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We report the noise power of (NMP)x(Phen)i_~(TCNQ) as a function of temperature
(100<r<300 K), frequency (1< f <10. Hz), electric field (0<2i<300 V/cm), and conduction-
electron density (0.49 <x <0.59). The results for the commensurate, doped commensurate, and in-
commensurate regimes are similar. The magnitude of the 1// noise is in considerable excess of typi-
cal scaled values for other materials, suggesting the role of large units in the fluctuations. A
thermally activated spectral feature is reported. Excess non-Gaussian noise is detected immediately
following the formation of a microcrack, though this contribution to the noise decays with time.

I. INTRODUCTION

Quasi-one-dimensional systems have been the subject of
extensive research for the past decade: These systems
frequently undergo a Peierls distortion leading to a semi-
conducting ground state. As a commensurate Peierls dis-
tortion is lower in energy than an incommensurate distor-
tion, the addition of a few extra electrons or holes to a
commensurate system results in the breaking up of the
chains into commensurate regions separated by discom-
mensurations which are delocalized over several lattice
sites.. These charged domain walls or solitons may be ei-
ther pinned or mobile. The success of this model has been
demonstrated in the case of trans-(CH)*, a one-half-
filled-band system with moderate on-site Coulomb repul-
sion, U, as compared to the bandwidth, W..-s-s Recent
work by Rice and Meless predicts the formation of soli-
tons of half-integer charge, e /., in highly correlated one-
dimensional charge-transfer salts near the y-filled-band
limit as a result of light doping, photoexcitation, or
thermal excitation. It was further shown by Kivelson and
Schrieffers that this fractional charge is a sharp quantum
observable and not just an average. Similar results have
been proposed for one-third-filled-band systems. .o

We report here the results of an extensive study of the
behavior of the noise power in a system that is a physical
realization of a highly correlated quasi-one-dimensional
system near the commensurate one-quarter-filled-band
limit. The family of charge-transfer salts examined in
this study is (N-methylphenasinium)”(phen-
azine)!_x(TCNQ) [(NMP)*(Phenh_*(TCNQ)], with x be-
tween 0.49 and 0.59, Fig. 1(a). Previous work has shown
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the x=0.50 member of this family to be a highly corre-
lated quasi-one-dimensional system near the commensu-
rate one-quarter-filled-band limit and verified the ex-
istence of solitons in samples with 0.50 <x <0.57.6.1: For
x>0.57, an incommensurate ground state .forms. The
samples in which solitons have been introduced through
chemical doping have been shown to have an excess con-
ductivity in agreement with a model developed by
Conwell and Howard..1.12 Detailed diffuse x-ray scatter-
ing studies have demonstrated that this is a large- U sys-
tem with a crossoverto a U < W regime for x >0.67.13

The experimentally measured voltage noise power spec-
tral density, S(f), at constant current, includes Johnson
noise, amplifier noise, and noise with an approximately
I/ f spectrum... This 1// noise scales as the square of the
applied voltage in the Ohmic regime and thus is apparent-
ly due to resistance fluctuations. Shot noise (i.e., noise
due to carrier number fluctuations with kinetics deter-
mined by electrical transport) is not observable in these
samples because the screening length is small compared
with the sample size. Fluctuations in number of carriers
with generation-recombination kinetics should be present
and may in fact contribute to the 1/f noise. However, the
magnitude of the I/f noise was larger than could be ac-
counted for by generation-recombination noise if the con-
ductivity were simply proportional to the number of free
carriers. Regardless of the kinetic mechanism of the car-
rier number fluctuations the 1/f noise is too large to al-
low such fluctuations to be used to determine the charge
of the carriers.

Noise with an approximately |/f spectrum has been
observed in some salts of TCNQ at temperatures ranging
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FIG. 1 (a) Molecular structure of tetracyanoquinodimethane
(TCNQ), phenazine (Phen), and N-methylphenazinium
(NMP+). (b) Logarithm of the normalized conductivity vs T~1
for (NMP)*(Phen)i_x(TCNQ) samples with x=0A9, 0.56, and
0.59.

from 105 K (Ref. 15) to 250 K (Ref. 16). These salts are
not unique in exhibiting resistance fluctuations with a
power spectrum inversely proportional to frequency.
Such 1/f noise is found in most resistors, including met-
als, semimetals and semiconductors.17-20 Since except
perhaps in special cases, this noise is not well understood,
one must use some caution in drawing inferences from its
properties. A few facts, however, are well established in
many systems. These points are discussed below.

The noise in many instances behaves like a resistance
fluctuation that is only sampled, not created, by the
current flow.17-22 In all cases for which reliable data ex-
ist, the spatial correlation length of the underlying fluc-
tuations is small compared with experimental resolution,
which is often in the range of several microns or even
smaller.23-26 As a result, the noise magnitude typically
scales inversely with volume, with corrections in some
cases for surface effects.17-21,27 Extrapolation of the
noise magnitude down to the smallest volumes for which
it makes sense to speak of resistance fluctuations (a region
with dimensions comparable to a mean-free path or a
screening length, depending on the cause of the fluctua-
tions) ordinarily still gives fractional fluctuations substan-
tially less than unity, so there is no problem in describing
the noise as a simple linear superposition of local noise

sources. In nearly all mechanically stable samples, the
noise voltage is a Gaussian random variable by several
tests,28 which again is consistent with many independent
local sources.

Such independent local sources cannot be identified
with the charge carriers themselves. In essentially all
cases observed, mobile carriers are swept out of the ob-
served region, or diffuse out of it, in times less than the
reciprocal of the highest observed 1// noise frequency.
The fluctuations must then be in something not swept
along with the carriers, such as the occupancy of electron
trapping states or the positions of defects, although
theories attempting to attribute the noise to some indepen-
dent events at separate mobile carriers are still quite com-
mon. Such theories are usually based on the expression
proposed by Hooge20 for metals and semiconductors:

Sv=2x 10~3V2/N cf (1)

where V is the dc voltage across the sample, Nc the num-
ber of charge carriers in the sample, and / the frequency.
Although this expression is not generally valid, it does
often serve as a useful rule of thumb. In special cases it is
possible that nonlinear instabilities may lead to (1//)-like
noise that lacks most of the properties described above,
but this phenomenon has not been established experimen-
tally for ordinary resistors.

In many materials, there is good evidence that the Ki-
netics of some or all of the noise is thermally activat-
€Cj 17,25,29— 31 Y /f Spectrum then arises from a fairly
flat distribution of activation enthalpies, although distri-
butions of attempt rates can also be present. Dutta and
Hornl7 have demonstrated that, given several conditions,
nearly 1// noise with thermally activated kinetics obeys a
simple relation between the spectral slope and the tem-
perature dependence of the magnitude. The mechanical
instabilities of the (NMP)X(Phen)X x(TCNQ) samples as
they are cooled do not allow for sufficiently accurate mea-
surements of the intrinsic temperature dependence of the
noise magnitude to test this relation. However, for suffi-
ciently narrow spectral features, one can directly see the
shifting of characteristic frequencies with temperature,
and this technique turns out to be applicable to
(NMP), (Phen)! (TCNQ).

The results of the noise power studies of
(NMP)x(Phen)1 x(TCNQ) revealed15 a rich array of phe-
nomena. The data for the commensurate {x~0.50),
doped commensuratex (Xx~0.56), and incommensurate
U —0.59) regimes proved quite similar. The magnitude
of the 1// noise was in considerable excess of that
predicted by Hooge.20 Several unusual features were ob-
served including a crossover from 5 oc V2 to S oc V at
electric field strengths, E, of —5 V/cm, coincident with
the onset field for a severalfold decrease in sample resis-
tance. This behavior is different from that reported ear-
lier for charge-density wave transport in TaS3 (Ref. 32)
and interparticle hopping in granular composites.33 Ex-
cess noise power is observed after formation of “micro-
cracks.”™ This excess noise is found to “anneal out” after
several minutes, with the final noise power scaling with
the resistance change. These microcracks and the result-
ing sudden increase in the resistance of the
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(NMP)* (Phen) (TCNQ) samples during the tempera-
ture variation, do not allow for a sufficiently accurate
measurement of the intrinsic temperature dependence of
the noise magnitude to test the relation between the spec-
tral slope and the temperature dependence of the noise
magnitude. However, a narrow, thermally activated spec-
tral feature is observed with an activation energy of
—0.25 eV. These phenomena are compared with avail-
able models and directions for further work are indicated.
The magnitude of the flicker noise obviated direct obser-
vation of the shot noise (and hence direct measure of the
electronic charge of the carrier) in this system.

In Sec. Il we describe the experimental details and tech-
niques. In Sec. Il we present the results for the noise
power as a function of electron concentration, tempera-
ture, and electric field. Section IV contains a discussion
of our results together with our conclusions. Section V
summarizes our work.

Il. EXPERIMENTAL DETAILS AND TECHNIQUES

The material system studied is based on (NMPKTCNQ)
and is realized by substituting neutral phenazine, PhenO,
for NMP s The Pheno is of similar size, shape, and polar-
izability to NM P+, but unlike NMP+ it does not con-
tribute carriers. The overall segregated stack crystal
structure of (NMPKTCNQ) remains unchanged for
0.50<x<1.00. For .*=0.50 the NMP+ and phenazine
alternate in a regular lattice.1a.ss The number of conduc-
tion electrons per unit cell to be shared among the donors
and the TCNQ molecules is equal to the fraction, x, of
NMP in the “alloy.” Electron spin resonance g-value
studies demonstrate that essentially all of the conduction
electrons are on the TCNQ chain for 0.5 <x <0.6. Gen-
erally, the values of x, which are determined by solution
absorption spectra, are accurate to +0.02. In cases where
solution analysis yields results x =(0.50 —s ) with
s ~o0.01, concerted studies suggest that for these samples
x is equal to or slightly larger than 0.50, that is, very close
to stoichiometric. An example of such a composition is
the x =0.49 sample discussed below.

During the noise power studies, the current was sup-
plied by batteries in series with wire-wound or quiet
metal-film resistors. Both the number of batteries in
series and the size of the series resistor was switchable, al-
lowing selection of constant currents ranging from : to 80
microamps. Noise signals were amplified with Princeton
Applied Research (PAR) 113 amplifiers. Spectra and
cross spectra were taken with a PAR 4520 Fast Fourier
Transform processor (manufactured by Unigon). The
processor is interfaced to a Digital Equipment Corpora-
tion LSI1-11/23 computer. The processor averager is used
for small bundles of transforms (e.g., 16) while further
averaging is done in the computer. The computer dis-
cards any bundles which are much different from the run-
ning average, so that long averages may be taken without
risk of the data being ruined by an occasional glitch,
which would otherwise be a serious problem in mechani-
cally unstable samples. Averaged spectra were recorded
on disk. Spectra were analyzed by summing into octave
intervals, which gives adequate frequency resolution for
(1/1)-like spectra while compressing the data into

manageable form. In some cases it was necessary to edit
out 60 Hz and harmonic spikes before computing the oc-
tave sums. Resistance data were taken directly on the
LSI-11/23 using a 12-bit (binary digit) analog-to-digital
converter.

All measurements were taken in a helium flow-through
cryostat, part of an S.H.E. variable-temperature magne-
tometer. The long-term temperature stability of this in-
strument is approximately 0.1 K over most of the range in
which data were taken, but stabilization times can be long
(e.g., 30 minutes). Much of the resistivity data therefore
have an extra degree or so of temperature uncertainty,
since full stabilization times were not used.

Samples were typically 1.5x10~] cm in length,
7.5X 10_4-cm thick, and roughly cylindrical in shape.
These crystals were supported from the ends of 0.5-mil di-
ameter gold wires using silver paint (du Pont 4922) in a
five-probe configuration. The other end of each gold wire
was mounted onto a quartz block using an insulating var-
nish (GE 7031) after being connected to aluminum wires
using silver paint. The contact length relative to the spac-
ing between contacts was <o ..

The wuse of five-probe measurements with cross-
correlation between two disjoint regions provides a
method of distinguishing between noise in the sample it-
self and noise produced at the contacts. This distinction
is harder to make for whisker-shaped samples than for
planar samples, for which voltage sensing contacts may be
removed entirely from the current path. Even when a
contact (such as our center contact) carries no net current,
it provides a local shunt to the current, which may cause
spurious noise. When the noisy contact is a member of
the two voltage sensing pairs (i.e., our center contact) the
spurious noise in the two pairs will ordinarily be highly
correlated. Noise arising from the sample fiber itself,
however, is almost totally uncorrelated between the two
sections. We found, in fact, that at room temperature the
noise was clearly dominated by contact noise, while below
200 K the correlation dropped to a few percent, consistent
with genuine sample noise being dominant. This con-
clusion was confirmed by an association between the onset
of nonlinear current dependencies in the noise and in the
differential resistance, as discussed below, which would be
very unlikely if the noise were to come from the contacts.

In addition to the noise spectra, information on the
higher moments of the noise voltage was recorded. For
each spectrum, the standard deviation of the noise power
in each octave was measured. These standard deviations
become anomalously large if the noise is bursty or shows
certain other non-Gaussian propertieszs Occasionally,
more complete statistical data were taken, consisting
mainly of a covariance matrix for the noise power in dif-
ferent octaves:s This covariance matrix depends on
four-point correlation functions which are sensitive to
non-Gaussian properties of the noise.

I11. EXPERIMENTAL RESULTS

The temperature dependence of the normalized conduc-
tivity, an(T)=a(T)/a(295 K), for samples of composi-
tion x=0.49, 0.56, and 0.59, is shown in Fig. 1(b) with
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TABLE I. Values of room-temperature conductivity for vari-
ous compositions of (NMP)* (Phen)! _x(TCNQ).

N295 K

X (S/cm)
0.49+0.02 29.27
0.56+0.02 18.27
0.59+0.02 12.09

absolute values of the room temperature conductivity
given in Table I. During the course of an experiment,
sudden irreversible nonreproducible increases in sample
resistance would occur. These are associated with micro-
cracks formed in the fragile crystals, causing a portion of
the sample to be removed from the current path. Since
the concommitant large non-Gaussian effects on the noise
anneal out after a short, finite time as discussed below, the
conductivity data have been corrected to account for these
jumps. Comparison with earlier data:: shows these crys-
tals to be representative of this class of charge-transfer
salts.
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FIG. 2. Noise power per octave vs frequency for

(NMP)*(Phen)!(TCNQ). The temperature of the sample is in-
dicated for each curve, () x —0.53 (magnified by a factor of 10
relative to frequency) and (b) x=0.59 (magnified by a factor of
4 relative to frequency).

The noise power was approximately proportional to
f~ a with a—1.0 for all x, T, and E studied. However,
the detailed noise spectra were not perfectly :// and were
not identical from sample to sample. For all three elec-
tron concentrations studied, deviations from the :// law
were observed. On two samples, x=0.53 and 0.56, suffi-
ciently broadband spectra with a recognizable spectral
feature were obtained at several temperatures. This per-
mitted the determination of the temperature dependence
of the feature’s kinetics. The spectra are shown in Fig. 2.
The characteristic frequencies clearly increase with in-
creasing temperature. For one sample the temperature
was not a monotonic function of time, so the effect can-
not be attributed to some temporal instability.

Since it was possible to take spectra on intact samples
without significant contact noise over only a limited tem-
perature range, detailed fits of the temperature dependen-
cies of the characteristic frequencies to specific theoretical
models would be impossible even if such models were
available. However, the temperature dependencies are too
large to be fit reasonably except by assuming thermally
activated kinetics,

/max =/o.exp(- AH/KBT) . )

The activation enthalpy, AH, is approximately 0.25 eV,
implying attempt rates,/ 0, of about 10, Hz.

Unlike most stable, well-characterized 1// noise
sources, the (NMP)* (Phen) X x(TCNQ) samples usually
showed sowewhat non-Gaussian statistics. A typical
symptom was cross-correlation coefficients between noise
power fluctuations in neighboring octaves of roughly 0.05,
where Gaussian samples give zero. However, such effects
were not completely reproducible. When major breaks oc-
curred in the crystal, as judged by resistivity, non-
Gaussian effects were often much larger, with some
recovery in time, probably reflecting an annealing of the
sample near the break. Since every sample showed at least
some sign of microcracks, we cannot be sure that any
non-Gaussian effects would remain in a completely intact
sample. The shape of the noise spectra did not show any
major change after the formation of the cracks, although
the magnitude increased. The increase in the variance of
the noise with bandwidth is characteristic of variance due
to an amplitude modulation of the noise.

There are several indications that the microcracks are
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FIG. 3. Noise power per octave vs octave at constant tem-
perature for (NMP)o.ss(Phen)o..7(TCNQ).
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not essential to most of the noise. The sample-to-sample
variations in resistance change due to the cracks were
larger than were the fractional resistance fluctuations.
Except after the occurrence of the largest of the micro-
cracks, there were only small changes in the fractional
noise of any particular sample after cracking. In addition,
the detailed form of the noise spectrum for any particular
sample was not changed by any but the largest micro-
cracks, which gave a contribution steeper than I/f. Fi-
nally we note that the detailed temperature dependencies
indicate processes with well-defined activation energies,
which would be surprising for gross mechanical fluctua-
tions near a crack.

The noise power at constant temperature, as exempli-
fied in Fig. 3 for (NMP)o.s:(Phen)o..7(TGNQ), shows a
quadratic current (/) dependence at low values of applied

field with a crossover to a roughly | dependent functional
form at higher fields. This result is typical of all samples
studied. The value of the electric field at which this
crossover occurs is a function not only of sample
stoichiometry, but also of temperature. The electric field
at which this crossover occurs corresponds to the field at
which the resistance decreases, as shown for example in
Fig. 4 for (NMP)o.ss(Phen)o..7(TCNQ). While it is tempt-
ing to associate this change in functional form with possi-
ble nonlinearities due to the motion of the discommen-
surations above a threshold field, for example, we do not
have sufficient data to support this conclusion.

IV. DISCUSSION

The [I/f noise in (NMP)*(Phen)._x(TCNQ) shares
some features with I/f noise in other systems. In partic-
ular, the presence of broad thermally activated features in
the 1/f spectra are similar to the broad features in the
I/f noise reported earlier by Dutta and Horni for metal
films and to the spectral features found in the noise in
silicon-on-sapphire wafers by Black et al.26 These spec-
tral features suggest the possibility that the rate limiting
steps in the I/ f kinetics themselves are thermally activat-
ed, with the approximate I/f spectrum resulting mainly
from a spread in activation enthalpies. For small
currents, the noise power is close enough to quadratic in
the current to indicate that the noise is present as a resis-
tance fluctuation before being sampled by the current.

The principal feature of the noise which is highly
unusual is the large magnitude (approximately a factor of
10; larger than that predicted by Hooge’s equation). This
precluded direct determination of the charge per carrier
(le | for electrons and holes, \e \/2 for solitons) via
measurement of noise from carrier number fluctuations.
In one-dimensional conductors, a change in the magnitude
of carrier number fluctuations might be expected to ac-
company any changes in the conduction mechanism.
However, to be observed such noise must be approximate-
ly as large as both the Johnson noise and the 1// noise in
some range of voltage and frequency. Noise from fluctua-
tions in the number of mobile carriers, regardless of the
kinetic mechanism, contributes a fractional conductivity
variance of less than ~ 1/N, where N is the number of
carriers, barring peculiar cooperative effects in which
more than one or two carriers appear and disappear to-
gether. (For samples larger than a screening length, num-
ber fluctuations are much smaller than this value unless
two signs of charge carrier and/or immobile trapped
states exist.) Since the number fluctuation line shape, on a
noise per octave plot, is at least as broad as a Lorentzian,
the maximum squared fractional fluctuation per octave
from that source is less than 1/N. However, we found
more :/f noise than that per octave, so that number fluc-
tuation noise would not have been observable. This argu-
ment applies whether or not the kinetics are determined
by the carrier transit time, as in the unlikely special case
of simple shot noise.

If the ordinary inverse volume scaling of the mean-
square fractional magnitude were to hold, the fluctuations
would be of order unity in volumes of about 10~ 1s cm3,
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which is much larger than a mean-free volume (i.e., the
product of three mean-free paths, of which two are only a
few angstroms) for the charge carriers. Either the volume
scaling of the magnitude breaks down at surprisingly
large distances or the net fluctuation is not expressible as
a linear sum of local terms, because the local fluctuations
are so large that they strongly affect the current through
neighboring regions. We doubt that the latter explana-
tion, involving nonlinear percolationlike effects is very
important in determining the net noise magnitude, since if
it were the rough reproducibility of the noise magnitude
between samples would be surprising. That is, if the large
magnitude resulted from fluctuations themselves reducing
the available current paths, thus decreasing the effective
sample volume, the fluctuations would have to be in-
dependent of both temperature and stoichiometry, an un-
likely possibility. The similarity of our results to those
obtained by another group:s on a different salt of TCNQ
[(N-methyl-N-(«-butyl)morpholinium)(TCNQ)2] also sug-
gests that we are not seeing any effects of being near a
percolation threshold.

The data seem rather to suggest a model in which the
volume scaling of the magnitude breaks down at a
surprisingly large volume. This effect can occur either if
the noise arises from a relatively small number of special
sites or if the noise arises uniformly, but with an unusual-
ly large correlation length. The noise magnitude is about
what would be expected if the contribution to the conduc-
tance of each linear chain of molecules as a whole were
randomly switched on and off. Previous workers looking
at a similar system were led to the conclusion that the
noise is due to the switching on and off of large entities,
which they interpret as being single linear chains.ise
Though the volume associated with the fluctuations
(~10-15 cm3) corresponds approximately to the volume
of a single chain between the voltage contacts (~ 10—
cm), it is unlikely that the fluctuating unit involves only a
single chain in such a complex system. The lack of cross
correlation between noise in adjacent sample sections ar-
gues strongly against the fluctuation of single long chain
contributions to the resistance as the source of the .//
noise. The data are more consistent with the conductivity
of shorter bundles of chains changing in a correlated
manner.

We believe that the large magnitude of the noise pro-
vides some evidence that the deviations from a .// spec-
trum, which show activated kinetics, are not a distinct
process superimposed on a true :// background, as has
been previously conjectured.is The features themselves
are so large as to require, like the .1// noise, an anomalous
coherence volume. Rather than postulate several such
noise sources, we believe that it is more reasonable to as-
sume that all the noise comes from a single process with a
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slightly nonuniform distribution of activation enthalpies.
This approach is indirectly supported by the seeming
ubiquity with which small activated deviations from the
1// form appear in a variety of systems.izs0 The associ-
ated nonlinearities in the I-V curve and in the noise power
indicate that, unlike some composite systems.ss the noise
is arising from barriers or regions which contribute a sig-
nificant amount to the resistivity.

The increase in conductivity with increasing electric
field is reminiscent of that reported earlier for other
quasi-one-dimensional conductors, including the
analagous nearly commensurate, highly correlated system
(quinolinium)(TCNQ)2 [Qn(TCNQ)z1.36 For Qn(TCNQ):
the non-Ohmic behavior becomes apparent at ~2 V/cm
for all temperatures where observed. This threshold cor-
responds to the crossover from S ocl12 to S oc/. The
latter effect roughly agrees with S oc F. after correction
for the decrease of the sample resistance with increasing
electric field. The reduced rate of increase of noise power
with increasing electric field is in contrast to the behavior
of charge-density-wave conductors such as NbSes.s7.3s
TaSs 2 and K0.:0MnOs.39 where the broadband noise in-
creases dramatically at the threshold for electric-field-
dependent conductivity. The variation of noise power
with current in (NMP)*(Phen){_x(TCNQ) differs from its
behavior in the Ni::Al:0: granular composites.ss In the
latter systems, there is a crossover from S ocl12to S oc |
in the absence of any nonlinearity in the /- V characteris-
tics.

V. SUMMARY

We have demonstrated the presence of excess 1// noise
in the highly anisotropic, quasi-one-dimensional system
(NMP)* (Phen){_x(TCNQ). This excess noise is insensi-
tive to conduction electron concentration and the
commensurate/incommensurate nature of the electric
ground state. The magnitude of the noise precludes mea-
surement of the shot noise and suggests that large units
are involved in the fluctuations.

Thermally activated spectral features are found in the
broadband 1// noise. A sudden increase in the noise
power is observed upon formation of microcracks. This
additional noise contribution is attenuated after several
minutes. The voltage noise power is observed to be ap-
proximately proportional to the square of the electric field
even in the regime where the conductivity is electric field
dependent.
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