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Abstract

This paper is to report the temperature dependent electrical conductivity of
single crystals of radical ion salt (RIS) potassium-TCNQ (K-tetracyanoquino-
dimethane) in a wide range of temperatures from 30 to 500 K. This RIS is qu-
asi-one-dimensional in nature. These single crystals of K-TCNQ are grown by
different methods like electrochemical, solution growth and diffusion method.
Activation energy is determined for the sample in different temperature re-
gions and found different values. More than one semiconductor to metal
phase transition is observed in the studied samples during electrical mea-
surements below and above room temperature. All the features observed in
the studied samples are analyzed in the framework of their molecular struc-
ture as well as under different effects like disorder, impurity, Coulomb inte-
raction, charge density wave (CDW), scattering and 3-D effects etc.
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1. Introduction

The tremendous utility of highly conducting materials [1] [2] justifies the in-
tense research in this domain. Charge transfer complexes (CTC,) or radical ion
salts (RIS,) obtained from tetrathiafulvalene (TTF) or its analogs and various
electron acceptors, such as tetracyanoquinodimethane (TCNQ), are considered
good models for the development of organic conductors [3] [4] [5]. Hundreds of
different molecular complexes containing TCNQ as the acceptor have been
made [6] [7] [8] [9]. Due to the presence of the four cyno groups on the mole-

cules and the relatively large m conjugation system, reduction of the radical
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anion occurs very easily in TCNQ. This makes TCNQ as a very good electron
acceptor. In result, TCNQ forms stable solid complexes containing both neutral
TCNQ® and anion TCNQ™ with a wide variety of electron donating compounds.
It has the ability to form fusible conductive materials and magnetically ordered
structures, including ferromagnetic ones with high Curie temperatures, spin
ladders and quasi-two-dimensional organic conductors and superconductors.

Because of their special structural features, these complexes exhibit a wide
range of electrical conductivity at room temperature. TCNQ salts with metal ca-
tions generally show low to intermediate conductivities (107 to 107 Q'cm™),
while its salts with cations of plane aromatic heterocyclic molecules show rea-
sonably higher conductivities (=10 Q 'cm™). Some investigations have been
made on the electrical conduction of TCNQ salts with metal cations so far [10]
[11]. In these alkali metal salts [12], a phase change has also been reported in the
temperature range from 120 to 500 K.

These TCNQ-complexes have drawn intensive interest due to their unique
physical properties [13] and widely potential applications in organic na-
no-devices and other fields also. Due to their electrical nonlinearity and switch-
ing behavior, these are quite suitable for making nonvolatile memories [14] [15]
[16]. The TCNQ complexes can be used as ultra-high density data storage via
thermochemical hole burning using a scanning tunneling microscope (STM) [17]
[18], organic metal electrodes in inkjet printing [19] and organic light emitting de-
vices [20] [21]. High-performance low-cost organic field-effect nano-transistors
[22] [23] and field emission devices [24] based on charge-transfer crystals of
TTF-TCNQ, Cu-TCNQ, Ag-TCNQ were also investigated.

Some RIS in the TCNQ system exhibit characteristics such as anisotropy,
electronic and structural instabilities. For instance, their electrical conductivity
and electron spin resonance spectra were highly anisotropic with respect to the
crystal axis [6] [25] [26]. Metal-insulator transition has reported in many
TCNQ complexes such as TTF-TCNQ [27] [28], NMeH-I-TCNQ [26],
BEDT-TTE-TCNQ [29], (BETS),-Br,-TCNQ [30] and CPDT-STF-TCNQ [31].
Other phase transitions such as neutral-ionic phase transition in TTF-CA [32]
[33] [34] [35] and TMB-TCNQ [33] semiconductor to semiconductor transition
in NMe,;H-I-TCNQ [26] and spin-Peierls transition in MEM-TCNQ), [36] were
also reported.

In recent years a large number of new charge-transfer complexes have been
synthesized and characterized and their physical properties need to be further
investigated. Some of those are still interesting and attractive, such as enantio-
tropic solid-state phase transition [37] electronic and structural instabilities of
mixed-stack organic charge transfer complexes [35] etc.

Although Bloch et al. [38], Kamra et al. [39] and Cowan et al. [40] have done
pioneering work about the effect of temperature on the conductivity of some
organic radical ion salts (RIS). In most of the samples, general features of tem-

perature dependence conductivity are same. In the low-temperature region, be-
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low about 50 K, conductivity falls rapidly or gradually, depending upon the na-
ture of the material studied. Conductivity, in general increases with some orders
in higher temperature region. This paper reports the synthesis of K-TCNQ sam-
ples by using three methods. The temperature dependent DC electrical conduc-
tivity was measured in a wide range of temperature from 30 to 500 K on all the
grown samples. A semiconducting behavior was observed at room temperature
with the marked difference in electrical conductivity and activation energy. The
electrical conductivity and activation energy measured at room temperature in
this study is 3 orders more and one order less respectively than the reported ear-
lier. These obtained results for the K-TCNQ are compared also with previously
reported studies in Table 1.

In particular, some conspicuous phase transitions occur at different tempera-
tures at below and above the room temperature. Those are different from pre-
viously reported transitions temperatures. This nonlinear and switching beha-
vior of the studied complex make it more interesting and increase its potential
and applicability in making nonvolatile memories, ultra-high density data sto-
rage and organic metal electrodes in inkjet printing. A change of one order less
in activation energy also make it quite suitable material for development of light

emitting devices, organic field-effect nano-transistor and field emission devices.

2. Experiments

2.1. Synthesis and Characterization

The single crystals of K-TCNQ were grown by three methods like as Solution
growth [6], diffusion method and electrochemical methods [41]. In all cases the
potassium jodide and TCNQ were purified by re-crystallization in acetonitrile at

100°C and always used in 1:1 composition to grow these complexes.

2.1.1. Solution Growth Method

The purified potassium iodide and TCNQ were separately dissolved in acetoni-
trile in 1:1 ratio composition. Both of the solutions are heated separately and
boiling solution of potassium iodide is slowly added to the boiling solution of
TCNQ. After a slow evaporation at the room temperature, small cubical shaped

blackish crystals of typical dimensions were obtained.

2.1.2. Diffusion Method

The diffusion method was also used to grow large single crystals of charge trans-
fer complexes. Here in this experiment, diffusion method as described by Kaplan
[42] and Anzai [43], was used to grow potassium-TCNQ single crystals. It pro-

vides very good results in the case of purity and size of the crystals.

2.1.3. Electrochemical Method
Although the conventional solution growth method is the easiest one to grow
crystals but the size and purity were not found satisfactory in several previous

experiments. Therefore, electrochemical method [41] was also used to grow this
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Table 1. A comparative study of electrical conductivity at room temperature, transition
temperatures and activation energy of K-TCNQ single crystals reported in earlier studies
and this paper.

Synthesis Method ( Q‘?;Tn‘) Te:;:rsziltrr: e AE (eV) A,II‘ie:iI:-:It’:;i?nr: d References
Solution Growth® 3.5 x 107 395 0.43 Room temperature 54
Diffusion Method® 1.0 x 10~ 400 0.42 Room temperature 55
Solution Growth? - 381 - - 12
Solution Growth? 2.0 x 10~ - - - 65
Solution Growth® 5.0 x 1077 373 0.43 Room temperature 11
Diffusion Method® 1.0 x 10~ 391.6 0.45 Room temperature 56
Solution Growth® 1.0 x 10~ 394 - - 66

Room temperature

120 0.1 Our results
(300)
) N » 270 0.078 50 - 100
Solution Growth? 2.4 x 10
380 0.032 265 -270
470 0.13 380 - 450
Room temperature
120 0.09
(300)
. " 270 0.076 50 - 100
Diffusion Method® 2.5 x 10~ Our results
380 0.030 265 -270
470 0.12 380 - 450
Room temperature
0.06
(300)
0.086 50 - 100
Electrochemical® 7.0 x 107! 270 0.069 265 - 270 Our results
0.048 380 - 450
0.12 Above 450

*Reference [54]; "Reference [55]; ‘Reference [12]; ‘Reference [65]; *Reference [11]; Reference [56]; ®Refe-
rence [66]; "Present study.

salt. In this method, long needle-shaped crystals of K-TCNQ at the electrodes
with stoichiometry 1:1 were obtained.

The obtained crystals are larger in size and highly electrically conducting. The
grown crystals were characterized by usual methods like elemental analysis,
atomic spectra, infra-red spectra, NMR patterns and x-ray diffraction patterns
etc. All the obtained results in characterization were well matched and also in

confirmation with previously reported studies of the complex.

2.2. Electrical Conductivity Measurement

These measurements were carried out at normal pressure by four probe method
[44] with a Keithley constant current source, digital electrometer, and Keithley

null detector micro-voltmeter. Prior to measurement, the flat surfaces of the
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samples were contacted with the probes using silver paste to ensure good elec-
trical contacts. To minimize the adsorption of gases on the samples, a suitable
sample holder was fitted inside to a high vacuum chamber of liquid helium close
cycle refrigerator.

The temperature of the samples was measured at two ends with the help of
two temperature sensors, placed at lower and upper surface of the samples. The
temperature of the sample was controlled, stabilized and gradually changes with
the help of Lakeshore temperature controller. The measurements were per-
formed in such a way that the temperature of the samples was held uniform. A
lot of care was taken to avoid the undesirable temperature gradient.

Here, it is notable that some difficulties arose during the measurement of the
electrical conductivity with temperature variation in case of the single crystals.
In most of the cases crystals are small, thin and fragile, so a great care must be
taken in sample mounting as well as a change in temperature of the mounted
sample. In case of highly conducting crystals, one has to avoid large contact re-
sistance, so the four probe method must be used. The available crystals are small
in size and Joule heating of the sample may occur at relatively low power; hence
large current should not be allowed to pass through the crystals.

Temperature dependence electrical conductance was observed in every single
crystal separately grown by electrochemical, diffusion and solution growth me-

thods as discussed below:

2.2.1. Single Crystal Grown by Electrochemical Method

The electrical conductivity of needle-shaped, purple-bluish single crystal of
K-TCNQ grown by electrochemical method [41] is found to be gz, = 7 x 107
Q7'cm™ at room temperature (300 K) with an activation energy of 0.06 eV. The
observed electrical conductance behavior of this sample in the temperature
range 30 to 500 K is plotted and shown in Figure 1(a) and Figure 1(b). It is
clear from these figures that the conductivity first increases with a decrease in
temperature up to 270 K and then starts decreasing. The drop in conductivity is
much faster below the temperature 260 K as evident from Figure 1(b). A sharp
fall of the order of 10 magnitude in conductivity is also observed around the
temperature 272 K. Above the room temperature, the conductivity of the com-
plex initially decreases and reaches a minimum at 380 K. Above to this temper-
ature, it starts to increase and change by an order of magnitude in the tempera-
ture range 380 to 500 K.

On theoretical fitting of this behavior, it is observed that conductivity follows
the law 7°? in metallic region 270 < 7'< 300 K, below the room temperature. The
semiconducting nature of the sample is well fitted by usual exponential law as
Inovs T in different temperature regions as shown in the Figure 4 and Figure
5. This nature of the sample is observed in the region 200 < 7°< 270 K with an
activation energy of 0.069 eV and 160 < 7'< 190 K with an activation energy of
0.086 eV. Above the room temperature, metallic nature of the sample is well fit-
ted with 77? and 7"' laws in temperature region 300 < 7'< 345 K and 345 < T'<
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Figure 1. (a) Plot of conductivity as a function of temperature in the region 30 to 500 K for K-TCNQ single crystal grown by elec-
trochemical method; (b) Plot of conductivity as a function of temperature in the region 30 to 265 K for K-TCNQ single crystal
grown by electrochemical method.

380 K respectively. Whereas semiconducting nature of the sample above room
temperature, which obeys the relation Ino vs 7' in temperature region above
380 K. The activation energy was calculated in this region and a value of 0.048
eV in 380 < 7< 450 K and 0.12 eV above the 450 K was obtained.

2.2.2. Single Crystal Grown by Solution Growth Method

Blackish, cubical shaped single crystal of K-TCNQ grown by solution growth
method in acetonitrile have shown electrical conductivity oz = 2.4 x 10™*
Q7'cm™ at room temperature with an activation energy of 0.1 eV. This sample
shows a typical behavior of conductivity with variation in temperature in the
range of 30 to 500 K. On starting, the measurement with increasing the temper-
ature from 30 K, initially the conductivity increases. It reaches a maximum value
of conductivity 1.48 x 10~ Q~'cm™ at a temperature 120 K with a change of the
magnitude of an order 10. On further increasing the temperature, conductivity
goes down and reaches a value 4.2 X 10 Q 'cm™ at a temperature 265 K. On
further increase in the temperature, the conductivity of the complex starts in-
creasing again and reaches a value 1.2 x 107> Q 'cm™ at the temperature 271.7 K.
Now it starts decreasing and a sharp fall is observed to a minimum value 4 x 107°
Q7'em™ of conductivity at 380 K temperature. Above this temperature, it again
starts increasing up to the temperature 445 K. On further increasing the temper-
ature, the conductivity decreases up to 500 K.
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Here, from the whole curve shown in Figure 2, it is noted that two maxima
are found below the room temperature and one maximum above the room tem-
perature. Each “A” type behavior is observed in the conductivity variation
around temperature 120, 271.7 and 445 K respectively below and above the
room temperature. Figure 4, shows the dependence of the logarithmic value of
normalized conductivity on 1000/ 7 for the mentioned complex. Another curve
is also plotted for the complex in the logarithmic value of conductivity versus
1/T and shown in Figure 5. The temperature dependence conductivity behavior
is fitted theoretically and observed that a metallic type nature of the sample be-
low the room temperature. This follows the 77> and 7"° laws in the first metallic
region and 7°° in the second metallic region in the temperature ranges 120 < 7'<
160 K, 170 < T'< 265 K and 275 < T'< 300 K respectively. Whereas semicon-
ducting nature of the sample at low temperatures follows Ino vs 7' law and
show different values of activation energy in different regions. We have calcu-
lated activation energy 0.078 eV in temperature region 50 < 7'< 110 K and 0.032
eV in temperature region 265 < 7'< 270 K. Above the room temperature, the
metallic behavior of the sample follows 7% and 7~ laws in temperature regions
320 £ T'< 375 K and then 450 K respectively. Whereas semiconducting nature of
the sample above the room temperature, which is well fitted with exponential
law Inovs 7' and gives activation energy of 0.13 eV in temperature region 380 <
T<450 K.

2.2.3. Single Crystal Grown by Diffusion Method

Quadruplet, black-reddish single crystal of K-TCNQ grown by diffusion method
[44] in acetonitrile have shown conductivity oy = 2.41x10* Q7'cm™ at room
temperature with an activation energy of 0.1 eV. This sample shows almost a
similar behavior of conductivity with variation in temperature to the sample is
grown by solution growth method in the range of 30 to 500 K. On starting the
measurement with increasing the temperature from 30 K, initially the conduc-
tivity increases. It reaches a maximum value of conductivity 5.48 x 107> Q" 'cm™
at a temperature 120 K. On further increasing the temperature, conductivity
goes on decreasing and reaches a value 4.7 x 10™* Q 'cm™" at temperature 265 K.
The conductivity of the complex increasing again and reaches a value 2 x 107
Q7'cm™ at the temperature 271.7 K, on further increasing the temperature. Now
it starts decreasing to a minimum value 4.4 x 107 Q" 'cm™" of conductivity at 380
K temperature. Above this temperature, it again starts to increase up to the tem-
perature 445 K and reaches a value 1.8 x 10~ Q'cm™". On further increasing the
temperature, the conductivity decreases up to 500 K.

The temperature dependent electrical behavior of the studied sample is shown
in Figure 3. Two maxima below the room temperature and one maximum are
found above the room temperature. A “A” type behavior is observed in the con-
ductivity variation around temperature 120, 271.7 and 445 K respectively below
and above the room temperature. Figure 4 and Figure 5, show the plot of the
natural logarithmic value of normalized conductivity versus 1000/T and natural

logarithmic values of conductivity versus 1/ 7.
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Figure 2. Plot of conductivity as a function of temperature in
the region 30 to 500 K for K-TCNQ single crystal grown by
solution growth method.
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Figure 3. Plot of conductivity as a function of temperature in
the region 30 to 500 K for K-TCNQ single crystal grown by
diffusion method.
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The observed behavior of the sample is fitted theoretically and we found a
metallic type nature of the sample below the room temperature. This follows the
T and 77 laws in the first metallic region and 7°° in the second metallic region
in the temperature ranges 120 < 77< 160 K, 170< 77< 190 K, 200 < 7'< 265 K
and 275 < 7'< 300 K respectively. Whereas semiconducting nature of the sample
at low temperatures follows Inovs 7™' law and shows different values of activa-
tion energy in different regions as indicated by Figure 5. We have calculated ac-
tivation energy 0.076 eV in temperature region 50 < 7°< 110 K and 0.030 eV in
temperature region 265 < 7'< 270 K.

Above the room temperature, the metallic behavior of the sample follows 7>
and 7°° laws in temperature regions 320 < 7'< 375 K and then 450 K respective-
ly. Whereas semiconducting nature of the sample above the room temperature,
which is well agreed with exponential law /novs 7' and gives activation energy
of 0.12 eV in temperature region 380 < 7°< 450 K.

3. Discussion

In the preceding section, the detailed observations of temperature dependence
electrical conductivity in the wide temperature range from 30 to 500 K of three
K-TCNQ samples grown by different methods were presented. It is notable here
that K-TCNQ is a RIS with symmetric donor molecules. It has nonequivalent
molecular stacking. During this study, we have observed a number of peculiar
features as mentioned below, to be discussed which show a typical behavior of
this complex.

1) It is observed from the literature that the RIS crystals with asymmetric do-
nor molecules like Qn-TCNQ2 and Ad-TCNQ2 have a large conductivity than
those with symmetric donor molecules like K-TCNQ, Li-TCNQ and Rb-TCNQ
etc.

2) In the present study, the crystals grown by the electrochemical method
have higher conductivity than those of the same salt grown by other methods.

3) More than one phase transitions are observed in the samples grown by so-
lution growth and diffusion methods.

4) The conductivity follows the T-y law in the different temperature regions,
where the samples are showing metallic type behavior. The value of yis an in-
teger and depends upon the nature of scattering involved.

5) Activation energy changes with temperature, where the samples show se-
miconducting behavior.

A possible explanation is given as follows for the above-mentioned features of
the studied samples on the basis of the analysis in the framework of their mole-
cular structure, disorder effect, impurity effect, Coulomb interaction, charge
density waves (CDW) effect, scattering effect and 3-D effect etc.

3.1. Larger Conductivity of Crystals with Asymmetric Donor
Molecules

It is evident that reasonable high conductivity of these organic complexes arises
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from the overlap of the molecular orbitals. This caused delocalization of the
m-electrons along the axis of stacking. Since the difference between the ioniza-
tion potential of donor and electron affinity of the acceptor is fairly large in
K-TCNQ [45], as a result these compounds have a large band gap, therefore a
low conductivity. The second evidence is also important here which correlate the
electrical properties of the salts to the intramolecular donor properties [46]. It
states that donors with large dipole moment are arranged regularly leading to a
charge-ordered state with low conductivity and a large energy gap. On the other
hand, Qn-TCNQ), typed complexes with smaller donor dipoles are stacked ran-
domly. When inter-chain and intra-chain coulomb forces are much larger than
the random donor-acceptor interactions, the materials have a small but
well-defined energy gap. It is believed that K-TCNQ is ordered and donor di-
poles are alternating in this salt. Whereas the salts Qn-TCNQ, and Ad-TCNQ,
represent another class of material with smaller donor dipoles stacked randomly
[46]. Thus, without going into much of the details the first observation is justi-
fied that the salts with asymmetric donor molecules have a large conductivity

than those with the symmetric donor molecules.

3.2. High Conductive Crystals Grown by Electrochemical Method

In order to explain the effect of methods of growing of these salts on their con-
ductivity, it has been considered and discussed by Kamras et al [39] Variation in
conductivity depending on the method of sample preparation is correlated with
the presence of ionized TCNQ™ in the samples. Increasing concentration of the
ionized TCNQ" is resulted in decreasing conductivity. It is concluded that im-
purities act as an excess potential and overall effect is a reduction of the conduc-
tivity. This reduction depends on the strength and distribution of the impurity
potential. In all the studied complexes grown in different ways than electro-
chemical method, a weak band at 20,000 cm™ in optical absorption spectra is
observed. The position of this band agrees with that found by Kammandeur et
al. [47] for ionized TCNQ™. Therefore, it is believed that this observation indi-
cates the presence of TCNQ™ ions. The comparison of TCNQ’ and TCNQ™ are
confirmed from the standard chemical analysis and optical absorption spectra
[41]. Increasing TCNQ™ concentration results in an increase of D* (donor) con-
centration to maintain the neutrality of the crystal. The localized D" impurities
may then be responsible for the drastic variation in conductivity. It is believed
that the crystals grown by the electrochemical method are purer than grown by
other methods. This has also pointed out by Williams et a/. [48] in his previous
study. Therefore, the nature of variation of conductivity is different in the sam-
ples grown by different methods for the same salt, as well as the conductivity is

higher in the sample grown by electrochemical method.

3.3. Multi Phases

The third observed fact can be explained on the basis of the earlier reported stu-
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dies based on various effects like of an important role of impurities [49], the
dominant role of electron-electron interaction [50], the temperature dependent
mobility [51] etc. Some other workers have emphasized on the role of disorder
[46] also. Gogolin [52] and other co-workers have discussed phase transition in
the framework of a 1-D disordered metal model where the random potential is
larger than both the on-chain and inter-chain correlation energies. Kamras [39]
and others have explained the observed phase transitions on the basis of the ef-
fect of impurities. However, it may mention here that transitions obtained in
many such cases may be due to the incorporation of acetonitrile molecules in the
lattice, used as a solvent for the synthesis of samples [53].

It is observed that four metal to semiconductor phase transitions at certain
temperatures in the temperature range from 30 to 500 K in K-TCNQ salt grown
by solution growth and diffusion methods. These are found at 120, 270, 380 and
470 K respectively, whereas only two phase transitions are observed in the salt
grown by electrochemical method. These are observed around 270 and 380 K
respectively. The conductivity at room temperature of the crystals grown by
electrochemically is more in magnitude by an order of 3 than those grown by
other methods.

Table 1 shows a comparative study of electrical conductivity at room temper-
ature, transition temperatures and activation energy of K-TCNQ reported earlier
in different studies and the present work. As mentioned in Table 1, Konno et al.
[54] found that K-TCNQ undergoes a phase transition around 395 K having
conductivity 3.5 x 10™* Q~'cm™" at room temperature, whereas Khanna et al. [55]
have obtained the value of conductivity for this complex grown by U-tube diffu-
sion method in the same order 1 x 10 Q 'cm™ at room temperature with a
magnetic transition near 400 K. Sakai et a/ [56] have also reported the synthesis
of K-TCNQ and Rb-TCNQ crystals by the diffusion method. They found the
conductivity of K-TCNQ crystals of the order of 107 at room temperature and
phase transition at 391 + 6 K. Vegter et al [12] have reported a phase transition
at 381 K for the reddish purple K-TCNQ. A high-pressure electrical resistivity
study is also performed on the powder of K-TCNQ sample [56] and it was found
that different samples exhibit different peculiar behavior in the pres-
sure-dependent resistivity measurements. The explanation for this was given in
terms of chemical impurities and some lattice defects. It is possible that each
crystal may have a different imperfection synthesized by diffusion and crystal
growth methods.

The occurrence of more phase transitions in these samples can be explained
on the basis of the two types of independent rows of TCNQ™, existing simulta-
neously in single crystals of K-TCNQ at room temperature. It is suggested by
Troung et al. [57] that K-TCNQ crystal lattice has monoclinic structure with two
space groups P?/n and P?/c, where the TCNQ molecules form charge re-
sonance bounded rows along the a-axis. The interaction between the rows is

weak. Within a row interplanar spacing of about 3.1 and 3.5 A alternates, that is
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dimerization of molecule or diatic structure in the low-temperature phase.
Where the one-dimensional unit cell has two molecules and the lattice constant
for the a-direction becomes twice that of the high-temperature phase. This
means the alkali-TCNQ salts are pseudo-one-dimensional salt for the
a-direction [56]. On the other hand, the dimerization of TCNQ is not present
above the transition temperature, where one-dimensional unit cell has one mo-
lecule only as suggested by Tanner [58]. Therefore, one of the phase transitions
in alkali-TCNQ salts may be discussed in terms of a Peierls transition. It is also
notable that some of the possible low conducting RIS salts have polymorphism
characteristics and iso-structural series. The different crystalline forms and dif-
ferent iso-structural complexes may show very different behavior; in particular
for the electrical conductivity. K-TCNQ is also having polymorphism characte-
ristics and thus shows anomalous electrical conductivity behavior [59].

Microscopically, the occurrence of four transitions in our samples can be un-
derstood on the basis of the anti-ferromagnetism, Peierls instability, charge den-
sity waves and Coulomb repulsion. These all phenomena play very important
roles in the peculiar electrical and magnetic properties. The phase transition ob-
served at 370 K may be associated with anti-ferromagnetic phase transition,
which is reported by others at 390 + 6 K. However transition temperature, in this
case, is less than that of others, but more purity of the crystals may be the cause.
Here the sample may behave like a spin Peierls system and show anomalies in
magnetic susceptibility measurements as reported for other K-TCNQ samples by
Khanna et al. [55]

The other transitions appeared at 270 and 470 K may be due to Peierls insta-
bility and associated CDW occurring for two types of TCNQ™ chains at different
temperatures. The giant anomalies obtained in conductivity can then be ex-
plained in terms of the Fermi surface fraction destroyed by the formation of in-
dependent CDWs as in other CDW systems [60]. Coulomb repulsive interac-
tions may also play an important role at low temperature giving rise to phase
transition at 120 K. However, these explanations need further confirmation by

other more advanced experimental studies.

3.4. Conductivity Follows Different Laws

Below and above the room temperature, the logarithmic value of conductivity
part below the transition in certain temperature ranges in which the compound
shows semiconducting behavior is theoretically well fitted with Ino vs 7" law
and K-TCNQ gives a linear relation in these regions as shown in Figure 5, which
indicates its behavior like a typical intrinsic semiconductor.

It is suggested by Bloch et a/ [38] [61] that the part of the conductivity above
the transition temperature and showing metallic behavior is theoretically fitted
with the law ovs 777, where yhas different values like 1, 2, 3 and 5. This feature
of the K-TCNQ samples can be ascribed on the basis of different scattering

process involved.
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The theory of temperature dependent electrical properties of metal, at high
temperatures (T >> 6, ), the total number of phonons on the surface of allowed
wave vectors for scattering of a given electron is directly proportional to 7 and

the number of scatters increases linearly with 7, hence

cocT™ Where, T>>6, (1)

Thus, quite away from the transition temperature (7 high) or in the regions
where conductivity falls gradually with increase in temperature, the behavior is
well fitted with the 7' law. For well below 6, it is found that the net elec-

tron-phonon scattering rate declines as 7°, and hence

o oc T Where, T <6, (2)

However, an additional factor of 7°, expressing the growing predominance of
forwarding scattering with decline temperature comes into the picture in metals.
This is true even in anisotropic metals like as here in the case of 1-D complexes.
When combined with the 7° dependence of the scattering as mentioned above, it
leads the Bloch 7° law, where

oo T Where, T <6, (3)

Thus, we observed that near the transition temperature or where the fall of
conductivity is sharp with temperature, the behavior is well fitted with the 7™
law. In the same regions, the experimental data fit well with the 77 law as men-
tioned above. Further, the 7°° dependence of conductivity is usually masked by
defects and impurities. Thus it would be observed in more pure samples. The 7*
dependence of conductivity in certain temperature regions appears as a transi-
tion from 7°° to 7"' dependence with an increase in temperature. However, it
may appear independently also if electron-phonon interaction term is included
in the Hubbard model which takes into account the effect of electronic correla-
tions [62] [63]. Similarly, the 7' dependence of conductivity may also arise in-

dependently due to electron scattering process in the Hubbard model [64].

3.5. Variation in Activation Energy

Different laws are followed by the studied material in the different temperature
regions. The activation energy is a function of temperature. Therefore a varia-
tion is observed in the activation energy and it is increased with decreasing tem-
perature in the regions where the sample is showing semiconducting behavior.
The increase in the activation energy below 7 indicates the appearance of the

dimerization gap.

4. Conclusions

The results of this study and some of the earlier reported are summarized in Ta-
ble 1. This comparison markedly indicates the high purity and much higher
electrical conductivity of single crystals grown by an electrochemical method in

this case. Previously electrical conductivity was observed for this complex in the
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range of 107 to 10™* Q 'cm™, whereas in our case it is of the order of 107
Q'em™.

It is also indicated in Table 1 that the activation energy is less of the order of
one than the others obtained at room temperature. Activation energy changes
for different semiconducting regions observed at certainly different tempera-
tures, even for the same sample.

Some unusual metal to insulator phase transitions, which are not reported
earlier, are also observed in the studied samples. It is also noticeable from the
present study that some small jumps in electrical conductivity are observed at
certain temperatures in some of the samples. The crystals grown of K-TCNQ are
fragile and thin also. When the temperature dependent conductivity measure-
ments are performed on these crystals, some small cracks may be developed in-
side the crystals due to the variation of temperature and current. This may be
one of the reasons behind the small jumps in the conductivity.

Overall it is concluded that the samples of K-TCNQ grown by different me-
thods are showing some very interesting behavior and conspicuous phase transi-
tions in temperature dependence conductivity study. Those can be understood
principally by disorder and impurity effects at low temperature, scattering due to
impurities and electron-phonon scattering at higher temperatures. However, an
advanced investigation and precise evaluation will be required for the better un-
derstanding of the electrical transport properties of K-TCNQ salt. It is also sug-
gested that due to non-linearity and switching behavior of the complex, a wide
range of applicability should be tested in the direction of nonvolatile memories
and ultra-high density data storage etc.
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