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Proton spin-lattice relaxation-time (T, ) measurements are reported in pure and in
neutron-irradiated organic conductor Qn(TCNQ), . The diffusion constant D (evaluated
from Tj ) and conductivity 0 have the same dependence on the irradiation-induced impuri-
ty concentration, showing that charge propagation is responsible for the relaxation time.
The temperature dependence of D, when compared with o(T), suggests that the conduc-
tivity is determined by the temperature-dependent mobility.

PACS numbers: 72.80.Le, 76.60.Ks

In spite of considerable effort, charge transport
in organic, highly anisotropic conductors is only
poorly understood, and various models have been
proposed to account for the temperature depen-
dence of the conductivity v(T) in various materi-
als. Qn(TCNQ), is a member of the TCNQ salts, '
which show metalliclike conductivity at high tem-
peratures, followed by a broad maximum and de-
creasing a with decreasing temperatures. This
behavior was suggested to be due to a smeared
metal-to-insulator transition, ' to a small-band-
gap semiconductor type of behavior' where 0
= one with the number of carriers n increasing
exponentially with temperature and p strongly de-
creasing with increasing T. A model based on
the effect of disorder' accounts for v(T) through
a temperature-dependent mobility.

In this paper we discuss proton NMR relaxation
experiments, T„in pure and also in neutron-ir-
radiated Qn(TCNQ), . We argue that T, is deter-
mined by the charge diffusion, and is thus direct-
ly related to the conductivity. We also show that
o and the diffusion constant have a similar tem-

perature dependence, strongly suggesting that the
carrier concentration is only weakly dependent on
temperature.

The proton spin-lattice relaxation rate is given
by'

T, ' =O' F((un) +O'F((u, ),
F((u) =f dte' '(s'(t)s'(0)),

where 0' =-', d' and Q+ =a'+-', d' are coupling con-
stants, reflecting hyperfine, a, and dipolar, d,
electron-nuclear coupling; ~„and&, are the nu-
clear and electronic frequencies. The spin corre-
lation function (s'(t)s'(0)) depends on the dimen-
sionality of the diffusion. For one-dimensional
(1D) diffusion, (s'(t)s'(0))-(Dt) "', where D is
the diffusion constant, while for 3D diffusion
(s'(t)s'(0))= (Dt) '". This leads, through Eq. (1),
to a strongly frequency-dependent T, for 1D diffu-
sion, '' and T, nearly independent of ~ for a 3D
diffusion process. The spin-lattice relaxation
rate samples the propagation of spins, times the
effective number of spins, and can be rewritten
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[kT)|(T)T,((u,)] '

= (0'+ 0' jf, + 0'f, (0) + 0'f, (td,), (2)

where the normalized susceptibility )/(T) can be
obtained from the measured susceptibility X by

x(T) =x (~)/&g'vB'.

f, is independent of to, and for 1D diffusion f, (w)
=a,(2Drd) '/', where a, is the lattice constant,
while f,(0) reflects the 3D cutoff effects. '' In
Qn(TCNQ), charge transfer is complete', the Qn
molecules have closed electron shells; therefore
all contribution to spin magnetism comes from
electrons on the TCNQ chains. The frequency de-
pendence of T, was shown to be well described by
Eq. (2) between &u„=340and 4 MHz at room tem-
perature. ' The diffusion constant D may reflect
charge diffusion and this is related to the conduc-
tivity, or spin diffusion determined by exchange
coupling between localized spins. Also, when nu-
clear relaxation is caused by paramagnetic im-
purity spins' T, is proportional to ~ '". Avail-
able experiments on Qn(TCNQ), and on other low-
dimensional conductors' are not able to distin-
guish between these possibilities. Impurities in-
troduced by neutron irradiation have a drastic in-
fluence on the conductivity" of Qn(TCNQ), while
the high-temperature susceptibility"' " remains
unaffected. The correlation of the diffus'ion con-
stant D with transport or magnetic properties
therefore allows the main contribution to the dif-
fusion to be evaluated.

Neutron irradiation was performed in the reac-
tor Melusine of the Centre d'Etudes Nucleaires
de Grenoble (neutron flux 1.4x10" n/sec) for
times of 3 and 6 h. Care has been taken to keep
the sample temperatures below 60'C to avoid
damage due to excessive heating. The spin-lat-
tice relaxation time T, is shown in Fig. 1. for
pure and irradiated Qn(TCNQ), in the usual,
rd '/', representation. T, (~) can be represented
well by a ~ '" behavior in the measured frequen-
cy range and we suggest that the major effect of
irradiation is to reduce the on-chain diffusion co-
efficient. A fit of the experimental data by Eq.
(2) with f, (&d) =a, (2D&d) '/' leads to the concentra-
tion dependence of the diffusion constant. Figure
2 shows D/D, and v/v, (the latter measured on a
single crystal) as a function of the irradiation
time. The relation between irradiation time and
impurity concentration c [per formula unit

Qn(TCNQ), ] has been derived before"; we believe
that c values shown in Fig. 2 are accurate within
a factor of 2. The full line of Fig. 2 represents
a linear increase of the inverse diffusion coeffi-
cient, as suggested by studies for spin diffusion
in impure Heisenberg chains":

D (c) ' =D '(0) + cD (3)

where D(0) is the diffusion coefficient of the pure
sample and D represents an effective diffusion
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FIG. 1. Frequency dependence of the proton spin-
lattice relaxation time at room temperature on pure
and irradiated Qn(TCNQ) 2. The full lines represent
Eq. (2) with f &
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FIG. 2. Concentration dependence of r and D at room
temperature. 0 = 100 ~ ' cm ' and D = 0.10 cm'/sec
for the pure sample. The full line is a fit by Eq. (3)
with parameters given in the text.
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constant due to impurities. The full line of Fig.
1 is a fit by Eq. (3) with parameters D(0) =0.1
cm'/sec (see below) and D =2.4X10 ' cm'/sec.

Recent experiments on irradiated Qn(TCNQ),
show that the magnetic susceptibility does not
change upon irradiation at high temperatures. "'"
This gives direct evidence that localized spins
are not created by irradiation and the concentra-
tion dependence of T, is not due to relaxation
caused by localized spins. When D is determined
by spin diffusion the decrease of D occurs through
decreased exchange couplings I between spins
and this in turn mould lead to a susceptibility
which increases with irradiation. In the strong-
coupling limit D =I/+ (Ref. 7) and the magnetic
susceptibility is given by the Bonner-Fisher ex-
pression withy on the order of 300 K for the pure
sample. " The observed change in D, when relat-
ed to a decrease of the average exchange constant
I, would lead to an approximately 20%%uo increase
of the high-temperature susceptibility for 6-h ir-
radiation, in contrast to mhat is observed. D,
however, has the same concentration dependence
as the conductivity, as expected for charge diffu-
sion (see below). We conclude, therefore, that
D measured by T, is determined by charge diffu-
sion in Qn(TCNQ), .

To determine the temperature dependence of the
charge diffusion, we have measured T, (ur) at dif-
ferent temperatures in pure Qn(TCNQ), . At tem-
peratures between 50 and 300 K, the relaxation
time can be represented by T, ' =A +Be ' ', as
given by Eq. (2), between 200 and 6 MHz. ' D eval-
uated by use of Eq. (2) and the measured suscep-
tibility" is shown in Fig. 3 together with the dc
and microwave conductivity. " The main feature
of Fig. 3 is clear: The temperature dependence
of D and a is similar, suggesting strongly that
o(T) is determined mainly by a temperature-de-
pendent diffusion; the temperature dependence of
the number of carriers does not play a significant
role. The behavior of the diffusion constant is in
clear contrast to that predicted by a semiconduc-
tor model. ' The conductivity when fitted by cr(T)
=p(T) exp(b/kT) leads to b/k =600 K and p(T)
=AT ".This predicts a mobility which increas-
es by a factor of 90 when temperature is lowered
from 300 to 50 K while the diffusion constant de-
creases by more than an order of magnitude in
this temperature range. In case of a gradual met-
al-insulator transition, ' accompanied by a gap
opening at the Fermi level, cr(T) reflects mainly
the decrease of the number of carriers and con-
sequently the mobility has a temperature depen-
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FIG. 3. Temperature dependence of 0 and D in
pure Qn(TCNQ) ~. dc and mw refer to static and micro-
wave conductivity.

D= Vql*(1 —a) (4)

dence different from that of the conductivity. We
suggest therefore that these models are not ap-
propriate to describe the charge transport in
Qn(TCNQ), and similar organic conductors. On
the other hand, the temperature dependence of
the diffusion coefficient leads to a natural explana-
tion of earlier findings: In the temperature range
150-300 K the slight maxima of the susceptibility
of y and diffusion coefficient D cancel each other
giving rise to a pseudo-Korringa law, while the
strong decrease of D below 150 K leads to an in-
crease in T, ' originally attributed to impurities. '
We note that the above relation between T, and 0
is expected to break domn at low temperatures
where T, is determined by spin diffusion between
localized spins. "

A detailed comparison of D and 0 depends on
the particular model by which the charge trans-
port is described, and also on the underlying
electron-electron and electron-phonon inters. c-
tions. We can, however, evaluate an effective
mean free path both from the diffusion constant
and from the conductivity. For a 1D electron ga, s
with weak Coulomb correlations the diffusion con-
stant is given by"'"
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where n = Un(e F), with U the on-site Coulomb
interaction, VF the Fermi velocity, and l* the
mean free path. The same approximation leads
to the susceptibility )(= a, /2mb V F(1 —n). Thus,

I*/a = 2'�)(Da,'. (5)

While Eq. (5) is expected to be modified for
strong Coulomb correlations, the magnetic sus-
ceptibility suggests that the intermediate-coup-
ling limit is appropriate. As the enhancement
factor o. drops out of the expression, Eq. (5) pro-
vides an adequate initial basis to include the
phase-space reduction of diffusing electrons due
to interactions. With the coupling constants a
=1.2 G and d=0. 6 G,"and susceptibility )( (300)
= 5.2 x10 4 emu/mole, ~ the diffusion constant is
D=0.1 cm'/sec. With ao=3.3 A, Eq. (5) leads to
an effective mean free path l*=0.6a, at room
temperature. The conductivity leads to a mean
free path

l
G

a 2e'ao'N, (6)

where N, is the number of chains per unit volume,
and o(300 K) =10' 0 ' cm ' leads to l =0.3a, . The
good agreement between l* and l further supports
the close relation between D and 0.

In conclusion, we have shown that the proton
nuclear spin-lattice relaxation time T, is deter-
mined by the charge diffusion of electrons of the
TCNQ chains. Impurities depress the charge
diffusion and conductivity, with barrier effects
important only at low frequencies. The tempera-
ture dependence of the conductivity is determined
mainly by the temperature-dependent mobility,
with temperature-dependent carrier concentra-
tion playing only a secondary role. The origin of
the temperature dependence of the mobility,
shown in Fig. 3, is unclear. It may reflect dis-
order-induced localization with decreasing tem-
perature'" and also a Brownian motion of strong-
ly interacting electrons in periodic potentials. "
The strong frequency dependence of the conduc-
tivity" observed at low temperatures suggests
that disorder effects are important, but further
investigations are required to establish whether
this effect is dominant also at temperatures
around and above the conductivity maximum.
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