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We have performed detailed measurements of the dc current-voltage (I-V)

characteristics of NbSej in the hysteretic switching
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A particularly interesting aspect of charge
density wave (CDW) conduction in linear chain
metals is that of switching, where only slight
and smooth increases or decreases in the applied

electric field E <can lead to sudden
discontinuous "jumps" in CDW current. The
switching phenomenon has been observed in
virtually all materials which display CDW

conduction {e.g. NbSes, TaSj, Kg, 3Mo03){1-3],
although it occurs only over limited ranges of
temperature, and not in all crystals of a given

material. Switching is particularly striking
when it corresponds to the onset of CDW
conduction. However, the observation of

switching above the depinning field Eq, or
multiple switchings for a given sample, suggests

that switching and initial CDW depinning are in
general to be regarded as independent
processes[4]. In NbSey, switching has been

observed at temperatures as high as 45 K, and is
especially prevalent in the temperature range 20
K - 30 K.

Various models have been proposed to account
for aswitching phenomena in CDW conductors. A
single phase ccordinate description[5] assumes a
finite inertia for the dynamic CDW condensate,
while other approaches invoke additional degrees
of freedom for the CDW condensate. For example,
the model of Joos and Murray[6] is an application
of the kinetic Ising model, where the CIDW
crystal is composed of an array of domains, each
being in a conducting or nonconducting state,
CDW conduction through the crystal occurs only
after a continuous channel of conducting domains
has been established., An alternate many degree
of freedom model[7] considers macroscopic
polarization of the CDW condensate, and predicts
gwitching when the local applied field
everywhere exceeds the local thresheld depinning
field within the sample volume. Recently,
localized- phase slip centers have been suggested
as the origin of switching[8]. There, switching
corresponds to a break-up of the CDW phase, with
different macroscopically coherent regions of
the sample assuming different- phase velocities
for a given externally applied electric field.
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In this Communication we report on detailed
dc I-V characteristics of NbSej in the switching

regime. Within the overall hystersis loop
associated with the switching process at low
temperatures we observe a rich "sublevel”
structure correspending to many distinct
current-carrying states, Hysteretic
transitions, initiated either by slight

perturbations in the externally applied electric
field, or thermal fluctuations, are observed
between closely spaced sublevel states. We
interpret the sublevel structure as representing
different portions of the CDW condensate being
depinned, consistent with a macoscopic domain

structure where phase slip cemters comprise the
interface between domains.

Our experiments employed single NbSeq
crystals prepared by conventional vapor
transport methods, with  typical threshold
electric fields Ep = 30 mV/cm at 48 K. Two
probe contacts were made with conductive silver

paint. Both current controlled and voltage
controlled dc conductivity measurements were
performed, with similar results, Here we report
only on voltage—controlled experiments. For
these experiments, a low output impedance
voltage follower (bandwidth dc to 300 MHz)
provided the drive voltage to the NbSej crystal
in series with a small current sensing resistor,
with a resistance value typically two orders of
magnitude smaller than the sample resistance.
The drive voltage could be automatically ramped
up or down, or adjusted manually.

Fig. 1 shows a series of voltage-driven I-V
curves for NbSey at selected temperatures in the
lower CDW state, obtained by first monotonically
increasing, and then monotonically  decreasing,
the bias voltage. At 42 K, switching at the
threshold for CDW conductivity is «clearly
observed. t 35 K, switching is again observed
at , but a well-defined hysteresis loop has
developed for the single switching event into or
out of the sliding CDW state. With decreasing

temperature below 35 K, the hysteresis becomes
more pronounced, The magnitude for the overall
hysteresis loop is defined as Hy = Vmax - Vmin.
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Fig. 1. Voltage-controlled I-¥ characteristice
. of NbSey at selected temperatures in
the switching regime. Additional
swicching structure is observed on
the hysteresis loop at lower tempera-
ture.

Vmax i1s the upper closing point of the
hysteresis loop, i.e. the voltage bias above
which the I-V characteristics become independent
of bias sweep direction. Similarly, Vmin
defines the lower bias point for the clesing of
the hysteresis loop. In the present case, the
CDW is always pinned below ¥Ymin, irrespective of
bias sweep direction. Fig. 2 shows H! versus
temperature, as determined from a complete set
of I-V traces which includes the traces of Fig.
1. As is apparent from Fig. 2, W, smoothly
incresses with decreasing temperature in the
switching regime. Although an increase in
hysteresgis with decreasing temperature is not
unexpected, it appears difficult to directly
correlate the result of Fig. 2 to other
temperature-dependent parameters of the CDW
state, for example the order parameter or the
intrinsic depinning fleld {(in the absence of
switching), It should also be noted that the
curve of Fig. 2 is highly sample dependent,
especially with regard to the x-axis intercept
(point of zero hysteresis).

An important feature of the hysteretic
response in Fig., 1, for temperatures below 30
K, is the appearance of additional switching
structure. For example, at 28.3 K the
transition back to the pinned CDW state for
decreasing bias voltage sweep is comprised of a
series of two smaller distinct switches, rather
than a single large switch as occurs at 30 K.
At temperatures below 28 X, additional switching
structure is observed during increasing bias
voltage sweep as well, and in general, more
additional switching structure appears with
decreasing temperature, At 23 K, for example,
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Fig. 2., Hysteresis magnitude Hy versus temper-
ature for NbSej in the switching regime.

the trangition to the "fully conducting” CDW
state (where the hysteresis loop has closed and
increases in dc bias result in no further
switches) occurs by a series of at least four
individual switches; the transition back to the
fully pinned state occurs via at least three
distinct switches.

As we now demonstrate, the additional
switehing structure which develops in the
hysteretic regime reflects transitions between
well-defined current-carrying states. Fig. 3a
shows the detailed I-¥ characteristics within
the hysteresis loop at 23.5 K, for the same
NbSe; sample as was used for Figs. 1 and 2. The
solig lines represent the overall hysteretic I-V
structure, consistent with that displayed
previously in Fig. 1. The striking features of
Fig. 3a are the dashed lines, which represent
distinct, repeatable, and quasi-stable
current-carrying states, The direct mapping of
the first of these states (labeled 1 in the
figure)was achteved by slowly advancing the dc
bias voltage from =zero into the hysteretic
regime, until a small switch occured, and then
immediately reversing the direction of bias
sweep. The I-V characteristics of this sublevel
state were then traced out by slowly varying the
dc bias and recording the resulting current.
Observed vertical transitions from sublevel 1 to
a second sublevel, labeled 2, are indicated by
vertical arrows in Fig. 3a. This second
sublevel, and subsequent sublevels, were traced
out in a fashion similar to that described for
ievel 1. Since the sublevels 1, 2, and 3 were
achieved by first starting the dc blas voltage
from zera, we classify these structures as
"lower" sublevel states. As shown in Fig. 3a,
distinct sublevel structure is also observed if
the dc bias is started from a high value,
exceeding Vmax, Sublevels thus achieved are
labeled 4, 5, 6, and 7 in the Figure. We classify
these states as "upper" sublevel states, since
they are arrived at by first decreasing the dc
bias voltage from above Vmax.
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Fig. 3. a) Detail of I-V structure of NbSej at

23.5 X. The numbered dashed lines
repreaent distinct sublevel states;
the vertical arrows correspond to
eleceric field=-induced tramgitions
between the states (see text).

b) Detail of I-V structure at 30 K.
Only one stable sublevel state is
obderved within the hyateresis loop.

The substructure indicated in Fig. 3a was
found to be entirely reproducible, However,
upon tracing out the variocus sublevels,

transitions between sublevels did not always
occur at the same de bias value, The vertical
arrows represent repeatable tramsition points,
Since these transitions are determined soley by
the dec bias voltage magnitude, we identify them
as elecric field-induced. As indicated in Fig,
3a, both upward and downward electric
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field-induced transitions are observed. Other
non-repeatable transition points, not indicated
on Fig. 3a, were also obtained. These

trangitions occured if the system was left
unperturbed for a sufficiently long time on a
particular sublevel, with a (fixed) dc bias
voltage relatively close to the indicated
vertical arrows, The timescale for waiting for
such transitions to occur was often on the order
of seconds to minutms, and we identify these
transitions as induced by thermal
fluctuations, Because of this sensitivity to
thermal fluctuations, we term the substates in
Fig. 3a as quasi-stable,

importance in distinguishing between
and "upper"” sublevel states in Fig. 3a
lies in that no trangitions were found to occur
between a state in the lower group to a state in
the upper group, or vice versa, It is thus
possible that the two groups of sublevel states
do not coexist. The lower sublevel states might
be established only as the dc bias voltage Ve
is increased past Vmin, while the upper sublevel
state would seem to bhe established only as Vac

iz decreased past Vmax. Increasing Vie past
Vmax, or decreasing Vj. past Vmin, would then
effectively eradicate the lower and upper

sublevel states, respectively.
The strong temperature dependence of the

overall hysteresis loop shown in Fig, 2 is
reflected also in the sublevel structure. Fig.
3b shows the complete sublevel structure

cbserved at 30 K. Only one sublevel state is
clearly resolved, in contrast to the six defined
at 23.5 K. Above 30K, no sublevel structure was
observed within the overall hysteresis loop.,
Clearly, the formation of stable sublevel
structure is a highly temperature-dependent
process.

Our observations of sublevel structure
within the response hysteresis loop have serious
implications in regard to the theory of
switching. It is apparent that sublevel
structure is inconsistent with a single-phase
coordinate approach{5], even with inertial terms
included, and hence we exclude such a model.
The overall hysteresis behavior observed in Fig.
1 end further analyzed in Fig. 2 might be
compatible with o model of macroscopic phase
polarization and subsequent depinning(7?), but
since in that model there exist no metastahle
states for a depinned CDW condensate, it cannot
explain the distinct current-carrying states we
observe,

Our results appear most consistent with a
macroscopic domain structure, where the sublevel
structure, correaponding to distinct
current-carrying states, results from a
particular (relatively stable) configuration of
pinned and current-carrying COW doaains. The
same basic model has been used to account for
negative differential resistance (NDR) in NbSe,,
where chaotic instabilities are attributed to
rapid hopping between distinct current-carrying
states[9], In fact, the orly significant
difference between the states assumed in that
analysis, and those directly observed here {at
lower temperatures), is the relative energy
spacing between the sublevels. In the NDR

region, the energy spacing 1is significantly
less, allowing for an increased tramsition rate
(assuming a temperature independent attempt
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frequency), and hence chaotic response in the
kHz and MHz frequency range[9].

The domain structure we associate with NbSej
in the switching regime is different from that
suggested by Joos and Murray[6]. Recent
experiments[8] have demonstrated the existence
of bulk phase slip centers in NbSeq which
segment the CDW crystal into only a few distinct
macroscopic domains along the length of the
crystal, with each domain having a unique
depinning field end hence unique I-v
characteristic. In contrast to the Joos Murray
model, pothing in the phase slip case prevents a
"middle" domain, near the center of the crystal,
from depinning first and immediately thereafter
conducting a8 real CDW current, despite the
existance of domains which remain pinned near
the ends of the crystal, We identify the
sublevel structure of Fig. 3 with different
configurations of pinned and depinned
macroscopic domains within the sample, Aa an
independent test of our mcdel, one could attempt
observation of the narrow-band noise spectrum
associated with each sublevel, and correlate it
to the noise spectra of individual depinned
domains, This experiment has been performed and
supports the model[lC]. For example, on
sublevel 3 in Fig, 3a, the noise spectrum
indicates three depinned domains, while on
sublevel 2, the noise spectrum indicates only
twe depinned domains, etc.

The successive disappearance of the stable
sublevel structure in NbSe3 with increasing
temperature above 23 K suggests that the
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strength of the phase slip centers (i.e. the
ability of the phase slip centers to break the
CDW phase locally) is strongly temperature
dependent. As the temperature is increased,
weak phase slip centers are annealed out,
effectively phase-linking domains together, and
reducing the number of possible macroscopic
switches in the I-¥ characteristics. At
relatively high temperatures (still in the
switching regime), only the strongest phase slip
center will remain active, permitting at most
two distinct successive switches, Should one of
the domains have a gubstantially greater de-
pinning voltage than the other (as might occur,
for example, if one domain is relatively small
and located clese to a potential contact), then
only one distinct switch into and out of the
"fully conducting” region will occur, as
demonstrated in Fig. 1.

Finally, we comeent that our model of
distinct current—carrying states might well be
applied to other CDW materials, for example TaS4
and Ky sMo0y, where both random and regular
(i.e. oscillatory) transitions between the
pinned and depinned states are observed [2,11],
often with strong hysteresis behavior. A
detailed investigation of possible macroscopic
demain structure and phase slip centers in these
materials is presently underway.
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