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The absolute magnitude of the narrow-band noise is estimated within the framework of the

Fukuyama-Lee-Rice model. The noise is predicted to vary with sample volume V as V™~
been previously noted, and with impurity concentration n; as n;

1/2  as has

/2 Experiments on the sliding

charge-density wave in NbSez agree with both of these predictions. The predicted magnitude differs
from that observed in NbSes, but it is in quantitative agreement with data for the charge-density
waves in Ko.3MoOs and (TaSes)2I. These results provide additional evidence both for bulk narrow-

band-noise generation and for weak pinning.

When a charge-density wave (CDW) is current biased
above its threshold current, the corresponding voltage
has an oscillating component.’? This striking manifes-
tation of CDW conduction can have an extremely sharp
frequency spectrum, and has been dubbed narrow-band
noise (NBN). Early experiments showed that the CDW
moves one wavelength during each voltage oscillation
period, so that the fundamental oscillation frequency
is proportional to the CDW current density.® Contro-
versy has surrounded the mechanism by which the NBN
is produced. Noise generation has been attributed to
CDW interaction with impurities in the bulk,*® and
to CDW-normal current conversion at the contacts.®™11
Measurements by Mozurkewich and co-workers'?~14 indi-
cated that the noise amplitude varies with sample volume
as V™12 implying a bulk generation mechanism, while
measurements by Ong and co-workers!%1% found that the
noise amplitude was independent of sample length, im-
plying contact-generated noise. No quantitative compar-
isons between these experiments and models of noise gen-
eration were reported.

The Fukuyama-Lee-Rice (FLR) model!® has suc-
cessfully described many properties of the pinned
CDW,1:1718  the qualitative form of the dc I-V
characteristic,®'® and CDW mode locking in the pres-
ence of combined ac and dc fields.' 2! Using a mean
field approach to the FLR model, Fisher?? calculated the
harmonic content of the NBN for small CDW velocities,
and showed that the noise persists at high velocities. Nu-
merical simulations by Matsukawal® agreed with Fisher’s
results, and yielded predictions for the bias dependence
of the harmonic content which are in qualitative agree-
ment with experiment.

Here we describe a simplified quantitative estimate of
the amplitude of the NBN within the FLR model. The
predicted dependencies on volume and impurity density
are found to be in excellent agreement with measure-
ments on the CDW conductor NbSes. The predicted
NBN magnitude disagrees quantitatively with data for
NbSes, but is in good agreement with previous experi-
ments performed on K 3MoO3 and (TaSe4),I.1314

To calculate the NBN amplitude in the FLR model, we
consider a current-biased CDW and calculate the volt-
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age necessary to keep the CDW current constant, i.e., to
keep the average CDW phase advancing uniformly. The
CDW-impurity interaction is given as

Himp = UP1COS[¢(xi,t) - ¢imp]a (1)

where v is the strength of the impurity, p; is the CDW'’s
modulation amplitude, ¢(x;,t) is the CDW phase at the
impurity, and @imp is the impurity’s preferred phase. For
a rigid CDW sliding past a single impurity, the impurity
will alternately pull and push the CDW at a frequency
proportional to the CDW'’s velocity. To maintain a con-
stant CDW current, the oscillating impurity force must
be matched by an applied oscillating electric field of mag-
nitude

AEimp = ( ) vp1, (2)
where Q is the CDW wave vector and ep.gV is the total
CDW charge.

In the presence of many impurities, the CDW will de-
form due to the influence of the impurity forces, and the
deformations will fluctuate periodically in time as the
CDW slides. Within lengths smaller than the velocity-
velocity correlation length, the CDW phase advances
rigidly. Since the impurities are randomly located, the
preferred phases at the impurities are random, and the
impurity forces add incoherently. Taking ¢P to be the
size of a velocity correlated “domain” and n; the impu-
rity density, the noise amplitude per domain is given by

epeﬂ'v

Al;clom = (nigD)l/zAEimP' (3)
CDW motions on longer length scales are uncorrelated, so

the voltage oscillations from velocity correlated domains
will also add incoherently,

1/2
ABxaN = (}D) ABgom = (neV)V2A By

Q i
- (LX) % (@

€PefF

Since the oscillating force from an impurity is incoherent

14 722 ©1994 The American Physical Society



49 BRIEF REPORTS

with the forces from the other impurities, the total NBN
amplitude is independent of the velocity-velocity corre-
lation length and the dimensionality of the sliding state.
The NBN is bulk generated, the amplitude vanishes in
the thermodynamic limit, and the NBN is predicted to
be a finite size effect.612-19:22

The pinning strength and absolute density of impuri-
ties are not easily measured, but they are directly related
to the threshold field for CDW depinning. For weakly
pinned CDW'’s, the three-dimensional (3D) threshold
field is given by16:18:23

1 Q €2\ (vpr)*n?
Er(3D) = To00 (epeff) (@@) o ®

where £, £, and &, are the anisotropic amplitude coher-
ence lengths and f is the CDW elastic constant. Combin-
ing this expression with Eq. (4) to eliminate vp; yields

3/4 1/2
AENBN = ( Qf ) (1000)1/4 (%—i—y)

€Peff
Er(3D)Y*
X V1/2

Er(3D)"/*
yiz (6)

=A

where the constant A depends only upon intrinsic CDW
parameters.

To test the predictions of Eq. (6), experiments were
performed on undoped and Ta-doped NbSesz. NbSes
was chosen because its NBN spectrum is highly coher-
ent and because impurity pinning in undoped and Ta-
doped NbSez has been well characterized and found to
be weak.17:18:2¢ NbSe; crystallizes into long ribbonlike
whiskers, and exhibits two independent CDW'’s which
form below temperatures Tp, = 145 K and Tp, = 59 K.
Undoped and Ta-doped samples with cross-sectional ar-
eas between ~ 0.1 and ~ 100 pm? were mounted onto
an alumina substrate. Silver paint contacts were made
in a four-probe configuration with a fixed inner contact
separation of 0.75 +0.05 mm. Samples were cooled using
a closed cycle helium refrigerator, and their NBN mea-
sured using a two-probe configuration at 125 K and 48 K,
temperatures which yield optimum noise quality for the
Tp, and Tp, CDW, respectively. The NBN was amplified
by a 50 MHz Trontek amplifier and fed into a HP7550
spectrum analyzer. NBN spectra were taken using spec-
trum analyzer bandwidths of 100 and 300 KHz at CDW
velocities corresponding to fundamental NBN frequen-
cies of vcpw = 20 and 40 MHz. The NBN amplitude
was determined by integrating the power under the NBN
peak and averaging over several spectra. Threshold fields
were measured in a four-probe configuration. For sam-
ples from a given growth, the bulk (3D) threshold was
obtained by averaging over values obtained from thick
samples.'® Doping levels within a growth were charac-
terized using the residual resistance ratio, RRR= R(300
K)/R(4 K) o« n;!,'"18 which ranged from 30 to 325.

The measured NBN amplitude is affected by the fi-
nite amplifier input impedance and by shunting from the
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FIG. 1. ac equivalent circuit for the NBN measurements.
Thé intrinsic NBN voltage is shunted by both the normal
carriers (Ry) and the amplifier input impedance (R4). The
contact resistance (Rc) and the effective CDW resistance
(Rcpw) are related to the four-probe and two-probe resis-
tances by R4 = Rcpw || Rv and Rz = R4+ Rc, respectively.

AVNBN @

AV,

meas

:
I

large single-particle conductivity in NbSe3.2% These con-
tributions were modeled using the ac equivalent circuit
in Fig. 1. The intrinsic NBN amplitude is related to the
measured amplitude by

1 +R2/RA

AN = T Ru/Ry

AVieas, (7)

where R4 is the amplifier’s input impedance, Ry is the
sample’s low-field (normal) four-probe resistance, and R,
and R, are the sample’s two-probe and four-probe differ-
ential resistances at the CDW current at which the noise
measurements are made.?® The oscillating electric field
is found by dividing the intrinsic voltage by the contact
separation.

Figure 2 shows the sample volume dependence of the
NBN amplitude of the Tp, CDW for growths with two
different doping levels. Similar results were obtained
for a third doping level, and for all doping levels on
the Tp, CDW. Fits of each data set to the relation
AENgN = BV® yield exponents ranging from —0.4 to
—0.5,27 in very good agreement with the predicted expo-
nent for bulk generated NBN [Eq. (6)] of —0.5. This
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FIG. 2. Volume dependence of the NBN amplitude for
the Tp, CDW in undoped (RRR= 300) and heavily doped
(RRR= 25) samples.
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FIG. 3. The amplitude of the NBN determined from fits to
the data of Fig. 2 versus threshold field, E7. The dotted line
is the best power law fit to the data for both CDW transitions,
and the dashed line is the best fit to the power law expected
in weak pinning.

is consistent with the results of Mozurkewich and co-
workers, 1271428

To compare the NBN amplitudes for different doping
levels, the data for each temperature and doping level
were fit using a power-law exponent of —0.5 and the con-
stant B determined. Figure 3 plots B = AENgNVY/?
versus the bulk threshold field at each doping level, for
both CDW’s in NbSe3. For each CDW, the amplitude
increases with increasing doping. For each doping level,
the amplitude is larger for the high temperature CDW.
Fits to the relation AENBN Eg yield exponents of
B = 0.18+0.04 for the Tp, CDW, 8 = 0.2140.02 for the
Tp, CDW, and 8 = 0.20 £ 0.02 for both CDW’s. These
exponents are in good agreement with the predicted ex-
ponent in Eq. (6) of 8 = 0.25. In strong pinning, an expo-
nent of 3 = 0.5 is expected.?® In contact-generation mod-
els, no impurity concentration dependence of the NBN
amplitude is expected. Thus the data in Fig. 3 provide
additional evidence both for bulk NBN generation and
for weak pinning.

Quantitative comparisons between the predicted and
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observed NBN amplitudes can also be made. Using
€266, = 50393 f = 1.7 x 1072 eVA~132 and a
CDW condensate density of peg = 1.9 x 102! cm™3
yields a predicted rms amplitude of AEngn(theor.) =
1.6 x 1075(Vem)¥4EY*V=1/2 for NbSes. The mea-
sured rms amplitude is AFEnpn(expt.) =~ 1.6 x
IO_B(ch)3/4E;~/4V—1/2. The amplitude difference is
greater than that expected due to uncertainties in the
intrinsic parameters.33

The predicted V~'/2 dependence was observed in pre-
vious measurements on Ko 3MoOj; and (TaSe,),I.1314
The elastic constants of these materials are not known,
but can be estimated from mean field theory using
Qf [epes = hvp/2e.2® For Ko3MoOs, using £2/£,€, ~
21,3 vp =~ 16 x 10® cm/s,® and Eyr ~ 0.1
V/cm (Ref. 14) yields a predicted rms amplitude of
AEngn(theor.) = 1.8 x 107¢(Vcm?'/2)V~1/2, The mea-
sured rms amplitude'43637 is AEypn(expt.) =~ 1.7 x
1075(Vem!/2)p—1/2,

For (TaSey),I, using £2/€,€, ~ 40,*® vp ~ 6 x 107
cm/s,?® and Er ~ 2 V/cm (Refs. 39, 40) yields a
predicted rms amplitude of AEnpn(theor.) ~ 1.3 x
107%(Vem'/2)Y~1/2. The measured rms amplitude!®*!
is AExgn(expt.) &~ 5 x 1077 (Vcm!/2)p-1/2,

The agreement between the measured and predicted
NBN amplitude is remarkably good for Ko 3Mo0O3; and
(TaSey),I, and much better than for NbSe;. However,
the uncertainties in the predicted values of the former are
larger. The origin of the discrepancy in NbSej is unclear,
but may be related to additional screening by normal
carriers on ungapped portions of NbSe3’s Fermi surface,
which are not present in Ko 3sMoO3 and (TaSey),l.

In conclusion, we have presented experimental data
and quantitative analysis for NBN in NbSe3. We find
that the NBN amplitude scales as V~1/2 and as E;./ 4
These results provide additional evidence both for bulk
narrow-band-noise generation and for weak pinning.
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