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The phenomenon of switching is studied in the lower charge-density-wave (CDW) state of NbSe;
by measurements of dc conductivity. Results show that switching is distinguished from nonswitch-
ing CDW transport by discontinuities in CDW current, large polarization before the onset of CDW
motion, and an unusual temperature dependence of the electric fields necessary to initiate CDW
motion. Furthermore, switching behavior is found to originate within the crystalline bulk of NbSe;.
Switching is not caused by surface defects or external electrical contacts, but is instead produced by
strong, nonuniform pinning of a CDW. Standard models of CDW transport cannot explain the ex-
perimental results. In particular such models neglect fluctuations of the CDW amplitude, but the
observation of current discontinuities indicates that amplitude fluctuations occur within switching
crystals. We suggest that amplitude fluctuations, caused by order-parameter oscillations at phase-
slip centers, produce a breakdown in pinning that leads to switching behavior. We discuss the pos-
sible origin of phase-slip centers in NbSe;, and define two length scales that, in conjunction with the
Fukuyama-Lee-Rice phase coherence length, set a criterion for the occurrence of switching.

I. INTRODUCTION

Charge-density-wave (CDW) transport has been ob-
served in a variety of quasi-one-dimensional conductors.!
These conductors are typically anisotropic metals at
room temperature but undergo a phase transition into the
Peierls distorted state at lower temperatures. Following a
Peierls transition, a gap opens up at the electronic Fermi
surface as the crystal lattice and electronic charge density
p(x) become spatially modulated:

p(x)=p+pcpweos(Qx +¢) . (1)

Here p is the average electronic density, pcpw is the am-
plitude of the electronic density wave, Q =2k is the
CDW wave vector, with kp the electronic Fermi wave
vector, and ¢ is the CDW phase with respect to the
undistorted lattice. If the CDW wave length A=27/Q is
incommensurable with the lattice constant g, then in an
ideal crystal the energy of a CDW would be independent
of its phase. Therefore the application of an electric field,
even a vanishingly small electric field, would cause the
CDW to slide and carry an electrical current.

Because impurities and defects pin the CDW phase to
preferred local values, the energy of a CDW in a real (i.e.
nonideal) crystal is not independent of the CDW
phase.>~ If the impurity and defect concentrations are
small enough, however, an electric field E can still depin
a CDW, leading to a sliding CDW state with enhanced
conductivity. In conventional CDW depinning, the de-
pinning process is smooth, with a well-defined threshold
field E; for the onset of CDW conduction and with no
discontinuities in either chordal (V/I) or differential
(dV /dI) resistance.® At very high electric fields the
CDW dynamic conductance saturates as the CDW ap-
proaches a high-field, high-conductivity state.®—%

In contrast to conventional CDW depinning, the
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phenomenon of switching produces a sharp, often hys-
teretic discontinuity in the I-V characteristic of a CDW
conductor.’ In many cases, the critical field E. at which
switching occurs corresponds to the onset of CDW
motion, hence E.=E. In other cases, switching is pre-
ceded by apparently conventional CDW depinning, so
E_,>E;.'° Multiple switches in a single I-V characteris-
tic have also been reported.!! Switching may be observed
in real-time pulsed experiments, where application of a
current pulse causes an abrupt transition to a high-
conductivity state after a short delay time.>'?> Switching
was first reported in the lower CDW state of NbSe;.
Since then, switching has been observed in selected crys-
tals of TaS;,* (NbSe); 3IL,'* Ky 3MoO;, nd
Rb, ;M00;.!> Furthermore, switching has been inten-
tionally induced or enhanced by iron doping NbSe; (Ref.
11) or by irradiating the blue bronzes.'® Therefore,
switching has proven to be a rather general CDW phe-
nomena.

The magnitude of switching thresholds is characteristic
of CDW depinning energies and suggests that the non-
Ohmic current in switching crystals is carried by the
CDW condensate, just as in nonswitching crystals. On
the other hand, CDW transport is dramatically different
in switching crystals than in nonswitching crystals. For
example, switching in NbSe; is associated with hys-
teresis,” negative differential resistance,!” bistability and
large 1/f noise,'” an inductive ac response,'® and period-
doubling routes to chaos.!” In nonswitching NbSe; crys-
tals, all of these effects are absent. Most experimental
and theoretical research has concentrated on smoothly
depinning CDW’s in nonswitching crystals. A number of
models, both quantum? and classical,?""?? have partially
explained the dynamics of this type of CDW. Despite a
wide diversity of physical assumptions, these standard
models commonly ascribe CDW motion to variations in
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the CDW phase and treat the CDW amplitude as con-
stant and homogeneous throughout a crystal.

Because of the drastic differences between switching
and nonswitching crystals, various ad hoc mechanisms
have been introduced to explain switching: domain cou-
pling,”?} CDW self-blocking,>* CDW inertia,'® and CDW
current noise.”> Ad hoc explanations for switching are
rather unsatisfactory, in the sense that they tend to ob-
scure a fundamental issue. Because it is unclear whether
quantum tunneling or classical mechanics is the ap-
propriate framework for describing CDW dynamics in
general, the physical nature of CDW transport remains
controversial. However, switching could provide a
stringent test for any general theory of CDW dynamics.
A theoretical model which correctly describes conven-
tional CDW dynamics should be a limiting case of a more
general description which encompasses switching. Thus
it is important to understand switching at a fundamental
level.

This paper, along with several companion papers,
presents the results of a study on switching in NbSe;.
The primary goal of this study was to determine whether
switching is an intrinsic aspect of CDW transport. The
results of this study show that it indeed is. More precise
goals of this study were to characterize the dynamics of
switching CDW’s, to relate these dynamics to the dynam-
ics of nonswitching CDW’s, and to compare the dynam-
ics of switching CDW’s to the predictions of existing
models. The main conclusion of our research is that
switching corresponds to a new regime of CDW dynam-
ics: CDW motion in the presence of strong, nonuniform
pinning. (We clarify what is meant by “nonuniform” in
the analysis of our results.) Phase slippage and amplitude
fluctuations are basic features of the transport of switch-
ing CDW’s. As a result, switching cannot be adequately
described by any purely phase-dynamical model of CDW
sliding—a dynamical treatment of the CDW amplitude is
also required. Although we have limited our study to a
single CDW material, we believe that our results are
applicable to the other CDW conductors as well.

In this paper, we discuss the response of switching
crystals of pure and iron-doped NbSe; to applied dc
fields. Experimental methods include measurement of
I-V and dV /dI characteristics, and of narrow-band
noise. Also reported are the results of temperature-
gradient experiments and spatially resolved measure-
ments. The paper and results are organized as follows.
In Sec. II, on materials and methods, we discuss factors
that influence the occurrence of switching in NbSe; crys-
tals. In Sec. III we report measurements of dc CDW con-
ductivity. The measurements fall into three groups:
characterization of dc properties, study of their tempera-
ture dependence, and examination of their spatial unifor-
mity within single switching crystals. In Sec. IV we sum-
marize and then analyze the experimental results. In Sec.
V, the Conclusion, we discuss the relevance of our
findings to other aspects of CDW transport.

II. MATERIALS AND METHODS

26—28

Samples used in our experiments consisted of single
crystals of nominally pure and iron-doped NbSe;,
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prepared by conventional vapor-transport methods.® The
amount of iron incorporated into the Fe NbSe; crystals
(x =0.03 by starting materials) was much less than the
nominal doping, below the approximately 1% sensitivity
of a microprobe analysis. Precisely where in the NbSe;
matrix the iron was incorporated (substitutionally or be-
tween the chains) was not determined. Typical crystal di-
mensions for both the Fe,NbSe; and NbSe; crystals were
2mmX3 pumX2 um.

Crystals of nominally pure NbSe; were obtained from
several different preparation lots, each produced by iden-
tical procedures. Switching was observed only in the
lower CDW state, but was not extensively searched for in
the upper CDW state. The ratio of switching to
nonswitching samples varied widely among NbSe,
batches. In some lots, no samples displayed switching,
whereas in others over 50% of the samples showed
switching. The incidence of switching was found to de-
pend on the age of a batch. In particular, crystals over
six months old did not display switching. Nearly the
original incidence of switching could be restored, howev-
er, by etching the batch in hot, concentrated H,SO,. A
similar aging effect was observed in Fe, NbSes, but etches
of H,SO, were less effective in restoring switching in this
material. The incidence of switching was consistently
higher in Fe,NbSe; than in NbSe;.

We studied the incidence of switching as a function of
sample dimension and quality. Sample quality was moni-
tored either by the number of surface defects, measured
by scanning electron microscopy, or by crystal purity,
measured by either the threshold field at 48 K or by the
residual resistivity ratio. No dependence was observed
on either sample dimension or quality. Preliminary re-
sults had shown switching to be more prevalent in
thinner samples,'® but simply reducing a given sample’s
cross section did not consistently induce switching. For
example, reducing the cross section of a well-aged crystal
had no effect on its I-V characteristic. A correlation of
switching with cross-sectional area does exist, but it is re-
lated to the issue of transverse CDW coherence, as is dis-
cussed later in this paper.

Current leads were applied to crystals using silver
paint and fine gold wires. Both two-probe and four-probe
conductivity measurements were made. For the four-
probe measurements, a special sample holder was con-
structed that enabled voltages to be measured anywhere
along a sample’s length;? this probe is described in Sec.
II. Conductivity measurements were also made when
temperature gradients were applied across the samples.
For these measurements, crystals were suspended in vac-
uum between two large copper mounting posts that were
thermally anchored to Peltier heater chips. Ther-
mometry was accomplished through a diode sensor and
several differential thermocouples mounted close to the
samples.

III. RESULTS
A. I-V characteristics and threshold fields

Switching I-V characteristics of pure and iron-doped
NbSe; crystals were found to be nearly identical. Figure
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1(a) shows current-driven I-V characteristics that are
typical for switching crystals of NbSe;, at selected tem-
peratures in the lower CDW state. Figure 1(b) shows
similar I-V characteristics for Fe /NbSe;. Switching
occurs only over a limited temperature range, from about
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FIG. 1. (a) Current-driven dc I-V curves for a switching crys-
tal of NbSe;. Arrows indicate the direction of bias sweep. For
temperatures below 30 K, the traces for forward- and reverse-
bias sweeps have been vertically offset for clarity. (b) Current-
driven dc I-V curves for a switching crystal of Fe,NbSe;. Ar-
rows indicate the direction of bias sweep. For temperatures
below 48 K, the traces for forward- and reverse-bias sweeps
have been vertically offset for clarity.
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15 to 35 K in NbSe; and from about 40 to 50 K in
Fe,NbSe;. These temperature ranges are somewhat sam-
ple dependent. In NbSe;, for example, switching may
occur at temperatures as high as 42 K, or it may not be-
gin until below 30 K. In both NbSe; and Fe, NbSe;, at
temperatures above the switching regime, the chordal
resistance V /I is a smooth function of the applied
current bias, and the differential resistance dV /dI
remains positive along the I-¥ curve. As the switching
regime is entered, a region of negative differential resis-
tance appears and develops into an abrupt switch with
decreasing temperature. Well into the switching regime,
switching becomes hysteretic, and departure from the
switching regime occurs at lower temperatures, as the
switch height decreases and hysteresis increases. Multi-
ple as well as single switches are observed in Fe NbSe,
and NbSe;, and switching occurs in either voltage or
current-driven experiments. [As an example, Fig. 6(b)
shows a voltage-driven I-V characteristic of a NbSe;
crystal with nine switches.] The size of switching is sam-
ple dependent. The largest switching, i.e., the largest rel-
ative discontinuity in an I-V characteristic, was observed
in undoped NbSe; crystals.

A feature common to both NbSe; and Fe, NbSe; is that
dynamic conductance is roughly constant past the
switching threshold.'® This may be seen in the I-V
curves of Fig. 1, where the switching curves have nearly
uniform slope in the nonlinear region. In nonswitching
crystals, the inverse differential conductance dV /dI at-
tains constant values only when the applied field is about
4-5 times the threshold field.® Switching crystals reach
the high-field conductivity state immediately past thresh-
old, which suggests that CDW pinning effectively col-
lapses at threshold.

The critical threshold field E. in switching crystals is
nearly independent of temperature. The temperature in-
dependence of switching thresholds in NbSe; crystals is
quite striking. Figure 2(a) shows threshold fields of
switching and nonswitching NbSe; crystals, normalized
to their extrapolated 7 =0 values. (Normalization is
necessary because of the wide spread in threshold fields;
see below.) For reference, the figure also displays
Fleming’s curve for threshold fields in nonswitching
NbSe, crystals.® Threshold fields E; have the same gen-
eral temperature dependence for all nonswitching sam-
ples; e.g., they begin to rise gradually as the temperature
is cooled below 50 K and change by about 100% between
35 and 20 K. In contrast, E; in switching samples rises
quite abruptly just before the switching regime is entered,
and then is roughly constant, to within 10%, inside the
switching regime where E;=E_, In the temperature
range 41-46 K, half-filled symbols indicate switching
thresholds E, that are preceded by conventional depin-
ning, with E; <E..

The temperature independence of switching thresholds
in Fe NbSe; is somewhat less dramatic, because
nonswitching thresholds are less temperature dependent
between 40 and 50 K. Figure 2(b) shows threshold fields
of a switching Fe NbSe; crystal and a nonswitching
NbSe; crystal. The threshold fields have been arbitrarily



normalized to their 51-K values, and again for reference
the figure displays Fleming’s curve for nonswitching
NbSe, threshold fields. Switching in this Fe, NbSe; crys-
tal occurred mainly between 40 and 48 K. In this tem-
perature range, the crystal’s threshold field E;=E, is
nearly constant (solid circles). In contrast, threshold
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FIG. 2. (a) Normalized threshold fields for CDW depinning
in switching and nonswitching crystals of NbSe;. The open
symbols represent thresholds E; for smooth depinning, the
solid symbols represent thresholds E.=E for switching, and
the half-filled symbols represent switching thresholds £, when a
crystal depins smoothly at a lower bias E7. Fleming’s curve for
nonswitching thresholds is adapted from Ref. 6. (b) Normalized
threshold fields for a switching Fe NbSe; crystal and a
nonswitching NbSe; crystal. Fleming’s curve for nonswitching
NbSe; is adapted from Ref. 6.
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fields of nonswitching crystals change by 50% between
these temperatures. Outside of the switching regime, the
threshold field E; of the Fe,NbSe; crystal is strongly
temperature dependent (open circles). The atypical tem-
perature dependence of switching thresholds—in NbSe;
and Fe, NbSe;—suggests that a different physical mecha-
nism is responsible for CDW depinning in switching crys-
tals than the usual phase depinning that occurs in
nonswitching crystals.'®

Switching threshold fields E, are generally large, and
in the switching regime the onset of nonlinear conduction
typically occurs at Er=E,. In NbSe;, switching thresh-
olds are between 300 and 1500 mV/cm, and in Fe, NbSe;,
switching thresholds are between 100 and 500 mV/cm.
These fields are 10-100 times larger than nonswitching
thresholds observed at comparable temperatures in the
highest-quality NbSe; crystals.>*® Although switching
fields are always large, nonswitching thresholds can be
equally large, and comparisons of threshold fields in ran-
domly selected crystals reveal no critical value of thresh-
old field above which switching always occurs.

A more fruitful comparison is of E,. for switching and
E; for nonswitching behavior in the same crystal. Other
researchers have performed this kind of comparison by
irradiating nonswitching crystals.!® They find that irradi-
ation produces switching, and that the onset of switching
is accompanied by an increase in threshold field E;. We
have performed the inverse experiment: we have induced
nonswitching behavior in switching crystals. By physi-
cally cutting and thereby shortening a switching crystal,
switching can be eventually eliminated. Figure 3 shows
J=I/A (A denotes the sample cross-sectional area)
versus E curves for a NbSe; crystal at 35 K. The uncut
crystal was 2.8 mm long and displayed a large hysteretic
switch at a threshold field of E; =1450 mV/cm. The cut
crystal was 300 um shorter, and depinned smoothly at
E,=480 mV/cm. (No additional nonlinearity was ob-
served at 1450 mV/cm.) Other crystals displayed the
same general dependence of switching on length, al-
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FIG. 3. Voltage-driven, switching I-V curve for an unit crys-
tal of NbSe;, and nonswitching I-V curve for the same crystal
after it has been shortened from 2.8 to 2.5 mm.
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though not as dramatically; some crystals were shortened
to 100 um before they stopped switching.

B. Nonuniform pinning

Reducing the length of a nonswitching crystal does not
induce switching, but reducing the cross-sectional area
sometimes does. NbSe; crystals may be easily cleaved by
splitting them parallel to the b-c or b-a planes of the unit
cell. Figure 4 shows a micrograph of a crystal that was
split from a larger crystal. The length of both split and
unsplit crystals was 2.5 mm. The cross-sectional area of
the unsplit crystal was 28 um?, whereas the cross-
sectional area of the split crystal was 2.7 um?. The split
crystal appears uniform, with no damage visible any-
where along the crystal surface, indicating that splitting
is an effective way of reducing a crystal’s cross-sectional
area in a nondestructive way.

Figures 5(a) and 5(b) show J-E curves at 29 K for the
parent crystal and for the split crystal of Fig. 4, respec-
tively. The parent crystal depins smoothly at E, =48
mV/cm, but the split crystal switches at E,=E; =675
mV/cm. Threshold fields at 48 K, a standard measure of
crystal quality, also changed. The threshold field of the
starting crystal was 16 mV/cm, but the threshold field of
the split crystal was 70 mV/cm. The higher threshold
fields of the split crystal—both at 48 and 29 K —indicate
that the CDW is pinned more effectively in the split
(switching) than in the unsplit (nonswitching) crystal.

Similar changes in switching and threshold field were
observed in a number of other split crystals. The effect of
splitting suggests the presence of localized, strongly pin-
ning regions, sparsely distributed within NbSe; and
Fe, NbSe; crystals. Elimination of these strongly pinning
regions (as occurs by physically cutting them from the
crystal) causes a switching crystal to become nonswitch-
ing. Conversely, reducing the cross-sectional area of a
crystal by splitting may induce switching in a previously
nonswitching crystal. If the width of a crystal is large

FIG. 4. Scanning-electron-microscopy micrograph of a
switching NbSe; crystal. No surface defects are apparent. Left:
typical crystal section. Right: detail of boxed region on the left,
magnification by an additional factor of 10. Scale bar of 6.37
um refers to the left-hand photo.
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compared to the CDW phase-coherence length, then
CDW current can flow around localized regions that are
strongly pinned, leading to uniform depinning with no
switching. On the other hand, if the crystal width is
comparable to the transverse coherence length, then lo-
calized regions of strong pinning can initially obstruct
CDW current and ultimately result in switching. Trans-
verse phase-coherence lengths in NbSe; are roughly
0.4-0.8 um for threshold fields of 16-70 mV/cm.’!
Therefore the diameter of the split crystal in Fig. 4 is
comparable to the transverse CDW coherence length. In
contrast, the diameter of the unsplit crystal is much
larger, which is consistent with the much smaller pinning
in that crystal.

We now turn to another series of experiments, where
current domains were directly observed by nonperturba-
tive measurements of local dc conductivities.”” Figure
6(a) schematically illustrates the four-terminal probe used
to make such measurements. Current leads, terminals 1
and 4, were attached to the ends of a crystal using silver
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FIG. 5. (a) Current-driven I-V characteristics of a NbSe;
crystal at 7=29 K. The traces of forward- and reverse-bias
sweeps have been offset vertically for clarity. The threshold
field E; is indicated by an arrow for the lower trace. (b)
Current-driven I-V characteristics for a NbSe; crystal at T=29
K. The crystal was obtained by “splitting” the parent crystal of
(a). Multiple switching is clearly observed. The traces for
forward- and reverse-bias sweeps have been vertically offset for
clarity.
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paint. Two additional voltage-sensing leads, terminals 2
and 3, were formed by pressing fine metal wires against
the crystal surface. The pressures as well as locations of
probes 2 and 3 could be adjusted independently during an
experiment. Adjusting the pressure of the probes
changed their contact resistance to the crystal. When the
probes were lightly applied, their contact resistances were
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FIG. 6. (a) Four-terminal measurement configuration. Ter-
minals 2 and 3 are movable and nonperturbative. The indicated
distances refer to terminal positions used in (b) and (c). (b)
Voltage-driven I-V characteristics of a NbSe; crystal at T=29
K, measured between terminals 1 and 4 (2 probe) as indicated in
(a). The traces for forward- and reverse-bias sweeps have been
offset vertically for clarity. The switches are identified with a
number, which also identifies a particular peak in the narrow-
band noise spectrum (see Fig. 7). (c) Current-driven I-¥ charac-
teristics for the same NbSe; crystal as used in (b). The three
traces refer to the local I-V characteristic of three different seg-
ments of the crystal [see (a)].
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large and the probes did not perturb the current distribu-
tions within a crystal. The probes could be placed any-
where along a crystal with an accuracy of £5 um.

Figure 6(b) displays a voltage-driven I-V characteristic
of a NbSe; crystal with nine switches, measured across
terminals 1 and 4. The switches were unaffected by either
contact 2 or 3, whether the contacts were lifted or ap-
plied. Figure 6(c) shows current-driven I-V characteris-
tics across successive segments of the same crystal, when
probes 2 and 3 were lightly applied to the crystal. (Seg-
ment lengths are shown in the inset.) Figure 6(c) shows
that when a switch occurs in a complete /-V characteris-
tic a corresponding switch occurs in at least one, but not
all, of the partial I-V characteristics. Therefore, each
switch signals local depinning of the CDW. Threshold
fields vary by 50% in Fig. 6(c), so the CDW is nonuni-
formly pinned within the crystal.

We find that switching in NbSe; and Fe, NbSe; is gen-
erally characterized by nonuniform pinning and forma-
tion of current domains. Narrow-band noise measure-
ments show that the CDW drift velocity within a current
domain is independent of its drift velocity within other
domains.”’ For example, each successive switch in Fig.
6(b) corresponds to a new fundamental noise frequency
entering the total noise spectrum. Figure 7 shows traces
of frequency versus total CDW current for the first six
narrow-band noise fundamentals. Unlike nonswitching
crystals, the frequency of a fundamental is not propor-
tional to the total excess CDW current. Each switch pro-
duces a jump in the total CDW current and thus a break
in the traces of Fig. 7. After each switch, the slope of
each frequency trace is lower, as would be expected if
CDW current was to flow in spatially separated domains.

The size of a current-carrying domain may be estimat-
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FIG. 7. Narrow-band noise frequency total CDW current for
the same NbSe; crystal as used in Figs. 6(b) and 6(c). The mea-
surement is performed between terminals 1 and 4 (2 probe). The
different symbols refer to noise peaks which first appear at a
particular switch, and are associated with a specific current
domain. The data become linear and extrapolate to (0,0) only if
the excess current axis is that appropriate to the specific
current-carrying domain.
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ed from Jpw =neAf’, where J -pyw is the excess current
density carried by that particular domain, » is the density
of carriers condensed in the CDW state, A is the CDW
wavelength, and f' is the frequency generated by that
domain, For example, assuming that n =10*' cm~* and
A=14 A, the first switch in Fig. 6(a) corresponds to a
volume of 2100 um?, which agrees with the crystal di-
mensions and the probe spacing. This volume indicates a
serial arrangement of domains, i.e., domains stacked end
to end along the crystal rather than side by side across
the crystal. The slope of frequency versus current in Fig.
7 also indicates a serial arrangement of domains within
the crystal.

The volume and arrangement of current domains may
be determined directly by moving probes 2 and 3 in-
dependently along a crystal and measuring I-V charac-
teristics in different sample segments.”> We have per-
formed such measurements in a number of NbSe; and
Fe,NbSe; crystals. Figure 8(a) shows the probe arrange-
ment and Fig. 8(b) shows the I-¥ characteristics for a sin-
gle Fe NbSe; crystal. The solid I-¥ curve (between ter-
minals 1 and 4) indicates two distinct switches. By in-
dependently moving probes 2 and 3 and remeasuring the
I-V characteristics, we determined that the first switch at
I, corresponds to the depinning of a region A, whereas
the second switch at Ig, corresponds to the depinning of
a second region B. The two regions are identified at the
top of the figure. The interface between regions 4 and B
is very sharp. Figure 9(b) shows the magnitude of the
switch at Ig; and the magnitude of the switch at I,, mea-
sured as functions of the positions of probes 2 and 3, re-
spectively. The intersection of the lines through the data
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FIG. 8. (a) Voltage probe configuration for /-V traces shown
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and I, identify the two critical currents for switching.
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FIG. 9. Switching height A4 [as measured directly from I-V
traces, such as shown in Fig. 8(b)], vs probe position for an
Fe,NbSe; crystal at T=42 K. The circles refer to switch 1, the
triangles refer to switch 2. The vertex of the two straight lines
identifies the location of the phase-slip interface in this crystal.
The inset shows hg, near the phase-slip region in greater detail.

points indicates that the interface between regions 4 and
B is well defined, and located 776 um from terminal 1.
Figures 8(a) and 8(b) are characteristic of switching sam-
ples of NbSe; and Fe, NbSe;. We consistently find that
current domains are arranged serially and that interfaces
between domains are abrupt to within the resolution of
our probe (several micrometers). In these interface re-
gions, CDW current is discontinuous. Condensed elec-
trons are converted into normal carriers, and vice versa.
Just as in superconductors®?> and superfluids,®® current
conversion takes place by periodic collapse of the CDW
amplitude, at a rate set by the difference in CDW phase
velocity between adjacent regions. These interface re-
gions are therefore referred to as phase-slip centers.?®3*

No distinguishing surface defects are associated with
phase-slip centers. A scanning electron microscope was
used to study the phase-slip region in the Fe,NbSe; crys-
tal of Figs. 8(a) and 8(b). Although some minor surface
defects were evident, no major surface features were
found in the phase-slip region. Conversely, some switch-
ing crystals, such as in Fig. 4, have virtually perfect sur-
faces. Switching thus cannot be ascribed to surface con-
tamination or to surface defects.

C. Temperature-gradient experiments

We have demonstrated that pinning is nonuniform
within switching crystals: switching crystals consist of a
number of macroscopic current domains with indepen-
dent threshold fields. A related issue is whether pinning
is uniform inside one of these domains. Previous experi-
ments, on crystals that display a large degree of switch-
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ing, have demonstrated the development of sublevels
within hysteresis loops as the temperature of the crystals
is reduced.® The development of sublevels suggests that
large current domains are susceptible to breakup into
smaller domains, and that pinning therefore can be
nonuniform within a single large domain. In crystals that
display a small degree of switching, however, domains
often show no tendency toward breakup and pinning
could therefore be uniform within small regions. The
domains associated with such regions appear “rigid.”

To test the rigidity of apparently homogeneous
domains, we applied temperature gradients across crys-
tals that displayed a small degree of switching. In
nonswitching NbSe;, both the Ohmic resistivity and
threshold field E; are highly temperature dependent. An
applied temperature gradient causes nonswitching crys-
tals of NbSe; to break up into distinct current-carrying
regions. Breakup is limited by the elasticity of the CDW
phase and amplitude, which acts to keep the CDW drift
velocity uniform even in the presence of effectively
nonuniform pinning. Temperature gradients of 12-15
K/mm typically cause a nonswitching crystal to break
into two or three well-defined regions.*

Although the critical threshold field for the onset of
switching is temperature independent, the threshold
current is not. This is a direct result of the strong tem-
perature dependence of the Ohmic sample resistance in
the switching regime. Figure 10(a) displays the I-V
characteristics of a switching NbSe; crystal measured at
selected temperatures. The entire crystal is at a uniform
temperature in each case. The crystal shows negative
differential resistance at 29 K and clear switching below
26 K. Below 26 K, depinning proceeds by two indepen-
dent switches, labeled S; and S, in the figure, indicating
that at least two current-carrying domains exist within
the crystal. The two switches become hysteretic at low
temperatures, but no additional switches are observed.

Figure 10(b) shows the effect of a temperature gradient
across the same switching crystal of Fig. 10(a). One end
of the crystal was held at a fixed temperature T,=24 K,
while the other end was warmed to a higher temperature
T,+ AT, between 24 and 28 K. The curves in Fig. 10(b)
are labeled by the temperature difference AT. The length
of the sample was 0.3 mm, and the largest gradient ap-
plied was 13 K/mm (for AT =4 K). Figure 10(b) demon-
strates that temperature gradients have a strong effect on
the switching characteristics of NbSe;. As the tempera-
ture gradient is increased, the first large switch [labeled
S, in the top half of Fig. 10(b)] appears to break up into a
series of smaller switches, labeled S}, S, etc. The
second original switch, S,, remains largely unaffected by
the temperature gradient.

We associate the breakup of the original switch S, in
Fig. 10(b) with a breakup of a switching domain near the
warmer region of the crystal. The initial switch S| ap-
pears to correspond to a small domain very close to the
warm end of the crystal. This is demonstrated in Fig. 11,
which shows the threshold current of switch S| as a func-
tion of temperature (assuming T=T,+AT), along with
the temperature dependence of S, (in the isothermal crys-
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tal) deduced from Fig. 10(a). The two thresholds match
closely over the temperature range 24-28 K.

The results of Fig. 10(b) indicate that a temperature
gradient as small as 6 K/mm is sufficient to break a
current domain into four subdomains over a distance
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FIG. 10. (a) Current-driven I-V characteristics for a NbSe;
crystal at selected temperatures. For each trace, the sample is
isothermal. At low temperatures, two distinct switches, S, and
S,, occur as identified by the vertical arrows. (b) Current-
driven I-V characteristics for the same NbSe; crystal as used in
(a), but with a uniform temperature gradient applied. The cold
end of the sample is held at T,=24 K, the hot end is at
To,+AT. With increasing AT, switch S, breaks up into a series
of smaller switches, S|, S, etc., as identified in the AT=2.3 K
trace.
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FIG. 11. Threshold current Iy vs temperature T for switch-
ing to occur in the same NbSe; crystal as used in Figs. 10(a) and
10(b). The open circles refer to switch S, of Fig. 10(a) (iso-
thermal condition). The triangles refer to the first switch, S| of
traces in Fig. 10(b) (gradient applied). The temperature used is
To+AT. The close correspondence of the two data sets indi-
cate that S is associated with a current domain near the warm
end of the sample.

smaller than 300 um. This distance is much smaller than
the length typically associated with temperature-
gradient-induced domains in nonswitching samples. The
relatively large effect of a temperature gradient in switch-
ing samples indicates that pinning is nonuniform within
the domain. The domain evidently consists of a number
of coupled subregions, with an average length of less than
60 pum, that normally depin simultaneously (perhaps in an
avalanche-type process). We propose that these subre-
gions are actually separated by phase-slip centers, which
cause velocity discontinuities only in the presence of an
additional strain such as a temperature gradient. In a
nonswitching crystal, the absence of phase-slip centers al-
lows larger velocity-coherent domains in the presence of
a temperature gradient.

D. CDW polarization

Local variations in threshold field should produce mac-
roscopic polarization of the CDW in a switching crys-
tal.”* When an electric field exceeds the local threshold
field, the CDW attempts to slide. If an adjacent region is
not depinned, the elasticity of the CDW prevents CDW
current from flowing until a phase-slip center forms or
until the adjacent region depins. Phase-slip centers are
energetically costly (see below), so the CDW phase can
develop appreciable gradients across distances compara-
ble to the Fukuyama-Lee-Rice phase-coherence length.
Phase polarization is thought to be observed by localized
resistivity changes in switching TaS, crystals.'?

We have observed large, subthreshold resistivity
changes in a switching NbSe; crystal by employing spa-
tially resolved three-terminal dV /dI measurements. Fig-
ure 12(a) shows the contact arrangement. (The crystal re-
gions A and B are meaningful only in the low-
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FIG. 12. (a) Three-terminal probe configuration for dV /dI
measurements of Figs. 12(b) and 12(c), and Fig. 13. The regions
“A” and “B” in the crystal become meaningful only at low tem-
peratures, in the switching regime. (b) dV /dI traces for the en-
tire NbSe; crystal (terminals 1 and 4), and left- and right-hand
segments [see (a)], all measured at T=48 K. The CDW depins
uniformly throughout the crystal at E; at this temperature. (c)
Same as (b), but for sample temperature T=27 K. Depinning is
not uniform throughout the crystal. The top trace shows the
dV /dI characteristics for the entire crystal. Strong low-field
hysteresis is observed below E;, and switching occurs at high
bias current. The middle trace shows the dV /dI characteristics
primarily for region A [see Fig. 12(a)]. No low-field hysteresis is
observed in this “normally depinning” region. The bottom
trace shows the dV /dI characteristics for region B [see Fig.
12(b)]. This region is associated with strong low-field hysteresis
and switching.
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temperature, switching regime.) Figure 12(b) shows
dV /dI traces at 48 K corresponding to the crystal seg-
ments between probes 1 and 4, probes 1 and 2, and
probes 2 and 4. At 48 K, the three regions depin simul-
taneously and display identical dV /dI characteristics.
No hysteresis is present in the low-field resistance. This
is not the case at lower temperatures that are within the
switching regime.

Figure 12(c) shows localized dV /dI measurements of
the same NbSe; crystal at 27 K. At this temperature the
crystal consists of two well-defined regions A4 and B,
which depin independently. These regions were mapped
out in a series of I-V experiments similar to those de-
scribed for Fig. 8. Region A depins normally at a current
bias of 57 uA, whereas region B switches at a current bias
roughly 3.5 times larger. The dV /dI plots of Fig. 12(c)
were made with probe 3 raised and probe 2 placed inside
region B. The top trace is the dV /dI response of the en-
tire crystal, and the second and third traces correspond
approximately to regions 4 and B. The second trace,
measured mainly across region 4, has a concave-upward
shape characteristic of nonswitching CDW’s except for a
small contribution from region B. The third trace, mea-
sured across most of region B, has an entirely different
shape. Excluding the region near zero bias, the trace
resembles a hysteretic step function. The dynamic resis-
tance of the switching region changes abruptly from the
pinned, zero-field value to the saturated, high-field limit.
The top trace, the response of the entire crystal, is a
linear superposition of regions 4 and B.

Near zero bias, region B displays two repeatable and
distinct resistivity states. The lower resistivity state is
reached by increasing the current bias past Ip=33 pA
and then reducing the bias to zero. The upper resistivity
state is reached by sweeping the bias below —Ip,=33 uA
and then back to zero. The low-field resistivity of region
B displays a “memory” of the polarity of the preceding
bias sweep, provided that the bias exceeds either of the
critical values t1,. This polarization effect is large, ap-
proximately 15% of the low-field resistance of region B.
The strong polarization effect is closely connected with
switching since it occurs in the switching region of the
crystal.

Figure 12(c) shows that the critical bias Ip, the polar-
ization threshold for switching region B, is comparable to
the threshold bias of nonswitching region 4. This sug-
gests that polarization in region B is caused by the CDW
depinning from impurities in some parts of the region,
but remaining pinned in others. CDW current in region
B is prevented from flowing by the CDW elasticity, until
region B switches (and completely depins) at a much
higher bias. The temperature dependence of the polariza-
tion effect is consistent with this interpretation. Figure
13 shows d¥V /dI measurements across region B from 48
to 28 K. Between 48 and 40 K, the dV /dI curve loses its
concave-upward shape past threshold, and low-field hys-
teresis sets in at the same time. A change of scale at 40 K
and then at 35 K clarifies what is happening to the CDW
in region B. As temperature is reduced, the CDW only
partially depins at the higher temperature threshold I;.
Further depinning takes place past I, and by 37 K a
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FIG. 13. dV /dI vs I at selected temperatures for the switch-
ing region (region B) of the NbSe; crystal of Fig. 12.

second threshold is clearly evident as a pronounced
downward bend in the dV /dI curve. At lower tempera-
tures, this bend sharpens into the switch that is observed
at 28 K. The polarization field Ip is a remnant of the
nonswitching threshold I, at higher temperatures. Evi-
dently, a large polarization and accompanying elastic
strain is necessary to produce depinning at the switching
threshold.

Near zero bias, the upper and lower resistivity states of
region B appear to be just two of an infinite number of
stable polarization configurations of the CDW. Figure 14
shows the low-field resistivity of region B in closer detail
at 38 K. If current is monotonically swept from below
—1I,=—10 pA to above +Ip and then back again, only

T T
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FIG. 14. Detail of low-field polarization states of the NbSe;
crystal of Figs. 12 and 13. The arrows indicate bias-sweep
direction.
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the upper and lower resistivity states of region B are
mapped out. If the current sweep is reversed as the tran-
sition is made from one state to the other, however, then
a series of sublevels are attained inside the hysteresis
loop. Two such sublevels are indicated in the figure.

Similar polarization and memory effects have been pre-
viously observed in NbSe; by Ong et al., although they
were not recognized as being associated with switching.?’
In general, polarization experiments have been performed
using only a two-contact configuration, which can ob-
scure inhomogeneous polarization and current distribu-
tions. Mihaly and Tessema®® have also reported related
polarization effects in K ;Mo00O;, where switchinglike be-
havior is observed. The large magnitude of the effect that
we observe here in switching NbSe; is due to the coex-
istence of switching and nonswitching regions within the
same crystal. In switching crystals that contain no
nonswitching regions, we have observed smaller polariza-
tion effects.

IV. ANALYSIS

A. Experimental implications

Switching in pure and iron-doped NbSe; is apparently
caused by the same mechanism, although switching
occurs at higher temperatures in Fe,NbSe; than in
NbSe;. In both materials, measurements of differential
resistance suggest that switching corresponds to an
effective collapse of CDW pinning past threshold. Conse-
quently, CDW’s in switching crystals make an abrupt
transition from a pinned, zero-velocity state to an
effectively high-field state. This process of depinning is
very different from the usual process of phase depinning
that occurs in nonswitching crystals, as is underscored by
the atypical temperature independence of switching criti-
cal fields E.. Threshold fields are generally large in
switching crystals, so that pinning forces must be large,
but large threshold fields alone do not cause switching.
Other attempts to distinguish switching from nonswitch-
ing crystals—by crystal quality and by crystal
dimensions—have also been unsuccessful. Surface in-
spection of switching crystals shows that switching crys-
tals are not physically damaged or otherwise different
from nonswitching crystals. By elimination, strong im-
purities or internal lattice defects remain as likely causes
of switching.

Other experiments point directly to a random, internal
distribution of strong pinning centers—such as strong
impurities or lattice defects—as the probable cause of
switching. As demonstrated by examination of hysteresis
loops or by measurement of local conductivity within a
single crystal, a characteristic feature of switching crys-
tals is the tendency to break into spatially distinct
domains of uniform CDW current. These domains are
separated by phase-slip centers which convert excess
CDW current into normal electronic current via periodic
collapse of the CDW amplitude. Narrow-band noise
measurements and temperature-gradient experiments
show that strong-pinning centers and amplitude fluctua-
tions can exist even inside current domains. Nonuniform
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pinning produces a large amount of CDW phase polar-
ization, with a threshold for the onset of polarization
effects that is clearly a remnant of the usual phase-
depinning process.

In the analysis that follows, we shall first discuss previ-
ously proposed models of switching. These models prove
to be inconsistent with experiment. We therefore pro-
pose another mechanism for switching: phase slippage
and CDW amplitude fluctuations.

B. Phase-dynamical model of switching

In NbSe; and Fe, NbSe;, switching is associated with
hysteresis, bistability, negative differential resistance, and
chaos. Similar phenomena have been observed in other
systems, e.g., semiconductors under large electric fields.
There, the effects are attributed to single-particle process-
es such as thermal runaway, impact ionization, or
avalanche breakdown. None of these single-particle pro-
cesses appears appropriate to NbSe; or Fe, NbSe;. Im-
pact ionization and avalanche breakdown require fields of
at least 1000 V/cm, whereas in NbSe;, switching results
from fields between 0.1 and 1 V/cm. Thermal runaway is
ruled out because it requires a material’s resistivity to de-
crease with increasing temperature; in pure and iron-
doped NbSe;, switching occurs only when dp/dT > 0.

A number of models have been proposed to account for
various aspects of CDW switching. Joos and Murray?
have proposed a domain coupling model; Janossy and
Kriza** have suggested a CDW self-blocking mechanism;
Hall et al.' have considered a single-degree-of-freedom
model with inertia, and Wonneberger®® has proposed a
single-degree-of-freedom model with current noise. A
common feature of these models is that they ascribe
switching to CDW phase dynamics, and neglect or assign
an insignificant role to amplitude fluctuations. The mod-
els often reproduce certain experimental results, but they
cannot describe all the phenomena of CDW switching
discussed in this report.

In the domain coupling model of Joos and Murray, a
switching crystal is divided into an arrangement of other-
wise unspecified domains. When an electric field exceeds
the threshold for CDW depinning, each domain is as-
signed a certain probability for depinning, and once de-
pinned, a domain can trigger neighboring domains to also
depin, so that a depinning wave propagates along a crys-
tal. This model reproduces the delay times observed in
pulsed switching experiments,’ but the physics behind
domains and their intercouplings is unclear, as is why
they should behave differently in switching versus
nonswitching crystals. From a mathematical point of
view, the description is a kinetic Ising model.

The simplified nature of the Joos-Murray model results
in problematic I-V characteristics. A more serious
difficulty is that the model requires no CDW current to
flow in a switching crystal until the CDW has depinned
in all portions of the crystal; this is inconsistent with our
experiments, which demonstrate that current domains
may depin independently within a given crystal. The use-
fulness of the Joos-Murray model is that it involves a
domain configuration (as observed experimentally) with
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tractable statistics in the time domain (an issue not dis-
cussed here). It is a many-degree-of-freedom model.

The CDW self-blocking model of Janossy and Kriza is
also a many-degree-of-freedom model. It proposes that
macroscopic polarization of a CDW interferes with de-
pinning and delays CDW conduction until the CDW can
relax from a polarized state. As discussed earlier, and il-
lustrated in Figs. 13 and 14, large polarization effects are
indeed associated with switching CDW’s. In the self-
blocking model, the origin of the unusual polarization (as
opposed to polarization in nonswitching crystals) remains
unspecified. An interesting implication of the model is
that if dc bias is swept slowly enough, then switching
should not be observed in the I-V characteristics of a
crystal. In our experiments, however, we observe no
unusual time dependence (at long time scales) in the
switching characteristics of NbSe; or Fe, NbSe,. Finally,
just as with the Joos-Murray model, the self-blocking
model requires that no CDW current flows in a crystal
until the CDW depins along the entire crystal length
(which is inconcistent with experiment, as stated previ-
ously).

Both the CDW inertial model of Hall et al. and the
CDW current model of Wonneberger et al. are based on
the single-particle classical equation of motion proposed
by Griiner, Zawadowski, and Chaikin,?!

d*x 1 dx wé . e
B = E R 2
w2 T sinQx " (2)

where x is the CDW center-of-mass coordinate, ¢ is a
time variable, 7 is a time constant describing dissipation,
wg 1s a pinning frequency representing the strength of the
impurity potential, m * is the Frohlich mass of the CDW
electrons, and E is the applied electric field. Usually, the
inertial term (first term on the left) is neglected because
the phase relaxation rate (order 107 '! s) is much faster
than either w, or the frequency of the applied electric
field. In the inertial model of switching, the first term in
Eq. (2) is retained, which is equivalent to specifying that
wgX 1/7. Thus the inertial model requires either large
pinning or small damping. In the current-noise model,
the inertial term is neglected, but an additional noise
term is added to the right-hand side of Eq. (2). The mag-
nitude of the noise term is a function of the CDW veloci-
ty, so Eq. (2) must be solved self-consistently. For
switching to occur, current noise must increase sharply
as the CDW velocity approaches zero. The physical ori-
gin of this noise remains unspecified.

The inertial model of switching is equivalent to the
resistively-shunted-junction (RSJ) model with capaci-
tance, which is commonly discussed in the Josephson-
junction literature.’® It predicts switching, hysteresis, bi-
stability, and chaos, all of which are observed in switch-
ing crystals of NbSe;. However, the parameters of the
model are not self-consistent when applied to CDW dy-
namics. The model requires either very large pinning
(large values of w,) or very small damping (small values
of 1/7) for switching to occur, but neither assumption is
justified by experiment. Typically, @, in nonswitching
crystals is much smaller than 1/7, w,7~3X 1072 The
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phase relaxation rate 1/7 does not appear to change in
switching crystals, because the high-field conductivity
limit is the same for switching as for nonswitching crys-
tals. Large pinning is observed in switching crystals, but
it is not so large as to indicate underdamped motion.
Since threshold fields?! scale as ©3, underdamped motion
in NbSe; would imply threshold fields in switching crys-
tals that are roughly 1000 times larger than those in
nonswitching crystals. In NbSe; crystals, the ratio be-
tween switching and nonswitching threshold fields is be-
tween a factor of 3 and 10. This discrepancy can be over-
come by invoking velocity-dependent pinning or damp-
ing, but such extensions appear inconsistent with ac-
conductivity measurements.'®?® Lastly, a serious limita-
tion of the single-degree-of-freedom inertial model is that
it is unable to provide a plausible explanation for the ex-
istence of current domains.

The current-noise model of Wonneberger suffers from
the same problems with current domains. The most ob-
jectionable feature of this model, however, is the func-
tional form of the conduction noise necessary to induce
switching and hysteresis.”> During measurements of
current noise using a voltage-driven configuration, we
have observed no large increases in noise near the critical
switching field E.. This lack of noise is inconsistent with
the basic mechanism of Wonneberger’s model.

C. A phase-slip mechanism for switching

A common limitation of all the models discussed above
is a neglect of CDW amplitude fluctuations. Our experi-
ments suggest that switching is intimately tied to the am-
plitude fluctuations that are associated with velocity
discontinuities in switching crystals. The unusual phase
polarization which precedes switching also suggests that
a primary role is played by CDW pinning and pinning
centers. In the next section, therefore, we turn to a dis-
cussion of how amplitude fluctuations can affect both the
phase elasticity of a CDW and the effective pinning of a
CDW at sites of especially strong pinning.

1. CDW elasticity and amplitude fluctuations

CDW dynamics can be drastically altered by amplitude
fluctuations, because the CDW phase and amplitude are
not exact normal coordinates of CDW motion.> Often
this distinction is of little importance. If only weak im-
purities are present, then the CDW amplitude is uniform
in the bulk of a crystal. Therefore the parameters which
determine phase motion may be treated as constants.
However, if CDW dynamics is dominated by phase slip-
page (as occurs in regions of CDW velocity discontinui-
ty), rather than by the usual process of phase depinning,
then amplitude fluctuations can result in an unstable
CDW phase elasticity.

The elasticity of the CDW phase plays a critical role in
CDW dynamics. In the Fukuyama-Lee-Rice (FLR)
Hamiltonian,>~> the CDW phase responds as an elastic
continuum to the net force resulting from impurity pin-
ning and applied electric fields. The equilibrium phase
¢(x ) minimizes an energy given by
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— ZpCDWVjS(x—xj )cos[Q-x+¢(x)]

—epgPEd(x)/Q (3)
where the first term represents the elastic energy of the
CDW, the second term the pinning energy, and the third
term the electric field energy. Here the K; are elastic
constants of the CDW phase, V, is the strength of the jth
impurity, and p.g is the effective coupling of the CDW to
the electric field E. The CDW elasticity is anisotropic.
In directions transverse to the CDW wave vector Q, the
elastic constant is given by’

K, =7K , 4

where K is the longitudinal elastic constant and n~0.1 is
the bandwidth anisotropy of NbSe;. Following Lee and
Rice,’ anisotropy may be formally eliminated by scaling
the transverse spatial dimensions:

Helasticz%fdxfdy’de’K’(v’ﬁb)z ) (5)

where dy’=dy /7, dz'=dz /7, and K'=7*K.

The FLR Hamiltonian is inappropriate for describing
large amounts of phase polarization, because it purposely
neglects any fluctuations of the CDW amplitude. Since
the CDW amplitude is determined by balancing the lat-
tice energy cost of a Peierls distortion against the energy
gained from enhanced electron-phonon interactions in a
deformed lattice, large CDW phase gradients reduce the
CDW amplitude for two reasons. First, deformations of
the CDW phase require an amount of energy proportion-
al to (V@)?, so the energy cost of a Peierls distortion is in-
creased. Second, gradients of the CDW phase effectively
change the CDW wave vector, so that the energy gained
from electron-phonon interactions is reduced. For
sufficiently large phase gradients, the CDW amplitude
must collapse.

Large phase gradients also reduce the CDW phase
elasticity. The general dependence of the restoring force
8H ,qic /8¢ on |Vé| is shown in Fig. 15. For small phase
gradients, 8H ), /8¢ is linear in |Vé|, as discussed by
Fukuyama. For large phase gradients, the CDW ampli-
tude collapses, the CDW phase becomes indeterminate,
and therefore the restoring force 8H ;. /8¢ must van-
ish. The effective restoring force attains a maximum
value at some critical phase gradient y,. For phase gra-
dients larger than y,, the phase elasticity begins to de-
crease and the restoring force enters an unstable regime.
In this regime, amplitude collapse occurs because of posi-
tive feedback between increasing polarization and de-
creasing elasticity.

When amplitude collapse is complete, the CDW phase
slips by 7 (or a multiple, depending on boundary condi-
tions), the gradient |V¢| decreases, and the amplitude re-
forms. If polarization has built up over a long distance L,
then the reduced gradient after collapse is x,, —27/L,
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FIG. 15. CDW phase elasticity as a function of CDW phase
polarization (see text).

where X,, is the gradient at which the CDW amplitude
vanishes. When 27/L <X,,—X,, the CDW elasticity
remains unstable after the amplitude reforms, and col-
lapse reoccurs until the forces which produce polariza-
tion are reduced. In essence, the polarization X,, —X,
defines a length scale for the stability of the phase mode.
Large polarization of a CDW over distances longer than
2m/(X,, —X.) can lead to an extremely nonlinear
response, e.g., abrupt depinning. The critical length for
nonlinear effects may be estimated as follows. The energy
density KX 2 is at least as large as the CDW condensa-
tion energy n(0)A3, where n(0) is the Fermi-level density
of states and A is the equilibrium value of the CDW gap.

If X is defined to be the fractional polarization

(X,n —X.)/X,,, then the critical polarization length scale is
21 229172

L. R¢ 52 [K /72n(0)AGE*] /%, (6)

where § is the CDW amplitude coherence length and
K /2n(0)A}E*=72/8.

2. Switching and velocity discontinuities

We propose that switching results from the combined
effect of elastic instability and phase slip at strong-
pinning centers; i.e., at crystal defects that strongly pin
the CDW phase. Later we will consider in detail the na-
ture of the strong-pinning centers implied by our experi-
ments, but for now we simply define a strong-pinning
center as a defect whose pinning strength exceeds the
elasticity of the CDW phase.*> Depinning from a
strong-pinning center therefore occurs only when the
CDW amplitude collapses.

In order to make a connection with the results of Fig.
15, we first consider a highly simplified case in which a
CDW is pinned by a concentration n; of isolated strong-
pinning centers in an otherwise perfect crystal at zero
temperature. When an electric field is applied, segments
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of the CDW that lay between pinning centers are res-
trained from sliding only by the elasticity of the CDW
phase. As the strength of the electric field increases,
these segments become increasingly polarized. Eventual-
ly, the increasing polarization shifts the CDW elasticity
from the stable to the unstable region of Fig. 15. Phase
slippage then occurs at the strong-pinning centers and
the CDW begins to slide. If the spacing L =(n’n,)" '3
of pinning sites is large enough, then the CDW polariza-
tion is not significantly relieved by the phase-slip process.
Consequently, the CDW elasticity remains in the unsta-
ble regime of Fig. 15 and the CDW velocity is determined
only by the applied electric field. The J-E curve is there-
fore linear past threshold and the CDW jumps immedi-
ately into the high-field conductivity state. This produces
a sharp switch at threshold and a flat dV /dI curve past
threshold. The J-E curve is also hysteretic, because the
electric field must be reduced below a smaller threshold
E;=E(L./L)* in order for the CDW elasticity to be-
come stable again. Thus the instability of the CDW
phase under large amounts of polarization provides a nat-
ural mechanism for abrupt depinning and hysteresis.

Besides abrupt depinning and hysteresis, phase slip-
page can also produce velocity discontinuities under cer-
tain conditions. It is known experimentally that not all
strong-pinning centers produce velocity discontinuities,
since temperature-gradient experiments demonstrate the
existence of phase-slip centers within current domains. It
is also expected theoretically that not all phase-slip
centers, e.g., isolated strong impurities, will be strong
enough to break the velocity coherence of a CDW. The
problem of velocity discontinuities has been considered in
some detail by Gorkov, and independently by Ong and
Maki.** For a crystal of sufficient width, the most
efficient means of creating a CDW velocity discontinuity
is via phase vortices.** Around a phase vortex, the CDW
phase is described by ¢ =arctan(y /7nx ), where the z axis
is chosen to be parallel to the vortex core. The energy
density €., necessary to create a phase vortex is quite
large compared with the energy density sufficient to depin
a CDW. For strong impurities, this ratio is

€oreak/€aepm~ (Lo /€N 1+aIn(Ly /€] , %)

where the first term within the square brackets is due to
the vortex core and the second term to the elastic energy
of the CDW phase. The constant a=K /n(0)AZ2? is of
order unity, and for strong impurities the FLR length L,
is just the mean distance between impurities. For thresh-
old fields less than 1 V/cm, the ratio L, /£ is greater than
8 [assuming A,=35 meV and £=20 A (Ref. 40)]. There-
fore the energy required to create a vortex is an order of
magnitude larger than the energy required to depin a
CDW. This implies that a random distribution of strong
impurities will not lead to the velocity discontinuities
that are associated with switching in NbSe;. (A similar
conclusion holds for weak impurities.)

We suggest that the strong-pinning and phase-slip
centers associated with velocity discontinuities arise from
‘“ultrastrong”-pinning sites. Essentially, ultrastrong-
pinning centers are large-scale versions of single impuri-
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ties. Ultrastrong-pinning centers, for example, might
arise from abnormally high local concentrations of strong
impurities, or other crystal defects such as dislocation
lines of phase inclusions (in the case of Fe, NbSe;). Be-
cause of their larger size, however, ultrasong-pinning
centers tend to form vortices and hence velocity discon-
tinuities.

The pinning effect on an ultrastrong-pinning site de-
pends on its size and, to a more limited degree, on its
shape. When a center’s cross section is one dimensional,
amplitude collapse occurs over the entire center. The
pinning energy of the center is

E(&)~nn(0)AE (8)

where £ is the effective center diameter. In contrast, if a
center’s cross section is two dimensional, then amplitude
collapse over the entire center is energetically unfavor-
able. Instead, phase slippage occurs by vortex rings that
form around an effective circumference of the center.
The pinning energy of the center would be roughly

E(E)~qn(0)A2E%[1+aln(E/mE)] , )

where § now represents the effective circumference. For
any shape center, the local energy density necessary for
phase slippage is about

e(&)~nE) /8 . (10)

Whenever the characteristic size of an ultrastrong-
pinning center becomes comparable to the transverse di-
mensions of a crystal, the center is likely to cause a
discontinuity in CDW current.

Large phase polarization, and thus switching, would be
produced by a distribution of ultrastrong-pinning centers
whose concentration is sparse on the length scale of
[K /2€(£)]'? where £ is the effective center size. When a
crystal contains centers with a variety of sizes, the spatial
arrangement of the centers as well as their sizes is impor-
tant. With an absolutely uniform distribution of centers,
two additional length scales are set by those centers
whose combined size {,, and density n(§,) have the
largest pinning effect on the CDW:

n(§,,)E(Ey)=max{n(5E()} . (11)

The phase-slip length scale Lypg is the mean distance be-
tween defects of size §y,. The switching length scale L,
is the critical pinning center spacing that determines
whether depinning causes the CDW phase elasticity to
enter the unstable regime of Fig. 15:

Lo, 2K /2] (12).

In the absence of additional impurities, a CDW depins
when the electric field energy density exceeds
n(8p)E(Cyy). Switching occurs if the phase-slip length
scale is longer than the switching length scale.

Real switching crystals have pinning inhomogeneities
that presumably correspond to a random distribution of
centers, not a uniform distribution. Randomness compli-
cates the definition of phase-slip and switching length
scales. For a given electric field, whether phase slippage
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occurs at centers of a particular size { depends not only
on the product n(§)E(&), but also on the size and density
of neighboring centers. The dominant defect size {,, can
be lowered by avalanche effects. If §,, is the dominant
size in a uniform distribution, then in a random distribu-
tion some centers of size {,, will occur in portions of a
crystal that have less pinning than the average. The
CDW at those centers will depin at field energies less
than n(&,)E(§y). The premature depinning will in-
crease the strain on neighboring sections that have not
yet depinned, and the additional strain can trigger a de-
pinning wave within the crystal. Avalanche events of this
nature can explain the sublevels within hysteresis loops,
the breakup of switches under temperature gradients, and
the delay times observed in pulsed experiments.
Avalanche events also provide an important connection
with the concept of a depinning wave in the Joos-Murray
model.

3. Regimes of switching

For clarity, our discussion has thus far neglected the
complications caused by finite-temperature effects and
the presence of weak impurities. In this section, we con-
sider these effects, which play an important role in deter-
mining whether switching is observed in real crystals.

Impurity concentrations. When only weak impurities
are present within a CDW conductor, their concentration
determines a FLR phase-coherence length L,,.>”> When
both weak- and strong-pinning centers are present, the
ratio of the weak-impurity FLR length L, to the phase-
slip length L g determines the qualitative nature of CDW
dynamics. For Lpg>>Ly,, CDW sliding is dominated by
phase depinning, but for Lpg <<L,,, CDW dynamics is
governed by phase slip. For L, <<Lpg <<Ly, switching
can occur. The existence of these regimes has at least
two experimental implications. First, doping a crystal
with strong impurities will cause switching only if the
weak-impurity concentration is sufficiently low. If the
weak-impurity concentration is too large, then Ly, is
comparable to L, and consequently the condition for
switching cannot be satisfied. Second, the current con-
tacts to a crystal, even though they may strongly pin a
CDW, in general will not cause switching. In a crystal
with only weak impurities, the phase-slip length is simply
the distance between contacts. Since typical crystal
lengths are much longer than the FLR length, contacts
cannot cause switching. Even if a sample’s length were
reduced below the FLR length, switching still might
occur, unless the weak-impurity concentration was
sufficiently low so that L, <<Ly,. This might explain
why simply reducing the length of nonswitching samples
has not been observed to induce switching.

Finite-temperature effects. =~ Nonzero temperatures
cause the phase-slip and switching lengths to change
from their T=0 values. In superfluids*' and supercon-
ductors,* phase slippage is thermally activated. Gill*?
has recently proposed that phase slippage at the contacts
of CDW conductors is also thermally activated. The ac-
tivation energy in Gill’s work would correspond to the
defect energy E(¢) described in this paper. The result of
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thermal activation would be to reduce the pinning effect
of small centers compared to the effect of large centers.
For uniform distributions, this would make both the
dominant center size §,, and the switching threshold field
strong functions of temperature.

The fact that switching thresholds are independent of
temperature is evidence that strong pinning centers are
distributed nonuniformly. If depinning occurs by phase-
slip cascades, then switching critical fields should be
strongly temperature dependent only until the dominant
centers are “frozen in’’; after that, threshold fields should
be determined by the spatial arrangement of the dom-
inant centers. In NbSe;, thermal activation is consistent
with the rapid increase in threshold field that is associat-
ed with the onset of switching. Figure 16 shows the
threshold field as a function of temperature for a switch-
ing NbSe; crystal. Switching occurs below 40 K, where
the threshold field is relatively independent of tempera-
ture. Above 40 K, the threshold field has been fitted to

E(T)=EqexplE({)/kgT], (13)

where E;=7.0 uV/cm, E({)=41 meV, and kg is
Boltzmann’s constant. The value of E(§) is relatively in-
sensitive to the form assumed for E(T); a fit to
E(T)=(kgT/L")exp[E({)/kgT] yields E(£)=50
meV. Assuming that Eq. (8) applies, 40 meV corresponds
to {=0.1 um. Below 40 K, the sharp change in slope in-
dicates that thermal activation is no longer important.
Thermal activation during the onset of switching also
agrees qualitatively with the consistent decrease in
switching onset temperatures that coincides with increas-
ing crystal quality. In general, one would expect that
smaller ultrastrong-pinning centers would be necessary to
induce switching in higher-quality crystals, since the
effect of weak impurities is smaller in these crystals.
Therefore, higher-quality crystals should have lower
switching onset temperatures. This correlation is indeed
observed in our experiments and in the experiments of
other groups. Switchinglike behavior occurs at very low
temperatures in extremely-high-quality NbSe; crystals.
Coleman®® has reported striking zero-differential resis-
tance anomalies at 1.1 K in NbSe; crystals that have
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FIG. 16. Fit of the onset of switching in NbSe; to an activat-

ed temperature behavior. The solid line is Eq. (13), with param-
eters given in the text.



threshold fields of ~1 mV/cm at 48 K. Switching occurs
at the next lowest temperatures (~30 K) in the
moderate-quality NbSe; used in the present experiments
(E;r~30 mV/cm at 48 K). Switching occurs at the
highest temperatures ( ~50 K) in Fe ,NbSe;, which even
in nonswitching crystals has threshold fields of at least
100 mV/cm at 48 K.

V. CONCLUSION

Switching is a fascinating and apparently rather gen-
eral feature of CDW dynamics. It is the first transport
phenomenon in which amplitude dynamics is as impor-
tant as phase dynamics to a description of CDW motion.
Our experiments have demonstrated the important rela-
tionship between phase polarization, strong pinning, and
phase slip in the switching process.

The occurrence of switching in nominally pure NbSe;,
as well as Fe, NbSe;, suggests that strong-pinning centers
may result not only from strong impurities, but also lat-
tice defects. Gross lattice defects—such as grain boun-
daries or twinning—are probably unimportant. Grain
boundaries and twinning occur infrequently in NbSe;
crystals,* at levels of less than once in 100 um?®; such lev-
els are too low to explain the nonuniform pinning that is
observed in temperature-gradient experiments. On the
other hand, smaller defects—such as dislocation lines—
could strongly pin a CDW at densities low enough to
give large variations in pinning. For example, a
dislocation-line density of 4 um ™ with an average line
length of 0.25 um (corresponding to a dislocation density
of 1 um~2) would lead to +50% pinning-energy fluctua-
tions between 1 um?® segments in NbSe;. Roughly order-
of-magnitude pinning fluctuations would be relatively
common, and +=50% variations would persist over dis-
tances of 100 um (assuming a l-ym2 crystal cross sec-
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tion).

Little has been published about defect densities in
NbSe;. Satellite dark-field micrographs of some NbSe;
crystals show lattice dislocation densities of roughly 1
pum %, while other crystals are apparently defect free.*’
The conventional method of sample growth of NbSe; and
Fe;NbSe,; should lead to vacancy densities of about 10
ppm, and vacancies are known to precipitate dislocations.
The observed “‘aging” effect of switching crystals may be
due to physical or chemical changes around dislocation
sites. Etches of H,SO, preferentially attack dislocation
sites in niobium,*® and they may preferentially attack
dislocations in NbSe;. This might explain why H,SO,
would restore switching in aged batches, but not induce
switching in originally nonswitching crystals, as ob-
served. It would be highly desirable to examine the
strong-pinning centers of our switching crystals by
transmission electron microscopy.

Finally, we note that many of the ideas expressed here
for NbSe; and Fe,NbSe; should be applicable to other
sliding CDW systems, for example, K, ;M00;, TaS;, and
(NbSe,); ;;I. Experiments on these compounds, analo-
gous to the experiments reported here, will be of impor-
tance in the development of a complete model of CDW
switching.
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FIG. 4. Scanning-electron-microscopy micrograph of a
switching NbSe; crystal. No surface defects are apparent. Left:
typical crystal section. Right: detail of boxed region on the left,
magnification by an additional factor of 10. Scale bar of 6.37
pm refers to the left-hand photo.



