increases from -0.50 to -0.56 corresponds to 
the regime where increasing numbers of soliton pairs are being introduced in 
the gap of (NMP),(Phen),.,(TCNQ) through doping. The sudden change in 

Smin for x 2 0.57 corresponds to the crossover to the incommensurate regime. 
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The value of S =: -60pV/K ( =  -IkB/elln 2) was early on suggested to 
reflect the effect of the role of strong Coulomb correlations (large U) in these 
materials[l8,28]. It was later demonstrated that this value could be obtained in 
the infinite U limit for a semiconductor with 0.5 electrons per site and finite 
bandwidths[29]. The S(T) may be evaluated as a sum of the contributions of 
the individual carriers, Si, weighed by their conductivities, ui: 

. . . . , . . . . ,  . . . . ,  . . . . , . . . . , . . ,  . 
" p h - h m  . 

FIGURE 4. Representative temper- 

A o  z-ae power data for (NMP), 

000 6 

A A  A A A i A A & A & I  
A ature dependent thermo- 

0 ~ 0 5 3  

A 0 x.014 1.056 (PhenIl .,(TCNQ). 
".059 

5 0 1 0 0 1 5 0 m ~ 5 0 0  

For the symmetric large U quarter filled band semiconductor (x = 0.50) these 
leads to S = -GOpV/K[29]. For high temperatures (-300K) the number of 
electrons and holes excited becomes increasingly similar for all x [lo] in 
moderate agreement with the observed S - -65pVIK. However, at lower 
temperatures (e.g., -1001<) and x > 0.50, more electrons are excited than holes 

With increasing doping (x) (and greater number of defect states in the gap) 
the Fermi energy becomes increasingly larger so that there are greater 
numbers of electrons in the conduction band than holes in the valence band. 
Utilizing Eq. 1, S is predicted to become increasingly more negative as x goes 
from 0.50 to -0.56. This is in contrast to the data in Fig. 5. These data can, 
however, be understood if a significant contribution to the total conductivity is 
from charge conduction through the defect states in the gap. Since these 
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48 A. J .  EPSTEIN ef 01. 

states are below the Fermi level, their contribution to S through Eq. 1 is as (i 
positive term, leading to a predicted decrease in S with increasing x in accord 
with Fig. 5. It has also been pointed out I221 that these defect states in the 
gap may iead to an asymmetry in the scattering of electrons and holes, and 
hence, could account for the measured decrease in lSminl with increasing x. 

IV. SUMMARY 

We have shown that the (NMP)x(Phen)l.x(TCNQ) (0.50 $ x 0.60) system and 
analogous materials such as Quinolinium(TCNQ)2 are spinless fermion 
analogues of polyacetylene. The infrared studies have given a direct measure 
of the Peierls gap. The measured variation of thermopower with composition 
and temperature demonstrate that the presence of the defect state in the gap 
affect the transport in this system. 

We acknowledge stimulating discussions with E.M. Conwell and LA. 
Howard. The work was supported in part by US.  National Science Foundation 
Solid State Chemistry Grant No. DMR-8218021. 
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