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OPTICAL PROPERTIES OF THE SEMICONDUCTING "METAL-LIKE" COMPLEX (NMe3H) (I) (TCNQ) 
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We present the results of a study of the room temperature polarized 
reflectance between 2.5 meV and 3.8 eV of (NMeaI-IXIXTCNQ) single 
crystals. The reflectance found with the electric field parallel to the stack- 
ing axis is fit with a Drude-Lorentz model and analyzed using Kramers- 
Kronlg transforms to give the response functions o1(co) and el(co). The 
results confirm the model of semiconducting behavior despite a "metal- 
like" d.c. electrical conductivity at room temperature. 

THE STUDY of linear chain organic [ 1 ] and inorganic 
[2] anisotropic compounds has emphasized those system 
systems with high "metal-like" conductivity, and the 
competing models to explain this behavior. Recently, 
Cougrand et al. [3] have reported that the tetra- 
cyanoquinodimethane (TCNQ) oxidation of trimethyl- 
ammonium iodide (NMeaI-I)÷(I)-(Me=CH3) leads to a 
novel ternary component material of (NMeaHXI)(TCNQ) 
stoichiometry with one donor and two different segre- 
gated acceptor chains, only one of which, TCNQ, is 
likely to be conducting. In this paper we present the 
results of a study of the room temperature polarized 
reflectance, from the far infrared to the near ultraviolet, 
of  (NMe3H)(I)(TCQN) which confirms that it is a semi- 
conductor despite its "metal-like" conductivity. 

The structure of this system is monochnic with the 
TCNQ chains and the iodine chains parallel to the b- 
axis [3]. The long axes of the TCNQ molecules are all 
parallel to each other and are perpendicular to the a- 
axis. In a diffuse X-ray investigation, Delhaes et al. [4] 
reported a one-dimensional superlattice ascribed to a 
periodic distortion (period 3b) on the iodine chain. The 
results of Abkowtiz et al. [5, 6] indicate that the 
composition is best described as (NMeaH)÷(I)~)I/a- 
(TCNQ) 2/3- with a 1/3 filled band on the TCNQ chains 
in a one-electron picture. The room temperature d.c. 
electrical conductivity is ORT = 20 (~-cm) -t,  with 
"metal-like" behavior between 300 and 240 K at which 
latter temperature (T = TM) it achieves its maximum 
value, o = 1.08ORT [7]. 

Recently, Epstein et al. [8-10] have proposed a 
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model for conduction in many TCNQ salts with "metal- 
like" behavior (do/dT < 0) which postulates a semi- 
conducting state at all temperatures. For T > TM, o is 
dominated by a strongly temperature dependent mobil- 
ity determined in large part by interactions between 
the conduction electrons and molecular vibrations. For 
T <  TM, o(T) is dominated by the thermal activation 
of carriers across the gap. The model requires significant 
coupling of the conduction electrons to molecular 
vibration modes of TCNQ, an effect which has been 
observed in (triethylammonium)(TCNQ) [11] and in 
(K)(TCNQ) [12]. The model predicts the existence of 
a semiconducting energy gap for (NMeaI-I)(IXTCNQ) at 
300K of ~ 0.14 eV. 

Polarized reflectance measurements have been made 
on room temperature lustrous metallic green specimens 
using conventional techniques. Figure 1 shows the 
reflectance, R, of (NMeaH)(I)(TCNQ) for three mutually 
perpendicular frequency independent extinction direc- 
tions of the incident electric field. The measured R for 
E II b (the chain direction) was essentially the same for 
the two faces studied, as indeed it should be. 

For E II a polarization, R is nearly flat. The 
molecular vibrational modes (e.g. C-N at 2180 and 
2220 cm -1) are quite weak. The electric field is nearly 
perpendicular to the TCNQ molecule long axis, so this 
structure, as well as the C-H  feature at 3020 cm -1 may 
be due to the (NMeaI-l) ÷ ion. For E II c*, R is slightly 
larger than EII a and a strong peak is seen at 2159 cm -1 
in the C-N stretching region. The c* direction is nearly 
parallel to the TCNQ molecule long axis. 

In the chain direction, E II b, a strong peak in the 
visible (not shown, see [6]) is responsible for the green 
color. As is characteristic of many TCNQ salts [ 11-15], 
for E 11 b there is a weak structure in the near infrared 
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Fig. 1. Polarized reflectance measurements over 0 .0025-1 eV, of (NMe3H) (I) (TCNQ) for three directions. The 
dash-dot curve is from a fit to the E II b data with a Drude-Lorentz  dielectric function. 

including a minimum at 4820 cm -1 , and a broad reflec- 
tance maximum. Below 150 cm -1 the reflectance rises 
rapidly, reaching nearly umty at 20 cm- 1. Between 
1000 and 2300 cm -1 there are four clear minima, associ- 
ated with symmetric stretching modes of  the TCNQ ion 
[11, 12, 16]. 

A least squares fit to R for EII b was made for 
reflectance calculated from a Drude-Lorentz  dielectric 
function of  the form. 

2 co~ COP + - -  + eo.. 
e ( c o )  = co~ _ co2 _ i c o / r  co~ - co:  - i c o P  

(1) 
The first term m equation (1) describes the reflectance 
maximum below 4800 cm -1 , the second term includes 
the weak structure around 10 000 cm- 1, and the third 
term is the contribution of  all higher frequency contri- 
butions to the static dielectric constant. The fit was 
made to the data between 2400 and 8000 cm- 1 and the 
best results were obtained with the following parameters: 
strength of  the first transiuon, cop = 0.66 eV, center 
frequency, cog = 0.22 eV, and relaxation rate, 
1/r = 0.32 eV. For the second transition, coL = 

0.62 eV, coo = 1.2 eV, and F = 0.56 eV. The high 
frequency dielectric constant is e~ = 2.65. If  
cog = 0, equation (1) describes a metal. Fits to the data 
with a metallic dielectric function gave relatively poor 
results. 

Because of  the wide frequency range studied, a 
Kramer-Kronig integral of  the reflectance should yield 
accurate values for the phase shift in the center of  the 
experimental region. The data were extrapolated above 
the highest frequency point as 1/co 2 up to 
200 000 cm -1 , simulating in an average way interband 
transitions, and as 1/6o 4 above 200 000 cm- 1, as 
appropriate for free electron behaviour. Constant re- 
flectance was assumed below the lowest data point. 
Neither the structure in the optical constants nor their 
magnitudes below 4000 cm -1 were changed by any 
extrapolation procedure tried. 

The optical constants for 0 - 8 0 0 0  cm-1 ( 0 - 1  eV) 
are shown m Figs. 2 and 3. Figure 2 gives the frequency 
dependent conductivity, Ol (co) and Fig. 3 the real part 
of  the dielectric function, el (co). Below 200 cm-1 the 
average value of  the conductivity is ol = 19 -+ 1 
(~2-cm)- 1, in excellent agreement with the d.c. value of  
20 (~2-cm)-1 [ 5 - 7 ] .  (NMe3H) (I) (TCNQ) is the first 
conducting TCNQ system in which there IS agreement 
between the d.c. and far infrared conductwities! In 
(TTF) (TCNQ), for example [13,14], the far infrared 
conductivity is an order of  magnitude s m a l l e r  than the 
d.c. conductivity. There is a strong peak in Ol(CO) 
centered near cog = 1770cm -1 (0 22eV). The full 
width at half maximum observed m Fig. 2 ]s approxi- 
mately equal to the relaxation rate obtained from the 
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Fig. 2. Frequency dependent conductivity, determined by Kramers-Kronig analysis of the reflectance of (NM% H) 
(I) (TCNQ). The d.c. conductivity in ORT ~ 20 (I2-cm) -1. 

fit above 0.32 eV. The maximum value of the conduc- 
tivity is 180 (~2-cm) -1 as expected from the Drude-  
Lorentz parameters, ~ogr/4rr. Not shown in Fig. 2 is a 
strong conductivity maximum in the visible which 
reaches 1200 (f2-cm) -1 at 17,800cm -1 (2.2 eV). 

The dielectric function is negative below 40 cm -1 , 
characteristic of free carriers, and has a maximum of 10 
in the far infrared. This value is comparable to the statzc 
value calculated from equation (I) ,  el(0) = 12, but is 
considerably lower than the measured [6] microwave 
value at 4 .2K of el = 30. The transition in the infrared 
is not quite strong enough to drive el (co) negative 
between wg and ~op, m part because of the relatively 
large value of eoo. The transition in the visible is suf- 
ficiently strong; el (w) is negative between 19,000 cm-1 
(2.4 eV) and 21,700 cm- 1 (2.7 eV). 

The maphcations of both the fit to the reflectance 
and the Kramers-Kronig analysis is that there is an 
energy gap in the system at room temperature even 

though the dc conductivity is appreciable. The 
Drude-Lorentz dielectric function probably over- 
estimates the gap. The conductivity reaches half of its 
maximum value at 800 cm-1 (0.10 eV) while about 1/8 
of the interband oscillator strength is used up by 
1100 cm -1 (0.14 eV). Either of these criteria might be 
reasonably used to define the edge of a rather smeared 
band gap. A gap of 0.10-0.14 eV is both in agreement 
with, and experimental evidence for, an analysis within 
the d.c. conductivity model [7-10] described above 
(Eg ~ 0.14 eV at 300 K) [7]. The conductivity for 
w < Eg is then due to carriers thermally excited across 
the gap. These "free carriers" m turn drwe the dielectric 
function negative below 40 cm- ~. The gap at room 
temperature may arise from a periodic potential on the 
TCNQ chains induced by the observed [4] distortion on 
the iodine chain. 

The effective number of electrons participating in 
transitions for energies less than h w  is given by 
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Fig. 3. Real part  of  the dielectric function, determined by Kramers -Kronig  analysis of  the reflectance. 
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Fig. 4. The effective number of  electrons, determined by integration of the Kramers-Kronig  derived conductwlty.  

mV m rn 
Nef f ( co ) -  J Ol(cot) dco t (2) 

m* 47re 2 o 

where m* is the effective (band) mass of the carriers, m 
is the free electron mass, e the electronic charge, and 
Vm is the volume per molecule. From X-ray data [3, 5] ,  
Vm = 4 1 0 A  [3].  For  E II b, (m/m*~eff increases 
rapidly at first and then begins to level off at a value 
near 0.1. It rises rapidly above 1 eV, reaching 1.5 at 

3.1 eV. The function rises much more slowly and 
smoothly for the other two polarizations, see Fig. 4 

The plateau value of (m/m* )Neff = 0.I and the 
assumpUon of Neff = 0.67, gives m* = 6 7m. A 
similar effectwe mass is found from the plasma 
frequency, cop = (4rrne2/m*) 1/2 where n is the number 
of  conduction electrons per umt volume. When the 
plasma frequency obtained m the least squares fit, 
cop = 5290 cm -1 (0.66 eV), is substituted, we find, with 
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Nen = 0.67, m* = 5.2m. 
The TCNQ salts form a unique system for the study 

of the electron-phonon interaction which has been 
investigated recently both experimentally [11, 12] and 
theoretically [ 16, 17]. The conduction electrons inter- 
act with the totally symmetric molecular vibrations of 
the TCNQ ion. Because the electrons are constrained in 
these quasi-l-D systems to move in the chain direction, 
the effect is observed when the electric field is polarized 
along the chain. When the electronic absorption overlaps 
the phonon frequencies, the interaction gives rise to 
minima or "antiresonances" in the conductivity of 
reflectance. This effect is readily observed in (NMe3 H)- 
(I) (TCNQ). In particular there are four distinct anti- 
resonances in o1(co), Fig. 2, at 1190, 1390, 1620 and 
2208 crn -1, as well as shoulders at lower frequencies. A 
detailed analysis is in progress. 
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