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%'e have carried out a comparative study of the dc conductivity in tetrathiafulvalene-

tetracyanoquinodimethane (TTF-TCNQ) and its isostructural selenium analogs TSeF-TCNQ
(tetraselenafulvalene) and cis/trans-DSeDTF-TCNQ (diselenadithiafulvalene) below their metal-insulator

transitions. Our study reveals the presence of a second transition in TTF-TCNQ at —38 K and the absence of
a similar transition in TSeF-TCNQ. We have characterized the 38-K transition and shown that it involves

primarily the TTF chains. From the sharpness of the two transitions in TTF-TCNQ and the single transition

at -29 K in TSeF-TCNQ it is argued that they are related to a two- or three4imensional ordering. The
potentially disordered system DSeDTF-TCNQ does not possess any sharp transition. It is pointed out that the
transition temperature defined as the sharp peak in the logarithmic derivative of the conductivity and not the
conductivity itself relates more closely to the underlying thermodynamic transition. It is observed that the

ratio of the zero-temperature gap to the transition temperature is the same in these systems and in many, if
not all, other quasi-one-dimensional systems which undergo a metal-insulator transition. This ratio has a value

of 8—10 and is considerably larger than 3.5 which is predicted by the mean-field theory. A model which is

consistent with the observation of the transitions in these systems is suggested in which the coupling betwen

TCNQ chains drives a two- or three-dimensional ordering of the fluctuation distortion giving rise to a metal-

insulator transition.

I. INTRODUCTION

Understanding of the metallic behavior of TTF-
TCNQ (tetrathiafulvalene-tetracyanoguinodimethane)
and the nature of its metal-insulator (M-I) transi-
tion continues to be a subject of great interest. ~'2

In a systematic effort to develop such understanding
we have been engaged in a comparative study of
TTF-TCNQ together with its selenium analogs
TSeF-TCNQ (tetraselenafulvalene) and cis/trans-
DSeDTF-TCNQ (diselenodithiafulvalene). 3 These
three systems form an isostructural family of or-
ganic metals which offer a unique opportunity to
study the effect of change in the various physical
parameters such as mass, inter- and intrachain
coupling, degree of charge transfer, etc. , on their
physical properties without changing their crystal
structure. In an earlier study we reported the dc
conductivity of these systems above their M- E

transition temperature. The conductivity has a
very similar behavior peaking at -59, -64, and
-38 Kfor TTF-TCNQ, DSeDTF-TCNQ, and TSeF-
TCNQ, respectively. It was concluded that a com-
mon scattering mechanism, possibly a strong inter-
chain electron-electron scattering, is responsible
for the almost quadratic temperature dependence of
the resistivity.

In this work we report a comparative study of o,
the dc conductivity along the chain axis, in the in-
sulating phase of these isostructural organic metals.
The experimental results are presented in Sec. G
and their analysis is detailed in Sec. ID. Our study
reveals the presence of a second transition at 38
K in TTF-TCNQ at atmospheric pressure and ab-

sence of a similar transition in TSeF-TCNQ. We
have characterized this transition and shown that it
involves primarily the TTF chains. In Sec. IV the
conductivity data are used to study the temperature
variation of the gap parameters which shows an un-
common behavior in TTF-TCNQ. In Sec. V the
experimental results are formulated into a phenom-
enological model based on a two- or three-dimen-
sional ordering of fluctuating distortions explain-
ing the behavior of the observed transitions in
TTF-TCNQ and TSeF-TCNQ. The concluding re-
marks are presented in Sec. VI.

II. EXPERIMENTAL RESULTS

The dc conductivity measurements were carried
out using a conventional four-probe technique. The
data were accumulated by computer, a procedure
that was found to be essential in collecting a large
ensemble of data and its easy manipulation.

ln Fig. l(a) we show the data by plotting the
logarithm of the resistance measured versus the
inverse temperature for a representative sample of
TTF-TCNQ grown in our laboratory. The semi-
log plot of the resistance instead of the resistivity
and the limited temperature range have been chosen
for clarity. The essential features of the data are
as follows. The resistivity has a minimum at- 59 K and a very sharp rise at about 53 K. The
width of the rise is about 1 K and pinpoints the po-
sition of the M-I transition temperature in agreement
with the transition temperature determined by
specific heat. ~ Between 53 and 38 K the resistivity
has a smooth behavior followed by another sharp
rise at - 38 K as pointed out earlier. The width of
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FIG. 1. Logarithm of resistance vs inverse tempera-
ture for (a) o, a typical, TTF-TCNQ crystal. grown at
IBM; {b) o, a typical. TTF-TCNQ crystal. grown at the
University of Pennsylvania: (c) x a (TSeF)() og(TTF)0 g7

(TCNQ) crystal. Inset shows the logarithmic derivative
of the resistance, for TTF-TCNQ shown in (b) vs tem-
perature.

of the peaks is an upper limit to the intrinsic width.
A better estimate of the intrinsic width can be deter-
mined by a careful contactless microwave conduc-
tivity measurement where the samples can be free
from strains due to silver-pasted contacts. '

To characterize the two transitions further, we
have exploited the isostructural property of TTF-
TCNQ and TSeF-TCNQ and studied the whole x ange
of alloy systems (TSeF), (TTF)~ (TCNQ). The
results will be detailed in a later publication. A
compound of interest for the present work is
(TSeF)p.pg (TTF)p.g7 (TCNQ), where a small concen-
tration of TSeF has selectively been placed on the
TTF chains. The temperature behavior of the resis-
tance in this sytem is shown in Fig. 1(c). The
striking result is the apparent absence of the second
transition at 38 K. A single peak in the logarithmic
derivative of the conductivity indicates that t:here
is a single, slightly smeared, transition at - 50 K.

In Fig. 2(a) the resistivity data for TTF-TCNQ
are shown over an extended temperature range down
to -13K. At lower temperatures the resistivity
is slightly more sample dependent and has a weaker
temperature dependence, resembling an impurity
dominated contribution. ~ %'e therefore have omitted
the part of the data below 13 K to emphasize the
intrinsic behavior.

In the temperature range 38-13 K the conductivity
decreases by four orders of magnitude. If we define
an activation energy E by the relation

this rise is also about 1 K. It appears that the
slope of the plot is discontinuous at 53 and 38 K.
Figure l(b) shows similar data taken by us on a
typical sample of TTF-TCNQ grown at the Univer-
sity of Pennsylvania and kindly supplied for compar-
ison. Similar results ha~e also been obtained as
early as the present work by the workers at the
University of British Columbia. A comparison of
Figs. 1(a) and 1(b) indicates the degree to which
the two transitions can be reproduced and character-
ized. ~ The extra, conductivity above 53 K in the
Pennsylvania samples is associated with the smaller
value of the temperature-independent parameter
po in the expression

p(&) = pp+f(T) (1)

for the resistivity of these systems. 4'

The inset in Fig. 1 shows a plot of the logarthmic
derivative of resistance (I/8) (dB/dT) versus tem-
perature for TTF-TCNQ derived by differentiating
the data, in Fig. 1(b). This is to emphasize the
sharpness of the two transitions as well as to pro-
vide an easy way to define the transition tempera-
tures, as the position of the peaks in this plot.
The width of the transitions derived from the height
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FIG. 2. Absolute resistivity vs inverse temperature
for (a) o, TTF-TCNQ; (b) ~, TSeF-TCNQ {c),x
DSeDTF —TCNQ.
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III. ANALYSIS AND DISCUSSION OF RESULTS

where p 1s R constRnt px'efRctox', then 1t 1S found
that, by a proper choice of p„E(T) can be essen-
tially constant for T & 38 K and has the value

E(T)= 230+ 20 K.

The uncertainty in E(T) arises first from the fact
that E(T) is not strictly constant and second from
the fact that it varies slightly from sample to sam-
ple. The slight curvature in the slope of the plot in
Fig. 2(a) below 38 K can be eliminated if we define

p, to have a slight temperature dependence.
As we pointed out earlier, the activation energy

of the resistivity is about three times larger than
that determined by the low-temperature magnetic-
susceptibility measurement. '0 In the semiconduct-
ing state, therefore, TTF-TCNQ cannot be treated
as a conventional semiconductor where the magnetic
gap is the same as the single-particle excitation
gRp.

Figure 2(b) shows the temperature dependence of
the resistivity in TSeF-TCNQ. The clear difference
between the two systems, despite all their similar-
ities, is the absence of a second transition in TSeF-
TCNQ. The single transition is characterized by
the sharp rise in the resistivity at about 29 K with
a typical width of about 2 K. We note that the slope
of the plot appears to be discontinuous at the transi-
tion temperature similar to the case of TTF-TCNQ.

The peRk 1n the conductlvlty of TSeF-TCNQ occu1 s
in the range 38-42 K. Ne have found the tempera-
ture of this peak to be eonsideraMy more sample
dependent than the peak in the logarithmic deriva-
tive of conductivity which occurs at - 29 K, about
ten degrees lower in temperature. A smaller dif-
ference of -6 K exists between the two peaks
in TTF-TCNQ, where the specific heat indicates
that the thermodynamic transition coincides with
the peak in the logarithmic derivative of the conduc-
tivity. In order to determine the transition tempera-
ture from conductivity measurements we should,
therefore, consider the position of the peak in the
logarithmic derivative of conductivity. %'e have
elaborated on the physical significance of this asser-
tion in Sec. IV.

Figure 2(c) shows the temperature dependence of
the resistivity of DSeDTF-TCNQ. The absence of
any sharp break in this plot distinguishes the tem-
perature dependence of the conductivity of DseDTF-
TCNQ from that of TTF-TCNQ and TSeF-TCNQ.
As R result it is harder to define the transition tem-
perature. However, a broad maximum in the loga.-
rithmic derivative of the conductivity hints at a
smeared transition centered at -45 K. The smear-
ing of the transition is probably due to the disorder
caused by the random arrangement of the cia/trans
DseDT molecules in the cation chains.

From the sharpness and reproducibility of the
second anomaly in TTF-TCNQ we have proposed
that there is a second transition in TTF-TCNQ at
38 K in atmospheric pressure. 6 We shall discuss
below why the anomaly at 38 K is not an artifact of
the measurements. Looking back, we can now see
R variety of othex' experimental evidence lndlcRt1ng
the presence of a second transition in TTF-TCNQ.
An anomaly at 38 K was reported in the early mea-
surements on the pressure dependence of the con-
ductivity '1 The thermoelectric power has a
plateau in the same temperature range. 13 The
single-crystal thermoreflectance has an abrupt
shift in the relative intensity of the two components,
polarized paralle1. and perpendicular to the chain
axis, seen just above the plasma edge. ' The
nuclear spin-lattice relaxation rate T, of the
protons suddenly decreases faster as one cools
down through - 38 K. 1 Finally, the thermal conduc-
tivity has a sudden drop at - 38 K, 16 and the magni-
tude of the drop corresponds to the observedanomaly
in dc conductivity through the Niedemann-Franz
relation.

The first suggestion for a second transition in
TTF-TCNQ was made by Jerome et al. who ob-
served the anomaly under pressure. Owing to ex-
perimental problems with the measurements, their
suggestion was overshadowed by a common misinter-
pretation of the work of Cohen et gl. 1 on the de
conductivity in TTF-TCNQ. In this latter work, it
was shown that misaligned contacts plus a second
peak in the anisotropy a/o„where a, refers to the
conductivity along crystallographic g axis, would
result in anomalous structure in the apparent o at- 38 K. A common mlsconceptlon subsequently
developed that any anomaly at -38 K in o is a signa-
ture of misaligned contacts 7 and has no other sig-
nificance. Toclear this misconception one needs
only to realize that if o and o, had smooth tempera-
ture dependences, i.e. , their logarithm varied
approximately linearly with inverse temperature,
then the resultant anistropy o/a, should vary with
inverse temperature in a similar way, and o should
not have a second peak at - 38 K. The basic fact
is that the anomaly in o is the cause of the second
peak in o/o„not vice versa, and misalignment of
contacts only tends to amplify the appearance of the
anomaly as 1t has 1n some cases.

The sharpness of the two anomalies, as empha-
sized in the inset in Fig. 1, is also important be-
cause it indicates that the underlying transitions at- 53 and - 38 K are related to two- or three-dimen-
sional ordering. This result has strong implications
about the nature of the M-I transition at -53 K.

To characterize further the two transitions in
TTF-TCNQ we have also measured the conductivity
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FIG. 3. Logarithm of the resistance value, normalized
to the same arbitrary room temperature, vs the inverse
temperature (o) for TTF-TCNQ, and ( ) for (TSeF)0 p3

(TTF)0 g7(TCNQ). The temperature-independent con-
tribution to the rssistance has been subtracted.

along v, and 0,+. Our preliminary measurements,
not detailed here, indicate that the two sharp anoma-
lies in 0 at 53 and 38 K are exactly duplicated in

o,~, while o, is different. As a result the a,nisot-
ropy o/a, ~ does not have any sizable structure
around the two transition tempera. tures, while o/o,
has two peaks around 53 and 38 K. This behavior
may be related to the crystal structure of TTF-
TCNQ in the following way. Lines joining the two
nearest neighbors along the chain axis and along
the c axis join like molecules, while a line along the
a axis joins a TTF to a TCNQ. Since the effects of
the two transitions are identically reflected in 0 and

g,~ it is tempting to consider TTF-TCNQ as sheets
of TCNQ interleaved by sheets of TTF so far as the
two transitions are concerned.

More insight into the origin of the two transitions
can be gained by studying the selectively doped
system (TSeF)0 03 (TTF)o 9~ (TCNQ). In Fig. 3 we
report the temperature dependence of the resistance
of TTF-TCNQ, shown earlier in Fig 1(b), together
with that of (TSeF)p ps (TTF)p gv (TCNQ), shown in
Fig. 1(c). For comparison the two curves in
Fig. 3 are now normalized to the same arbitrary
room temperature values. We have also subtract-
ed the constant term, related to po in Eq. (1), to
emphasize the temperature-dependent contributions
to the resistance. Comparison of the two curves
in Fig. 3 indicates that above 53 K and below 38 K
the conductivity of the two compounds is almost the
same. The striking result is that in the tempera-
ture range between 53 and 38 K there is extra con-
ductivity in TTF-TCNQ.

Owing to isomorphism of the pure constituents,

any effect of doping with TSeF will be due pri-
marily to the electronic differences between TTF
and TSeF and not their steric differences. There-
fore, the conduction along TTF chains will be
considerably more sensitive to doping by TSeF than
the conduction along TCNQ chains. The absence of
a transition at 38 K in (TSeF)o.os (TTF)o 97 (TCNQ)
as indicated in Figs. 1(c) and Fig. 3, then clearly
shows that the sudden drop in the conductivity of
TTF-TCNQ is due to a change in conduction along
TTF, not along TCNQ, chains. The fact that this
drop is so large, about a factor of three, means
that between 53 and 38 K the net conductivity is
dominated by the contribution due to the TTF chains.
We note that the TTF conductivity in this tempera-
ture range is still activated. In other words, there
are two different gaps in the single-particle excita-
tion spectrum of the two chains, with the gap on the
TTF chains being the smaller one in the tempera-
ture range between the two transitions.

The idea that the transition at 38 K involves pri-
marily the TTF chains is supported by the nuclear
lattice relaxation rate of the protons on TTF mole-
cules. This can best be seen in Fig. 3 of
Rybaczewski et al. ~5 which shows a sudden drop at- 38 K in the quantity (T,T) '~2 related to the local
magnetic properties of the TTF chain. No signif-
icant change at - 38 K in the same quantity for
the TCNQ chains is observed.

The fate of the 38 K transition in the compound
(TSeF)0 03 (TTF)o ~7 (TCNQ) now becomes aninterest-
ing question. There are three possibilities that we
should like to consider. (a) The second transition is
still present at- 38 K or at a higher temperature but
its effect on the conductivity along the chains is
obscured because of theperturbations introduced by
the TSeF molecules for conduction in this direction.
To check this possibility one needs an experiment
that is not sensitive to the conduction along the
chains in these anisotropic systems, but which still
shows the 38-K anomaly inpure TTF-TCNQ. Among
the possible candidates is the conductivity mea-
surement along the c* axis. The absence of the
second anomaly in our preliminary measurements
of a,* in (TSeF)o 03 (TTF)o.9, (TCNQ), not detailed
here, indicates that the second transition is not
present at - 38 K or at a higher temperature. The
fact that the conductivity below -38 K in TTF-TCNQ
and (TSeF)0 os (TTF)O, 97(TCNQ} is the same, as
seen in Fig. 3, shows that the transition does not
occur below 38 K in (TSeF)0 0~ (TTF)o ~7 (TCNQ).
(b) The second transition now occurs simultaneously
with the first transition. We do not favor this
possibility in light of the work inprogress on systems
with less TSeF doping which is consistant with the
third possibility. (c) The second transition is
smeared over a large temperature range so that its
effect on the conductivity is not observable. The
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FIG. 4. Activation energy vs temperature for (a)o,
TseF-TCNQ; (b) ~, TTF-TCNQ; (c) x, (TSeF)p p3

(TTF)p g7(TCNQ); and (d) o, TTF-TCNQ with a different
choice of p, (see text). The activation energy for
(TSeF)p pg(TTF)p g7(TCNQ) shown has been shifted up by
-20 K for the clarity of the comparison.

fact that the first transition is still sharp, with a.

width of about 3-4 K as seen in Fig. 1(c), would
then support our assumption that the TSeF doping
primarily affects the TTF chains.

IV. ACTIVATION ENERGY

The temperature variation of the gap parameter
can be derived from the analysis of the conductivity
data by rewriting Eq. (2)

(3)

where the activation energy E(T) is directly related
to the gap parameter. Commonly one chooses p,
such that E(T) goes to zero at the M Itrans-ition
and then it should approach zero temperature with
zero slope. To avoid the complications of two
transitions, we should like to consider the experi-
mental data on TSeF-TCNQ first.

In Fig. 4(a) we report the a.ctivation energy for
TSeF-TCNQ derived from the data presented earlier
in Fig. 2(b). The activation energy rises rapidly
below - 29 K, at the same temperature defined by
the peak in the logarithmic derivative of the conduc-
tivity, and approaches a constant value at lower
temperatures. The semiconducting gap 26(T), de-
fined as twice the activation energy, has a zero-
temperature value of 2&(0)- 230+ 50 K for TSe F-
TCNQ. In the temperature range 29 & T & 39 K the
gap appears to have a small nonzero value which
may be related to sample inhomogeneities or re-
sistive fluctuations in the metallic state or both.

The qualitative behavior of the semiconducting
gap in TSeF-TCNQ as shown in Fig. 4(a) is similar
to that predicted by the mean-field treatment of the
Peierls transtion. ' This behavior is characterized
by a gap that is constant at low temperatures and
goes to zero at the transition temperature with in-
finite slope. The experimental result shown in
Fig. 4(a), however, is quantitatively different from
the mean-field result. The ratio of the zero-tem-
perature gap to the transition temperature in the
mean-field approximation has a well-defined value
of 26(0)/T, = 3.5, while the same ratio for the gap
parameter in TSeF-TCNQ has a value of - 8.0.
Such a discrepancy is not unique to TSeF-TCNQ.
Similar differences are also present in other quasi-
one-dimensional systems. For example, 26(0)/T,
has values of about 8, 9, and 10 for TTF-Bra. 76,
N-methylphenazinium (NMP)-TCNQ, ' and
[Qpt(CN)4]Brp. 3 ~ 2(H30) better known as KCP, re-
spectively. These values are tabulated in Table I.
We emphasize that with the exception of being quasi-
one-dimensional, they are very different systems.
The reasonable agreement in the experimentally
determined value of 24(0)/T„which is about 2. 5
times larger than the values predicted by the mean-
field approximation, suggests the need for a common
theory to explain the thermodynamics of the M-I
transition in all quasi-one-dimensional systems.
This observation is in agreement with the suggestion
of Lee, Rice, and Anderson that in pseudo-one-
dimensional systems the three-dimensional transi-
tion temperature is significantly lower than the
mean-field transition temperature of the isolated
one-dimensional chains.

The temperature variation of the gap parameter
in TTF-TCNQ is quite different because the right
choice of p„required to determine the gap param-
eter from Eq. (3), is not clear. Figure 4(b) shows
the variation of the activation energy for TTF-TCNQ
using the datapresent, ed earlier in Fig. 2(a). Here
p, has been chosen such that the gap parameter
approaches zero temperature with zero slope. Such
a choice for p, results in a nonvanishing gap param-
eter at all temperatures including the metallic regime.
The nonvanishing gap does not seem to be related
to the presence of two transitions in TTF-TCNQ as
opposed to the single transiton in TSeF-TCNQ and
the other mentioned systems. ~0 ~ To show this we
have evaluated the gap parameter for (TSeF)o o~

(TTF)o 97 (TCNQ), using the same criterion for the
choice of p, , and the data shown earlier in Fig.
1(c). The temperature variation of the resul-
tant activation energy is shown in Fig. 4(c),
which is shifted up by —20 K to facilitate the
comparison with Fig. 4(b). Nonetheless, it still has
a nonvanishing value at all temperatures. The zero-
temperature gap for TTF-TCNQ has a value of
26(0)-450+ 50 K, and still exhibits the same ratio
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TABLE I. Some experimental, data on the conductivity of quasi-one-dimension@. sys-
tems considered in the text;.

Compound

TTF-TCNQ

TSeF-TCNQ

DSeDTF- TCNQ

(TseI"), 03(TTv), „(TCNq)

TTF Bro Yh (Ref, 20)

NMP-TCNQ (Ref. &1)

KCP (Ref. 22)

50 420

].300

T, (K) T~~ (K) 2Q(0) (K) 25, (0}/T, No. of samples

53 58-60 450 8. 5 16

230

Tp,~ is the temperature at which the peak in the conductivity occurs.

26(0)/T, - 8. 5 as does TSeF-TCNQ (see TaMe I. )
The consistency in the value of 24(0)/T, for TTF-
TCNQ and TSeF-TCNQ indicates the first tx'ansi-
tion at 53 K is closely related to the activation energy
below the second transition. The zero-temperature
gap in (TSeF)0.~ (TTF)0.,7 (TCNQ) has a value of
-420~ 50 K (see Table I).

Aside fr om other complications, a nonvanishing

gap is inconsistent with the recent magneto-xesi. s-
tance measurement which indicates that the gap goes
to zero at -53 K in TTF-TCNQ. 3 Forcing the
activation energy to go to zero at the M-I transition
leads to two other possible alternatives equally
problematical. Gne could assume that the mobility,
contained in p„ is not the same below and above
the M-I transition and changes suddenly at the transi-
tion. The activation energy detex mined by a choice
of p, to fit the low-temperature data could then go
to zero along the solid line ln Fig. 4(b). Such a
situation corresponds to a considerably more re-
81stlve scRttex'1Dg mechanism 1D the metallic regime
than in the semiconducting one, contrary to the
expected behavior. Alternatively one could choose

p, so that the activation enex gy goes to zexo at the
M-I transition. 3 Using the same data, we show
the temperature variation of the resulting activation
energy in Fig. 4(d). As expected from Eq. (2) the
zel o temperature RctlvRt1OD energy 18 unchanged»
but the interpolation between zero temperature and

T, is quite different. In fact, the gap parameter
goes to zero almost linearly with temperature, with
the exception of the two sharp drops at the two
transitions. Such behavior is clearly inconsistent
with the px'ediction of mean-field theory Rnd roles oot
the possibility of long-range order in TTF-TCNQ.
%'6 emphasize that there is no intrinsic disox der in
TTF-TCNQ to CX'6Rte ambxguity Rbout the tx'RD81tjon
range as in KCP. In KCP the gap parameter has
been forced to go to zero at the conductivity peak.
As a result it qualitatively looks like Fig. 4(c) with
the exception of the two sharp drops.

The RctlvRtlon energy 1n DSeDTF-TCNQ hRs R

qualitatively similar behavior to that of TTF-TCNQ
shown in Figs. 4(b) and 4(d) with exception of the two

sharp drops. The smeared transition in DSeDTF-
TCNQ indicates that the cation chains are probably
disordered. The smeared transition region in the
conductivity of DSeDTF-TCNQ 18» 1D many ways»
the same as in KCp. This similarity suggests
that a comparative study of the other expeximental
data on DSeDTF-TCNQ with those on TTF-TCNQ
and TSeF-TCNQ may resolve the role of disorder in
KCP and in the other pseudo-one-dimensional
systems, TRble I summarizes a comparative
study of the different parameters related to the
conductivity in these quasi-one-dimensional systems
which undergo metal-insulator transition.

In Sec. II we pointed out that temperature of the
peak in the logarithmic derivative of the conductivity
relates more closely to the Af-I transition tempera-
ture than the temperature where the conductivity
peaks. The reason for this is the fact that the
activation energy and not the conductivity is the more
basic physical parameter. In the mean-field approxi-
mation the gap parameter goes to zero with infinite
slope at the M-I transition temperature. As a re-
sult the conductivity peaks at the same tempex'ature
as the peak in the rate of change of the gap param-
eters, db, (T)/dT. In the presence of fluctuation,
for example, the two tempex atux es can be quite
diffex ent. It has been shown then the temperatur e
of the peak in dn. (T)/dT is closer to the thermody-
namic transition temperature than the temperature
at which n, (T) goes to zero ~For a.fairly sharp
transition the peak in dn(T)/dT occurs at the same
temperatux'e at which a peak in the derivati. ve of
lnR with respect to T occuxs, which is the same
temperature Rs the peak in the logarithmic deriva-
tive of the conductivity. %'6 may point out that
for a smeared transition the peak in the logarithmic
dex'1vRtlve of the conduct1vlty could occux' Rt slightly
different temperature from the peak in dn. (T)/d T.
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V. MODEL

We would now like to interpret the experimental
evidence regarding the two transitions in TTF-TCNQ
in terms of a phenomenological model in which the
transitions are driven by a two- or three-dimen-
sional ordering of the fluctuation distortions al.ong

the chain. The belief that the M-I transition as well
as the transition at - 38 K should be two or three
dimensional is a consequence of their sharpness.
In this model, the M-I transition is due to the for-
mation of a static gap related to the ordering.

A band-structure calculation, a recent compara-
tive study of the thermoelectricpower measurements
in TTF-TCNQ and TSeF-TCNQ, and nuclear spin-
lattice relaxation measurements indicate that abovei5

the M-I transition both TTF and TCNQ chains are
metallic. The evidence presented in Sec. III then
shows that the 53-K transition corresponds to the
opening of two unequal gaps on the two chains. The
presence of the larger gap on the TCNQ chains
suggests that a two- or three-dimensional ordering
of the TCNQ chains drives the first transition. This
is not an unreasonable assumption in light of a
stronger coupling between TCNQ chains due to their
larger size in the closely-packed crystal. The
idea that the 53-K transition envolves primarily the
TCNQ chains has also been developed independently
by a careful study of the electron-spin-resonance
g shift. The TTF chains are now placed in the
field of ordered TCNQ sheets and show some kind
of induced order reflected in their smaller gap.
The transtion at 38 K, which was shown to involve
primarily the TTF chains, then corresponds to a
development of full three-dimensional order on
TTF chains.

The fact that there is a single transition at lower
temperature in TSeF-TCNQ can be explained by the
following considerations. All the lattice parameters
in TSeF-TCNQ are larger than in TTF-TCNQ.
The first transition, which is driven by a two- or
three-dimensional ordering of the TCNQ chains, is
then lowered because of a decrease in the coupling
between the TCNQ chains. In light of the relative
insensitivity of the M-I transition temperature to
the b-axis separation ' ' we do not feel that the
intrachain coupling in the TCNQ chains plays a
major role in determining the transition tempera-
ture. The replacement of the sulfur atoms in TTF
by the larger selenium atoms, on the other hand,
increases the coupling between the donor and accep-
tor sheets in TSeF-TCNQ over TTF-TCNQ. As a
result of the strong intersheet coupling the two
transitions then occur simultaneously.

VI. CONCLUSION

We have reported a comparative study of the dc
conductivity in the semiconducting state of TTF-

TCNQ and its selenium analogs. Qur measure-
ments have revealed the presence of asecondtransi-
tion in TTF-TCNQ at -38 K at atmospheric pres-
sure. We have explained that the observed anomaly
at - 38 K is the cause of a second peak in the anisot-
ropy o~/o, and not vice versa. The two anomalies
have a two-dimensional nature consistent with
sheets of donors separated by sheets of acceptors as
seen in the crystal structure. The sharpness of
the two anomalies indicates that the underlying
transtions are two or three dimensional. Our mea-
surements on the selectively doped system (TSeF)0 ~
(TTF)o ~7 (TCNQ) show that the transition at 38 K
involves primarily the TTF chains. Also below the
first transition the conductivity is dominated by the
TTF contribution as a result of a smaller gap on

TTF chains. Below -38 K the conductivity has a
farily constant activation energy of - 230 K. We
have noted that this is about three times 1arger than
the activation energy in the susceptibility at the
same temperature range.

TSeF-TCNQ has a single transition at - 29 K.
This is - 10 K lower than the peak in the conduc-
tivity. A comparison of these systems indicates
that the position of the peak in the logarithmic de-
rivative of the conductivity and not the peak in the
conductivity itself is more closely related to the
thermodynamic transition. DSeDTF- TCNQ has been
found to be different, showing no anomaly in its
conductivity. This behavior has been attributed
to the random arrangement of cis/trans-DSeDTF
molecules in the cation chains.

The conductivity data were used to study the tem-
perature variation of the activation energy related
to the gap parameter. It was observed that the
ratio of the zero-temperature gay to the transition
temperature is the same in TTF-TCNQ and TSeF-
TCNQ and in many, if not all, other quasi-one-
dimensional systems which undergo a M-I transi-
tion. The invariance of this ratio hints at a common
mechanism driving the M-I transition in the quasi-
one-dimensional systems, and its magnitude indi-
cates that this mechanism is different from the
mean-field theory .of the transition. A detailed
comparison of the activation energy in TTF-TCNQ
and TSeF-TCNQ revealed differences which
remain to be understood.

We have suggested a phenomenological model
which is consistent with our observations of the
transitions in these systems. In this model two-
or three-dimensional ordering of fluctuating distor-
tions gives rise to a metal-insulator transition.
It- is suggested that the ordering of TCNQ chains
drives the first transition in TTF-TCNQ and in-
duces a gay on the TTF chains. The transition at
-38 K is then due to a further ordering of the TTF
chains. The lowering of the transition temperature
in TSeF-TCNQ is due to a decrease in the interchain
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coupling of TCNQ chains. The absence of a second
transition is, however, due to stronger coupling
between donors and acceptors which has resulted
in simultaneous occurrence of the two transitions.
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