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at transitions from plastic to orientationally
ordered phases, but may also apply in other or-
der-disorder transitions of molecular crystals,
e.g. , in the ammonium halides.
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It is shown that the class of one-dimensional "metallic" conductors based on tetracy-
anoquinodimethan is not to be viewed as dominated by disorder. The experimental mea-
surements of the electrical conductivity, magnetic susceptibility, and nuclear relaxation
rates are each inconsistent with the disordex model. It is concluded that the electronic
px'operties of these tetracyanoquinodimethan salts are primarily determined by band and
interaction effects.

In a recent paper Bloch, Weissman, and Var-
ma (BWV)" have asserted that the electronic prop-
erties of the highly conducting tetracyanoquinodi-
methan (TCNQ) salts are the result of lattice dis-
order. %e demonstrate in this Letter that this
assertion is untenable, that the disorder theory
as applied to these one-dimensional (1D) conduc-
tors is not consistent with the experimental re-
slllts, alld 'tllat 111 tile TCNQ salts (wllel'e sllffl-
cient data are available) the electronic properties
are primarily determined by band and interaction
effects.

The assertion of 8%V is based upon the follow-
ing arguments: (i) Disorder causes localization
of wave functions in 1D, and (ii) the low-tempera-
ture conductivity of the TCNQ salts can approxi-
mately be fitted by logo- (T,/T)'~' as derived for
a disordered 1D system by analogy with the ear-
lier work on 3D systems. It is further claimed
that the high-temperature conductivity arises not
from a metal, but is determined by classical dif-
fusion through the localized states, such that o
= OD = (n¹/hBT)vpha q

wllel'e Ã is tile dellsl'ty of
electrons on the chain, N is the number of chains
per unit area, mph is characteristic phonon fre-
quency which drives the diffusion, and a is the
lattice constant. The disorder, according to
8%V, arises from the long-range Coulomb inter-
action of (TCNQ) with the asymmetric charge
distribution in the randomly oriented cation donor

molecules.
Given the presence of random potentials, the

question of the possible importance of disorder
must be treated more quantitatively. If 4& is the
rms disorder potential and ~ is the bandwidth in
absence of disorder, then the ratio W/&, de-
scribes the relevant regimes. ' For W/b~»1,
disorder plays only a peripheral role (band tail-
ing, etc.). Indeed, even in this case the "band"
wave functions are strictly speaking not of infi-
nite extent; this is irrelevant, however, as crys-
tal imperfections and defects will clearly set an
upper limit to the extent of wave functions in real
samples. In this limit one can view such systems
as long but finite chains with electrons interact-
ing via the electron-electron Coulomb interaction
as described previously. " In the opposite limit,
W/A„&1, the disorder would dominate and the
wave functions would be localized to approximate-
ly a single lattice site. %e give below analyses
of the conductivity, magnetic susceptibility, and
nuclear relaxation time; in each case the data
are inconsistent with the disorder model.

The strongest argument of 8%V arises from
the low-temperature conductivity. If one assumes
dominance of disorder, the low-temperature con-
ductivity wouM result from the variable-range
hopping mechanism proposed by Mott. ' In 1D
the problem can be simply viewed as a diffusion
process. The conductivity can be written as o
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=Nn, f&eg, where n, q&=p(0)kBT. p(0) is the densi-
ty (per unit length) of localized states near the
Fermi energy. The mobility p is given by the
Einstein relation p =eD/kaT. The diffusion con-
stant D may be written as the hopping distance
squared times the probability:

D =R'v&h exp[-2oR —1/Rp(0)kBT].

This form of D is a statement of Mott's variable-
range hopping idea, where R &a is the variable
range and a describes the decay of the wave func-
tion at its edges. Maximization of 0 with respect
to R yields [ksT & 2o.'/p(0)],
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o= oD(2o. a) 'exp[- (T,/T)"'], (2)

where o~ is the classical diffusion-limited con-
ductivity as given above and T, =So.'/p(0)kB. We.
sketch this derivation because of the simplicity
of the analysis in 1D and because we are particu-
larly interested in the prefactor of the exponen-
tial. Equation (2) is inconsistent with the conduc-
tivity data as presented by BWV. Although the
plot of logo versus T "' is approximately linear,
the extrapolated intercept disagrees with Eq. (2)
by more than 4 orders of magnitude for the N-
methyl-phenazinium salt (NMP)(TCNQ) [Fig. 1(a)].'
To obtain the measured prefactor requires n '
=10'a, a distance so large as to be meaningless.
Moreover, the extrapolated prefactor disagrees
with the measured high-temperature conductivity
by &0, in contrast to the 8%V assertion. The
discrepancy is even greater for the 1D Pt chain
compound K,Pt(CN), Bra, (H,O)23, where the dis-
order arises from the random interstitial posi-
tions of the Br ions. ' The discrepancy in this
case is roughly 6 orders of magnitude. As a re-
sult of this discrepancy in magnitude, Brenig,
Dohler, and Heyszenau' have attempted to apply
a 2D variable-range hopping theory to the TCNQ
conductors. Again, for (NMP)(TCNQ), the pre-
factor is off by at least 4 orders of magnitude.

In contrast, we note that plotting the conductivi-
ty data as logo versus T ' leads to a reasonable
high-temperature extrapolation as shown in Fig.
1(b) for (NMP)(TCNQ). The deviations above the
straight line at high temperatures result from
fluctuations associated with the metal-insulator
transition and from the decrease of the magnitude
of the Hubbard gap as the system goes from insu-
lator to metal. ' This does not mean that imper-
fection is completely unimportant in these mate-
rials. For example, the deviations from linearity
of logo versus T ' at the lowest temperatures in
Fig. 1(b) and the finite ac conductivity" of (NMP)-
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(TCNQ) below the metal-insulator transition prob-
ably result from either band tailing into the Hub-
bard gap or nonstoichiometry as a result of slight
disorder, impurities, or defects. The large ac
conductivity in the ordered (alkali)'(TCNQ) salts
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FIG. 1. (a) Temperature dependence of the conductiv-

ity of (NMP)(TCNQ) plotted as T ~ . (b) Temperature
dependence of the conductivity of (NMP)(TCNQ) plotted
as & ~. Circles, this work and Ref. 6; crosses, from
Ref. 10. Inset, scale drawing of the resistivity under
conditions of a sharp, phase transition.
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confirms this interpretation. "
The disorder model fails on comparison with

the experimental data of nuclear relaxation times
in the TCNQ metallic systems. A detailed analy-
sis of T, for (NMP)(TCNQ) yields results fully
consistent with this system undergoing a transi-
tion from metal to insulator as the temperature
is decreased below 200'K. ' We emphasize here
the data from the salt (guinolinium)(TCNQ)„
where the relaxation time obeys the Korringa re-
lation, T,T = const, above 130'K (Fig. 2). A tem-
perature dependence of this form is again incon-
sistent with the BWV assertion, for in the diffu-
sion regime one would predict T, ' = 4(&/h)'vugh

'

as for a collection of spins (hyperfine constant &)
with correlation time on a given site limited by
the hopping frequency. This has the wrong tem-
perature dependence and is off by nearly 2 orders
of magnitude in comparison with experiment. In
contrast, the band picture predicts 1/T, = s)f(A/8)'
xrP(0)k&T. Comparison with the results of Fig. 2

shows not only the proper temperature depen-
dence, but also gives q(0) =12, in rough agree
ment with the value of 3.8 states/eV per TCNQ
molecule obtained from the temperature-indepen-
dent Pauli susceptibility. The larger value in
ferred from T, is consistent with some enhance-
ment of both T, ' and y~, as is expected from in-
teraction effects. '

The disorder model fails on comparison with
the experimental data of magnetic susceptibility
in the TCNQ systems BWV. have argued that the

16—E

wave functions are localized to order one lattice
constant by disorder. In this regime the fraction
of unpaired spins is given by U/~~, where U is
the local Coulomb interaction. " Thus one would
predict )(=)(p+Xc" (a Pauli term and a Curie-
Weiss term) such that )(c/)(p = U/(T + 9). To ex-
plain the magnitude of the low-temperature Curie-
Weiss term'" requires kB 'U(NMp)(TcNQ) 500'K
and O'B 'UQ(TcNQ) —~0 K. The factor of 50 change

2
in the Coulomb energy simply on changing the cat-
ion is impossible to accept, especially since the
quinolinium molecule is more asymmetric and
should lead to a shorter localization length.
Moreover, any polarizability argument would fail
since the larger NMP molecule would be more ef-
fective in reducing U. In addition to failing in the
systematics of the different systems, the disor-
der model is inconsistent with the (NMP)(TCNQ)
data which shows Curie-Weiss behavior below
200'K and a temperature-independent Pauli sus-
ceptibility above 200'K, not a sum of the two
throughout (Fig. 3). The solid curve in Fig. 3 is
a fit of X =A+&/(T+ &) to the data, where B is de-
termined from the initial slope at low tempera-
ture and A is yp. Furthermore, if the high-tem-
perature conductivity were diffusion limited, ' the
susceptibility should be temperature dependent,
approaching a Curie-Weiss law (since k&T- 4„),
again in disagreement with experiment. In con-
trast, the band-interaction picture is capable of
explaining all these data without inconsistency. "

W'e conclude that the electronic properties of
these 1D conductors are determined by band and
interaction effects with disorder playing only a
peripheral role. The evidence is particularly
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FIG. 2. Temperature dependence of T& for protons
in (guino1inium) (7CNQ) 2.
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FlG. 3. Temperature dependence of )( ~. (a) (NMP)L&8-
(NEP)LO&(TCNQ) (filled circles); (b) (NMP)(TCNQ) from
Ref. 6 (dashed curve); (c) predicted from the sum Xp
+ XC (solid curve).
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strong for (NMP)(TCNQ), where the experimen-
tal picture is most complete. The quinolinium
salt is a metal at high temperatures; the low-
temperature properties are not yet well under-
stood. However, assuming the Q(TCNQ), chains
(with ~-filled band) remain metallic, an upper
limit on the chain length can be obtained from
straightforward application of spin diffusion theo-
ry to determine the contribution to the proton T,
from paramagnetic centers at the chain ends.
The result is an estimated length of order 500 lat-
tice constants. This estimate is in reasonable
agreement with the interpretation of the Curie
contribution to y" as arising from paramagnetic
defects at chain ends.

The sensitivity of &D systems to disorder local-
ization can be exploited by using TCNQ com-
pounds. As a first example we show in Fig. 3 the
inverse susceptibility of (NMP), »(NEP), »(TCNQ),
where NEP denotes N-ethyl-phenazinium. The
substitution of C,H, for CH, on 1% of the cations
has clearly observable effects. The "transition"
appears to be somewhat rounded and shifted, but
the major change is in magnitude. The high-tem-
.perature Pauli term is decreased in the disor-
dered mixed crystal consistent with a spread of
localized-state energies somewhat greater than
the pure-system intrinsic bandwidth. The low-
temperature magnetism is also decreased rela-
tive to that of the pure system as expected with
increased disorder. ""The disorder in this
mixed (NEP)-(NMP) system probably arises from
the steric effect of the larger ethyl group. The
observation of a clear effect with only 1% NEP in-
dicates that in the pure (NMP)(TCNQ) the wave
functions extend to distances far greater than the

length of order a lattice constant predicted by
BWV. More detailed studies of the effect of con-
trolled disorder are in progress and will be pub-
lished separately.
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In this communication we report that in the quantum region of magnetic fie1d (&~,»&sZ')
the nonparabolicity alone leads to a nonzero longitudinal magnetoresistance even if the
energy and magnetic-field dependence of the relaxation time is ignored.

It is well known that anisotropy in the band
structure of semiconductors gives rise to longi-
tudinal effects, viz. , longitudinal magnetoresis-
tance. In the quantum region of magnetic field,

i.e., where S~, ~k&T, the dependence of electron
collision frequency on electron energy and ap-
plied magnetic field also gives rise to longitudi-
nal magnetoresistance even in a semiconductor


