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Size effects, phase slip, and the origin of f ~ * noise in NbSe;
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The threshold electric field for charge-density-wave (CDW) depinning in NbSe; varies inversely
with crystal thickness. Since the thickness of nearly all NbSe; crystals varies in steps across their
width, a macroscopic inhomogeneity in CDW pinning results. We show that CDW phase slip
occurring along thickness steps provides the dominant source of broadband noise in NbSes, and is
responsible for complicated narrow-band noise specira and mode-locking behavior. In crystals
with no thickness steps, the evidence for scaling behavior of the CDW current near threshold is

not convincing.

Voltage or current oscillations are among the most re-
markable phenomena associated with motion of charge-
density waves (CDW?’s) in NbSe; and related materials.!
For dc excitation above the threshold for CDW sliding,
two types of oscillations are observed: (1) coherent oscil-
lations,>2 commonly referred to as narrow-band noise
(NBN), whose fundamental oscillation frequency @, is
proportional to the dc CDW current density Jcpw; and
(2) incoherent oscillations or broadband noise (BBN),2 73
whose power spectrum has the form P(w)~o ~°% with
04=<a=<0.8.

In the absence of CDW phase slip, the time-averaged
current density (and CDW velocity) will be spatially uni-
form, and CDW motion in response to a dc bias is expect-
ed to be periodic.® The spectral width of the NBN funda-
mental should then be extremely small, and no steady-
state BBN is expected. Experimentally, the NBN peaks
are almost always broad (Q =w,/Aw, = 1-20) and show
substantial structure, and large-amplitude BBN is ob-
served. These effects are extremely sample dependent, but
there is a general correlation between the width of the
NBN and the amplitude of the BBN.

As in metals and semiconductors, the mechanism of
BBN generation is of considerable interest. The noise
power 8V2/V? where 8V is the noise voltage, has been
shown to scale with the sample volume,>> suggesting a
bulk origin. BBN has thus been attributed to fluctuations
of the CDW phase resulting from interaction with random
impurities.3 =57

Here we show that most BBN in NbSe; does not have a
bulk origin, and that CDW phase slip plays a central role
in its generation. BBN, complicated NBN spectra, and
incomplete mode locking are a consequence of CDW ve-
locity shear which occurs along steps in crystal thickness.
This shear drastically affects the form of the I-¥ charac-
teristics, and thus has important consequences for study of
any critical behavior near threshold.

Single crystals of NbSe; prepared by vapor transport
have the form of long ribbonlike whiskers. Crystal lengths
can be several centimeters, average thicknesses vary from
0.1 to 10 um, and widths are typically 10 times larger
than the thickness. In undoped NbSes, the threshold field
Er for CDW depinning varies inversely with thickness ¢
for ¢ less than a few micrometers, and gradually becomes ¢
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independent in very thick crystals.®® This size depen-
dence has been attributed®'® to a crossover from three-
dimensional (3D) to 2D weak pinning, which occurs when
t becomes comparable to, or smaller than, the bulk (3D)
transverse CDW phase-phase correlation length. Recent
high-resolution x-ray measurements'' indicate transverse
correlation lengths of a few micrometers in undoped
NbSej3, consistent with this interpretation.

For most NbSe; crystals, the crystal cross section
remains constant in size and shape over lengths of at least
several millimeters, much longer than the sample lengths
used in transport measurements. However, for essentially
all crystals, the cross-section shape is highly irregular. As
illustrated in the inset in Fig. I, the crystal thickness
changes in a series of steps running along the whisker axis,
with step heights that can be comparable to the average
thickness. These thickness variations must result in pin-
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FIG. 1. Narrow-band noise fundamental spectral peaks for
the whole and for part 1 of sample A. The spectral width in part
1, which had a nearly rectangular cross section, is much smaller.
The inset schematically illustrates the crystal studied, whose
cross section had one large step in its thickness running parallel
to the whisker axis. The crystal was split along the step to pro-
duce parts 1 and 2.
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ning-force variations within the crystal cross section.
When an electric field is applied, these macroscopic pin-
ning-force variations will in turn result in strain along the
thickness steps. If this strain is large enough, the CDW
will tear by phase slip along the steps, and CDW velocity
shear will occur.

To investigate the effects of thickness steps on CDW
transport in NbSes, we have performed a very simple ex-
periment. A high-purity NbSes crystal (residual resis-
tance ratio of 200) having one large step is selected and
cut in half lengthwise (i.e., the cut is made perpendicular
to whisker axis). One of these halves is then carefully
split along the step. This procedure yields one crystal with
an irregular cross section (referred to as the “whole™),
and two crystals with more nearly rectangular cross sec-
tions (referred to as parts 1 and 2). Electrical contacts
were applied far from the cut ends, to avoid any damaged
regions. Measurements of the NBN, BBN, and
differential resistance were made at 7=125 K on several
samples prepared in this way, with similar results in each
case. Data presented here are for two representative sam-
ples whose parts had the following lengths, maximum
widths, and average thicknesses: sample A: 0.96 mm x 4.4
pmX0.95 um for part 1; 1.2 mmX3.4 umx1.12 um for
part 2; and 0.9 mmX7.8 umX 1.0 um for the whole; sam-
ple B: 0.7 mmx33 umX1.5 ym for part 1; 0.8 mmx25
umX2.2 um for part 2; and 1.4 mmX57 umx2.0 um for
the whole.

Figure 1 shows the fundamental NBN spectral peaks
for part 1, whose cross section was nearly perfectly rec-
tangular, and for the whole of sample A. The whole’s fun-
damental is very broad and shows substantial structure.
Part 1's fundamental has one extremely sharp peak
(Q =350) and a second much smaller peak at lower fre-
quency. In samples with large thickness differences be-
tween parts 1 and 2, the peaks in the whole’s fundamental
are well separated and can be unambiguously identified as
arising from part 1 or 2. Since w, is, proportional to the
CDW velocity and current density, this implies that the
CDW moves with different time-averaged velocities in
different parts of the whole’s cross section. CDW phase
slip must then occur along the thickness step to allow for
this velocity shear.

Figure 2 shows the normalized broadband noise power
per unit volume versus frequency for sample B. The NBN
fundamental frequency was set at 50 MHz, to ensure that
the current densities in each crystal were approximately
the same, and that no NBN was within the BBN measure-
ment window. The BBN per unit volume in the whole is
more than 2 orders-of-magnitude larger than in either of
the parts; similar behavior was observed for sample A.
This clearly indicates that the boundary between the
whole’s parts— the thickness discontinuity—is entirely re-
sponsible for the difference in BBN amplitudes. BBN in
NbSe; is thus associated primarily with phase slip along
thickness discontinuities, and is not a bulk effect.

Figure 3 shows the differential resistance d¥V/dI of sam-
ple A measured in the presence of a 10 MHz ac voltage.
Mode locking of the NBN frequency @, to the applied ac
frequency wac when @,/w,c=p/q results in Shapiro steps
on the dc Icpw-¥ characteristics and corresponding peaks
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FIG. 2. Normalized broadband noise power per unit volume
vs frequency for sample B. The more than 2 orders-of-
magnitude difference between the whole and parts 1 and 2 is due
to the thickness step in the whole’s cross section. Data below
and above 100 kHz were obtained using a lock-in amplifier and
spectrum analyzer, respectively.

in dV/dL.' The mode locking is said to be complete when
Icpw is constant for some range of dc bias, so that d¥V/dI
is equal to the Ohmic (single-particle) resistance mea-
sured below threshold. In Fig. 3, mode locking of the
whole’s 1/1 peak is only 65% complete, and few subhar-
monic peaks are visible. In contrast, the 1/2 and 1/1
peaks of part 1 lock completely, and subharmonics down
to p/q =1/7 can be resolved. Since an incompletely lock-
ing crystal can be made to lock completely by making its
cross section more rectangular, incomplete mode locking
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FIG. 3. Differential resistance for sample A vs dc bias, mea-
sured in the presence of a 10 MHz ac field. The ac amplitude
was chosen to obtain the maximum mode-locked width of the
1/1 peak. The completeness of the mode-locking correlates with
the uniformity of the crystal cross section.
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can no longer be viewed!? as basic to the CDW response
in NbSes.

The ubiquity of large-amplitude BBN, complicated
NBN, and incomplete mode locking in previous work on
NbSe; is a consequence of the extreme rarity of crystals
with rectangular cross sections. In growths prepared by
standard methods, no such crystals can be found. With
improved growth conditions, roughly one crystal in 10000
will have a rectangular cross section. Measurements on
such a crystal were reported previously.'* The NBN fun-
damental had a spectral Q of 30000 for w, =200 MHz;
nearly 150 subharmonic steps with p/g <1/1 and com-
plete mode locking at frequencies up to 300 MHz were
observed; and no BBN was measured. Based on these and
other results, it was suggested '3 that the BBN, complicat-
ed NBN spectra and incomplete mode locking were a
consequence of CDW velocity shear, and did not reflect
the intrinsic CDW dynamics. The present results confirm
this controversial interpretation and establish the origin of
the velocity shear.

Our observation that most BBN in NbSe; does not have
a bulk origin is not necessarily inconsistent with previous
measurements of the volume dependence of the BBN.
The BBN amplitude from a single thickness step should
roughly scale with the cross-sectional area beneath the
step. The number of steps scales roughly with the crystal
width, so that the BBN power should be proportional to
the crystal volume.

Large-amplitude BBN has been observed in TaSs;,
Ko.3MoOs3, and other CDW conductors.! TaS; crystals
have even more irregular cross sections than NbSes crys-
tals and exhibit a similar size dependence of Er, so that a
similar BBN generation mechanism is expected. More
generally, BBN should result whenever there is CDW ve-
locity shear. In Kg3MoOj3, where size-dependent pinning
may be less important, such shear arises from the large
electrical anisotropy, unfavorable crystal geometries, high
contact resistances, and/or inclusions of other crystalline
phases.

The precise mechanism by which velocity shear along
steps in thickness produces BBN is unclear. However,
many qualitative features are reproduced by a simple
model for two coupled overdamped CDW’s moving in
periodic potentials of slightly different strength, as given

by
d¢;/dt =F — V;sin(g;) +Jsinl(¢; —¢;)/pol, i=1,2, (1)

where ¢; and ¢; are the phases of the two CDW’s, F is the
applied field, ¥; are the pinning strengths, J is the cou-
pling strength, and ¢o determines the minimum phase
difference for phase slip. As the coupling J between the
CDW’s is increased (with F, Vi, V3, and ¢p fixed), the
spectrum of the response progresses from two distinct
NBN peaks with no BBN to two broadened peaks with
BBN to a single NBN peak with no BBN. A more com-
plete model which includes the effects of many thickness
steps, of thermal processes in phase slip, and of relaxation
of internal CDW modes following phase slip seems likely
to reproduce much of the complex time, temperature, and
frequency dependence of the NBN and BBN report-
ed3 1214 for nonrectangular crystals.

The present results have important consequences for
study of CDW transport near threshold. Fisher has sug-
gested ® that CDW depinning is a dynamical critical phe-
nomenon, and has predicted that the CDW current (ve-
locity) should vary with applied field E near threshold as

Jepw~(E—E7)¢. )

A mean-field calculation gives ¢{=1.5, while recent nu-
merical simulations'® give { = 1.16 in 3D and 0.95 in 2D.
Previous measurements®!? of the Jepw-E relation in
NbSe; have yielded ¢ values between 1.1 and 1.5, varying
strongly with temperature and from sample to sample.
The crystals used in these measurements were not
screened for the quality of their NBN or mode locking,
and almost certainly did not have rectangular cross sec-
tions. As indicated in Fig. 4 for sample A, velocity shear
associated with thickness steps rounds the onset of CDW
conduction and increases the value of ¢. For NbSe; crys-
tals with nearly perfectly rectangular cross sections and
with thicknesses such that the static pinning is believed to
be 2D, the onset of CDW conduction at threshold is
abrupt'? (dV/dI exhibits a discontinuous drop at E7, rem-
iniscent of behavior expected for a single-coordinate
CDW) and the data above (E-E7)/Er=0.1 are well de-
scribed by Eq. (2) with {==1.09, in between the 3D and

2D predictions. However, it is far from clear that this

power-law behavior has anything to do with critical phe-
nomena: The { value is very close to 1, the value which
must be obtained at high fields. At fields closer to thresh-
old, power-law fits with a single exponent cannot be made
over any significant field range.

Recently, it has been suggested'® that fluctuations of
the CDW pinning strength resulting from random impuri-
ty distributions will lead to unbounded local strains in
sufficiently large systems when electric fields are applied.
These strains will result in phase slip, destroying the criti-
cal behavior near threshold and producing BBN. Howev-
er, simple estimates suggest that phase slip by this mecha-
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FIG. 4. CDW current density vs reduced electric field for
sample A. The solid lines indicate fits to Eq. (2). The power-
law exponent { is larger in crystals with irregular cross sections.
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nism is unlikely to be important in NbSe;. Since the
dynamical CDW correlation length is expected to be
much longer than the static correlation length in the criti-
cal regime, and since typical NbSe; crystals are only
10-100 static correlation lengths long, we suggest instead
that any scaling regime is eliminated by finite-size effects.

In conclusion, we have shown (1) that BBN in NbSe;
arises primarily'® from macroscopic pinning-force varia-
tions and the resulting CDW velocity shear, and can be
viewed as a finite-size effect; and (2) that crystals with
rectangular cross sections must be used to evaluate the in-
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trinsic dynamics of sliding CDW’s. Crystals with a single
thickness step should provide convenient systems for
quantitative study of f ~* noise and CDW phase slip.
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