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We have measured the low-temperature nonlinear conductivity in the spin-density-wave state of
(TMTSF),X alloys. We find that an expression of o(E)= oggexp(—E,/E), suggestive of a tunneling process,
describes the nonlinear conduction with the characteristic field E, increasing with increasing disorder while
o is independent of the impurity concentration within experimental error. We also discuss the implications of

our findings.

The nonlinear and frequency-dependent transport, associ-
ated with the dynamics of the spin-density-wave (SDW)
ground state has recently been explored in detail in several
members of the so-called Bechgaard salts,! based on the
molecule tetramethyltetraselenafulvalene (TMTSF). The
salts (TMTSF),X where X stands for PF, and similar counter
ions undergo phase transitions at 7=12 K to SDW state, as
confirmed by a variety of magnetic studies.” At temperatures
below the phase transition, yet above approximately 1 K, all
the signatures of the conventional collective mode transport,
which were well studied in the case of materials with a
charge density wave (CDW) ground state,> have been also
found in the case of spin-density-wave state. A pinned mode
resonance has been observed at frequencies well below the
single particle gap; at low frequencies a broad tail of the
frequency-dependent conductivity o(w) is found due to the
dynamics of the internal deformations of the collective
mode.* When dc electric fields are applied, there is a well
defined threshold field E; beyond which nonlinear conduc-
tion starts to occur.>® Current oscillations have been ob-
served for E>E,” and the internal deformations also lead
to long-time relaxation effects.® A study of alloys also indi-
cates that the threshold field for the onset of nonlinear con-
duction, E 7 increases as a square of the impurity concentra-
tion, suggesting that the so-called weak impurity pinning
limit applies.” The nonlinear conduction as described above
progressively freezes out with decreasing temperature,’ again
as found in the case for materials with a charge-density-wave
ground state.'®

We have found recently that at low temperatures a funda-
mentally different nonlinear transport occurs.® This nonlinear
conduction is independent of the temperature and can be
described over a broad range of applied electric fields by the
expression,

o(E)=oogexp(— Ey/E). 1)

This expression, together with the temperature independence
of the transport characteristics is indicative of a tunneling
process. Single particle Zener tunneling,'! for example,
would have these signatures. However, the characteristic
field, E, is orders of magnitude smaller than the estimated
value which would correspond to Zener tunneling across the
single particle gap,® ruling out simple semiconducting tun-
neling. Subsequent studies under pressure!? and magnetic
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field'>!? indicated that E,, is proportional to the square of the
single particle gap, while o is independent of the applied
pressure. The external dc magnetic field, in contrast, leaves
E unchanged but leads to changes in oz . The mechanism
which leads to these features is unexplained at present.

In this Rapid Communication we report on our experi-
ments conducted in (TMTSF),X alloys where X stands for
various combinations of the counterions PFq, AsF¢, and
SbF,. We have used the high-temperature threshold field
E 1 as a measure of the impurity concentration and have used
the findings of Traetteberg et al.® on the concentration depen-
dence of the threshold field in order to characterize the im-
purity content of our specimens. With such a procedure of
evaluating the concentration we find that E increases with
increasing impurity concentration, approximately linearly.
This clearly rules out any mechanism which would depend
only on intrinsic parameters of the spin-density-wave (SDW)
state (such as the single particle gap).

Single crystals of (TMTSF),PFs and (TMTSF),AsFg
as well as (TMTSF),(0.5)PF¢(0.5)AsFs were grown

at UCLA by the electrochemical process with
corresponding  ratio of  starting  materials. The
alloys - of (TMTSF),(0.85)AsF¢(0.15)SbFg and

(TMTSF),(0.75) AsF4(0.25)SbF4 were grown at Orsay by Dr.
C. Lenoir. The four electrical contacts were prepared by
evaporating Ag or Au on the surface including both ends to
ensure the homogeneous current injection. The electrical
leads were glued with silver paint or mechanically pressed
on the metallic pads by gold wires. To prevent any possible
extrinsic damages in the samples a slow cooling rate of 0.2
K/min was employed. At 4.2 K the differential resistance
was measured with dc biased ac current at low fields, and the
current-voltage characteristics were also recorded by dc
fields. At high electric fields a pulse technique was em-
ployed. The pulse duration was kept shorter than the time
required to heat the lattice beyond which a monotonic cur-
rent increase and voltage decrease could be observed. The
results of three measurement methods agree in their overlap-
ping electric field ranges. At pumped *He temperatures, the
large resistivity prevents the differential resistance measure-
ment due to the large capacitance arising mainly from the
probe lines, and we used a low pass filtered four-probe dc
method to improve the signal-to-noise ratio. The intermedi-
ate field range was covered by the four-probe pulse method
until the rising time of differential voltage amplifiers set a
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FIG. 1. The temperature dependence of the conductivity
for pure (TMTSF),PF;, (TMTSF),AsFs;, and alloys of
(TMTSF),(0.5)PF4(0.5)AsF,. For all results, the conductivity is
normalized to the conductivity of pure PF4 measured at room tem-
perature.

lower limit for the pulse width. To achieve a faster resolution
at higher fields, we eliminated the voltage amplifier by em-
ploying the two-probe pulse method with a fast Tektronix
AM 503 current amplifier. Again, we obtained the same re-
sults utilizing the different techniques.

In Fig. 1 we display the low field, Ohmic conductivity of
the materials we have investigated. Although we have found
slight differences in the room temperature conductivity val-
ues of the various specimens, we believe that these are due to
uncertainties in the evaluation of the sample dimensions, and
at these high temperatures the resistivity is dominated by
phonon scattering with impurity, thus, scattering plays a mi-
nor role. Assuming that Matthiessen’s rule holds and the re-
laxation rate I'=T";(T) + I'jp, with [y, independent of the
temperature, the temperature dependence of the resistivity
shown in Fig. 1 clearly demonstrates that I';,,<I"j;, at room
temperature in the alloys. Therefore we normalized all con-
ductivity values to the common room temperature value of
350 (© cm)~'. While the nominally pure specimens have a
larger residual resistivity ratio, RRR (defined as the ratio of
the resistivity at 300 K and at 20 K, above the transition) this
ratio decreases with increased alloying.

Below the transition temperatures the pure specimens
have a well defined single particle gap and o(T) has an
exponential temperature dependence,

(T(T)ZO'OTCXP(“A/ICBT) (2)

Alloying leads to smearing of the gap and to an increased
low-temperature conductivity, due to impurity conduction
processes. The transition also progressively broadens with
increasing disorder; this has been found also earlier by
others.’

FIG. 2. The electric field dependence of cordial conductivity at
4.2 K. Each curve is normalized to the Ohmic conductivity at the
E—0 limit.

The I-V characteristics were studied at 4.2 K, and the
cordial conductivity, o= j/E, where j and E are current den-
sity and electric field on samples, normalized to the low field
Ohmic value is displayed in Fig. 2. In all samples we observe
clear nonlinear conduction, and we have defined the thresh-
old electric field, E;, as the field where the conductivity
exceeds by 5% the Ohmic value. For alloys with larger
E 1, the nonlinear current rises less sharply than in the pure
compounds indicating possible existence of the slight distri-
bution of pinning forces within the samples. We note that the
E 1 value of the nominally pure AsF salt is approximately 6
mV/cm, somewhat larger then E; found in our nominally
pure salts of (TMTSF),PFg and the threshold field reported
in the AsFq salt” This is consistent with the temperature
dependence of conductivity, which shows a smaller residual
resistivity ratio in the metallic state and larger impurity con-
ductivity at low temperature in our (TMTSF),AsF, speci-
men.

The low-temperature nonlinear behavior found in the al-
loys and in the nominally pure specimens are displayed in
Fig. 3. The full lines are fits to Eq. (1), and these give the
parameters ooy and E,. It is evident from the figure that,
except at low electric fields, a tunneling expression ad-
equately describes the nonlinear conduction process. We ar-
gued elsewhere!? that the behavior at low fields is due to
electric field induced transitions between impurity states.
This fact agrees qualitatively with our recent observation on
conduction anisotropy.’* At the high electric field region,
where the conductivity behavior is given by Eq. (1), we ob-
serve two important tendencies. First the high-field limit of
the conductivity (ogg), is, within our accuracy, independent
of the impurity concentration and comparable to the normal
state conductivity. This has been confirmed on a limited
number of specimens where cooling did not result in crack-
ing and consequently to sudden artificial jumps in resistivity.
Second the characteristic field (E) increases with increasing
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disorder. The variation, however, is weaker than the increase
of the threshold field (E;) observed at high temperatures.

While chemical analysis would give the concentration of
the constituents for the alloys, this procedure cannot be used
to evaluate the residual impurity concentration in the speci-
mens. Consequently, the concentration, ¢, has to be evalu-
ated using other methods. With various signatures of impu-
rity effects various parameters could, in principle, be used to
evaluate the impurity concentration. Attempting to define ¢
through the broadening of the transition was not successful
due to scattering of the data. The low-temperature low field
conduction, which increases with increasing disorder (see
Fig. 1)—as expected for conduction involving localized im-
purity states—could also be analyzed in order to extract the
overall strength of disorder in the specimens. In order to do
so, the detailed form of the temperature dependence would
be needed, as this temperature dependence (and also the im-
purity concentration dependence) depends on the dimension
of the hopping conduction process. Our experiments con-
ducted over a limited temperature domain do not allow such
analysis.

We have therefore used the threshold field E 1 as the mea-
sure of the impurity concentration. Earlier studies of the Or-
say group’ gave evidence that E g is proportional to a square
of the impurity concentration, as expected for weak impurity
pinning. Because of some gradual onset of the nonlinearity,
as shown in Fig. 2, definition of E; is somewhat arbitrary.
We have therefore used two measures of £, one where the
conductivity exceeds the low field conductivity by 5% called
Er,, and one where the nonlinear conductivity is equal to
the Ohmic part (i.e., the conductivity exceeds by 100% of the
Ohmic conductivity) called E,. This latter electric field is
significantly larger than E;; as evident from Fig. 2.

In Fig. 4 we have plotted F versus E; where both pa-
rameters are evaluated as discussed before. The full line is
the relation of

1/2

Ey=vE7i,

3

with a constant y~60 (V/cm)'2. In the figure the relation
between E, and E, is also shown, and this relation can

approximately be described by E, « EY; (dashed line). As
mentioned before the threshold ﬁeld, E r was found to be
proportional to the square of the impurity concentration.” If
this observation is correct, then the characteristic field E
either increases linearly with the impurity concentration,
E, = ¢, or has a somewhat weaker than linear concentration
dependence.

Next we discuss the implications of our findings. The
magnitude of the high field conductivity oz and the ob-
served magnetoresistance'> are similar to what is observed
for the conductivity created by carriers thermally excited
over the single particle gap. These carriers lead to a conduc-
tivity given by Eq. (2) and we find that ogz~ oy within our
experimental accuracy. Also, ooy and ooy have the same
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FIG. 4. E, versus E7; and E 1, for various nominally pure com-
pounds and for alloys. The open symbols refer to E; and the solid
symbols to E7,. The values for E;; and E, are determined from
Fig. 2 as described in the text, and the E, values are obtained using
the fits to Eq. (1) in Fig. 3. The full line is a fit to Eq. (3), and the
dashed line is corresponding to a power law of 1/3.
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magnetoresistance within the experimental uncertainty, and
this indicates that single particle carriers are created by the
tunneling process. As mentioned before, this would happen
for Zener tunneling. However, for a single particle gap
A =22 K the Zener expression,"

Eo= (m?/4) A*egra , 4)

would lead to E¢=600 V/cm with e=0.5 ¢V and a=3 A,
significantly larger than the values displayed on Fig. 3. Our
experimental result on the impurity dependence of E also
rules out conventional Zener tunneling directly. It has been
suggested that a tunneling involving solitons, which are cre-
ated by commensurability effects, might be responsible for
the nonlinearity.!> However, such effect should also not de-
pend on the amount of disorder. Tunneling from impurity
states within the single particle gap to extended states is also
a possibility.!> However, if tunneling occurs from indepen-
dent impurity states, then increasing disorder would lead, to
first order, to the increased number of impurity states without
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modifying the position of the impurity levels. As Ej is re-
lated to the energy of the relevant states, this would lead to
an increased tunneling current and unchanged E, in con-
trary to what has been observed. It has been suggested re-
cently that tunneling through the modification of the ampli-
tude of spin density wave may occur.’® The application of
electric field would lead to the collapse of the SDW ampli-
tude within a region, the dimensions of which may be deter-
mined by parameters such as the overall impurity potential.
The process would also lead to single particle states within
the collapsed region in tentative agreement with the experi-
mental findings.
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