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Pulse-duration memory effect in NbSe3 and comparison with numerical simulations
of phase organization

T. C. Jones, Xinlei Wu, C. R. Simpson, Jr., J. A. Clayhold, and J. P. McCarten
Department of Physics and Astronomy, Clemson University, Clemson, South Carolina 29634-1911

~Received 3 May 1999; revised manuscript received 21 December 1999!

The oscillatory response of the 59 K charge density wave~CDW! in NbSe3 to a sequence of current pulses
was investigated as a function of pulse height and pulse width. Of the 16 samples investigated, seven clearly
exhibited the learned behavior commonly referred to as the pulse-duration memory effect~PDME!. These
seven samples, after training, learned the length of the pulse, and always finished the pulse at a minimum in the
voltage oscillation~maximum CDW velocity!. Contrary to previous reports, we observe the PDME for pulse
heights much greater than threshold. We find that as the number of metastable states accessible to the CDW
during the low portion of the drive pulse is decreased, the PDME degrades. We summarize the qualitative
differences between the theory of phase organization and the observed experimental data. To facilitate this
comparison we have performed numerical simulations of the Fukayama-Lee-Rice~FLR! model in both the
weak and strong pinning limits in an attempt to reproduce the learned response. We find no evidence for phase
organization~no learning! in the weak pinning limit; also the wave forms generated in the strong pinning limit
differ qualitatively from the experimental data. This comparative study suggests that the theoretical description
of the PDME requires further investigation, and the importance of amplitude collapse and boundary conditions
demand future examination.
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I. INTRODUCTION

Above a threshold current~voltage! an incommensurate
charge density wave will depin from the impurities and oth
crystalline defects, and effectivelyslide through the crystal
creating a new conduction channel.1 Due to the large numbe
of available metastable pinned states below threshold, CD
exhibit a rich variety of memory effects.2–6 Of these the
pulse duration memory effect is the most remarkable7–9

Upon application of a series of identical unipolar curre
pulses, the voltage response appears to defycausality by
learning when the current pulse is going to end. The learn
is due to the special metastable state that the CDW rela
into between pulses. This metastable state effectively
codes the length of the previous pulse. Experimentally if
same current pulse is applied after training, then the osci
ing voltage response always finishes the pulse at an osc
tion minimum. A multiple pulse-duration memory effect h
also been observed.10

Like a superconductor, the superlattice of the CDW
described by a complex order parameterDeif. Here D is
proportional to the amplitude of the superlattice distortio
andf the phase. Many investigators believe that the ess
tial physics of the PDME can be described with only t
phase degrees of freedom.11,12 Numerical investigations o
phase-only models, such as the classical Fukayama-Lee-
~FLR! model, and the similar Frenkel-Kontorova mod
have provided insight into the PDME.11,12Computer simula-
tions find that for repetitive driving pulses the phase degr
of freedom relax into a special metastable state such th
the same driving pulse is again applied, all the degree
freedom finish the pulse near a point of maximum poten
energy. Termed phase organization, this alternative pat
formation behavior has many significant implications. F
PRB 610163-1829/2000/61~15!/10066~10!/$15.00
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instance, in a steady state the metastable configuration
which the CDW relaxes between pulses is the highest-ene
~maximally strained! metastable configuration.11 The fact
that the dynamics selects configurations of minimal stabi
has significant implications for the statistical mechanics
the system. The usual approach of minimizing the global f
energy would incorrectly weight the most stable~minimally
strained! configurations as most probable.

The theory of self-organized critical behavior follow
from the concept of phase organization.13 Today researchers
are investigating the use of self-organized dynamical syst
for a variety of numerical computations.14 Given all this the-
oretical work, very little attention has been given to wheth
the theory of phase organization correctly describes CD
dynamics. Okajima and Ido,8 and also Ito15 have suggested
that amplitude collapse cannot be neglected, and that
PDME is due to the organization of slip events. We w
adress the issue of amplitude collapse in detail in Sec. V

In this paper we report both experimental studies of
PDME in high-quality NbSe3 single crystals, and numerica
studies of the phase only FLR model in both the weak a
strong pinning limits. In Secs. II and III we present our e
perimental methods and the data. Section IV describes
numerical simulations. Section V compares experiment
theory, and discusses a number of inconsistencies betw
the two. We conclude in Sec. VI.

II. EXPERIMENT

For this study we used high-quality single crystals of u
doped NbSe3 from a growth with residual resistance ratio
@r(300 K)/r(4.2 K!# over 300. These crystals grow as lon
needles with typical dimensions 1cm310 mm31 mm. Pre-
vious x-ray studies16 and impurity-doping studies17 find a
CDW superlattice phase-phase correlation length in exc
10 066 ©2000 The American Physical Society
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PRB 61 10 067PULSE-DURATION MEMORY EFFECT IN NbSe3 AND . . .
of 100 mm in the direction of the needle axis for crystals
this quality. A phase-coherent domain contains over 17

impurities,17 therefore these crystals are well into the we
impurity pinning limit.

Samples were mounted with silver paint in the stand
four-wire configuration, and cooled using a closed-cycle

lium refrigerator. Helium-exchange gas (1
2 atmosphere! was

added to the sample to minimize ohmic heating. Tempera
was controlled to61 mK. After the contact resistance wa
determined to be less than 5% of the total sample resista
pulse measurements were performed using only the in
leads~two-probe method!. Current pulses were created usin
a Stanford DS345 function generator and a large resi
~typically 100 kV) in series with the sample. Voltage wav
forms from the sample were captured using a Tektro
TDS744 digitizing oscilloscope, set to a bandwidth of
MHz. Since the crystal cannot be properly terminated, le
lengths were held to less than 0.1 m to minimize reflectio

For this study we only investigated the 59-K CDW tra
sition, and focussed primarily on temperatures for which
threshold voltage for CDW depinning (VT) is nearly a mini-
mum. Previous studies find that this is the temperature wh
ac-dc mode locking and pulsed mode locking are most lik
complete.18 This is also the temperature range where the a
plitude of the voltage oscillation, hereafter referred to as
narrow band noise~NBN!, is largest in comparison toVT .

Contrary to ac-dc mode locking, pulsed mode locking
not mode locking in a strict meaning. For the ac-dc case
mode locking is a dynamical phenomena, which occurs w
the frequency of the NBN under a dc-bias locks onto
harmonics or subharmonics of the external ac-bias
quency. Pulsed mode locking is nearly independent of
length of time between pulses~see Sec. III!. This means the
CDW fully relaxes between pulses.

Experimentally characterizing the pulsed mode locking
difficult, and was not the focus of this study. If the CDW
mode locked onto ap/q cycle, then the superlattice advanc
p CDW wavelengths everyq cycles. However voltage wav
forms alone cannot deduce the value ofq.18 For example,
what appears to be a 3/1 cycle could be a 6/2 or a 9/3 cy
We will only note thatq51 locking appeared to dominat
most regions of drive parameter space because the vo
response from pulse to pulse was nearly identical for a gi
repetitive drive sequence. Data shown in Figs. 1, 2, and 3
from our most coherent sample. Wave forms shown are
eraged 50 times to reduce noise, but the same functi
form was clearly evident from single-shot measurements

III. DATA

We examined 16 different samples. Application of a
current of a few times threshold typically produced a NB
signal of 20mVpx2p . As summarized in Table I, significan
amplification of the NBN occurred in 11 of the samples fo
repetitive unipolar pulse sequence. For these samples
voltage response from pulse to pulse was nearly identi
suggesting most of the crystal was mode locked on aq51
cycle. The crystals, for which there was little to no ampli
cation of the NBN, typically had larger cross sectional are
implying CDW velocity coherence is more difficult to main
tain in larger samples. Of the 11 crystals that showed N
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amplification, only seven exhibited the PDME. The volta
oscillation for all seven of these crystals finished the curr
pulse at a minimum in the oscillation, independent of pu
width (thigh), for 1.0 ms,thigh,10 ms. For thigh,1.0 ms
the PDME begins to slowly degrade. Forthigh.10 ms the
amplitude of the voltage oscillation decays in magnitud
making it difficult to resolve the data. However for the fe
samples for which we could resolve the data, the PDME w
evident at these longer pulse widths. We have no explana
as to why the PDME was not observable in four sampl
i.e., the voltage oscillation could finish the pulse increas
or decreasing depending on drive parameters. This may
due to contact effects and requires further investigation.

Figures 1–4 illustrate one of the main results of this p
per: after training the voltage always finishes the pulse a

FIG. 1. Wave forms of the voltage response for Sample A
repetitive unipolar current pulses of five differentI highI high for each
wave form is 9.51mA, 9.70 mA, 9.90 mA, 10.10 mA, and 10.30
mA from bottom to top.I low50 andthigh5t low . At this tempera-
ture VT50.69 mV andI T56.93mA. Wave forms are averaged 5
times to reduce noise. Curves are offset 0.2 mV for clarity. Inse
a schematic of the current drive. For a dc current drive of 32mA the
amplitude of the NBN voltage oscillation is only 24mVp2p . Dur-
ing the low portion of the pulse the voltage is not quite zero due
a small thermally-induced offset.

FIG. 2. Continuation of Fig. 1. The voltage oscillation alwa
finishes the pulse at an oscillation minimum~maximum in CDW
velocity!. I high for each wave form is 10.50mA, 10.89mA, 11.49
mA, 11.88mA, and 12.67mA from bottom to top. Curves are offse
0.25 mV for clarity.
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10 068 PRB 61JONES, WU, SIMPSON, Jr., CLAYHOLD, AND McCARTEN
minimum in the voltage oscillation~maximum CDW veloc-
ity!. Data shown in Figs. 1–3 is from the most cohere
sample of this study, Sample A. The PDME was clea
evident even for the largest drive amplitude we could m
sure (I high'10I T). This differs from previous studies wher
the PDME was only observed for drive amplitudes less th
twice threshold.8 We did observe degradation in the PDM
for I high.3I T for Samples D–G, however Sample A ind
cates this degradation is due to extrinsic effects such as
tial inhomogeneities in the pinning force.

Sample A also illustrates the remarkable enhancemen

FIG. 3. ~a! Continuation of Figs. 1 and 2.I high is 32.08mA
~bottom! and 56.63mA ~top!. The PDME is still evident for drive
amplitudes approaching 10I T . Larger drive amplitudes were no
measurable due to alias. The initial large amplitude oscillation
tween 0 and 0.2ms is LRC ringing due to the leads.~b! Waveforms
expanded near the end of the pulse.
t

-

n

a-

in

NBN signal in the pulsed mode-locked state. For a dc curr
drive of 32mA the amplitude of the NBN is only 20mVp2p .
In Fig. 3, the NBN amplitude for the repetitive 32-mA pulse
sequence is a remarkable 370mVp2p ; this peak-peak ampli-
tude is greater thanVT/2. This data strongly suggests that
the mode-locked state all degrees of freedom move in ph
or at least nearly in phase.

Theoretically the number of metastable states availabl

-

FIG. 4. Wave form of the voltage response for Sample B to
repetitive unipolar current pulse sequence, showing the respons
pulse number 10 000, followed by a pulse of much longer durat
~75 ms). Data illustrates that after training the CDW clearly finish
the pulse at a point of maximum velocity~minimum voltage!. Left-
most arrow indicates that the CDW finishes the pulse at an osc
tion minimum; right-most arrow indicates the duration of the tra
ing pulses.I high525.0 mA, I low50, thigh55 ms, andt low513.5
ms. T549 K. At this temperature,VT51.5 mV, andI T517 mA.
Wave forms are averaged 20 times to reduce noise.
rrent

for a
illation
ge
TABLE I. Summary of the 16 samples that were part of this study. We investigated unipolar cu
pulses withI T,I high,3I T , 1.0ms,thigh,10ms, I low50, andthigh5t low ~see inset Fig. 1! for all samples.
If the voltage oscillation during the high portion of the drive sequence was less than 50mVp2p , we did not
attempt to determine if the sample exhibited the PDME. ‘‘Yes’’ in the PDME column indicates that
large region of drive parameter space the voltage oscillation always finished the pulse at an osc
minimum. Most samples did not exhibit the PDME forthigh,1.0ms. Length is the distance between volta
contacts.

Length Width Thickness Oscillation amplitude
Sample (mm) (mm) (mm) .50 mVp2p PDME

A 390 361 1.360.4 Yes Yes
B 820 561 1.060.2 Yes Yes
C 1100 1061 0.2560.05 Yes Yes
D 630 261 0.560.25 Yes Yes
E 550 461 0.360.1 Yes Yes
F 750 461 0.660.2 Yes Yes
G 360 361 0.660.2 Yes Yes
H 950 661 1.260.3 Yes No
I 830 361 0.560.2 Yes No
J 350 961 0.1060.02 Yes No
K 740 1461 0.960.1 Yes No
L 520 1161 2.560.3 No N/A
M 650 1961 0.560.05 No N/A
N 600 1361 0.660.05 No N/A
O 1200 1561 0.760.1 No N/A
P 1200 1261 0.460.05 No N/A



r
s.

g-

E

8

PRB 61 10 069PULSE-DURATION MEMORY EFFECT IN NbSe3 AND . . .
FIG. 5. Wave forms of voltage response fo
Sample C to repetitive unipolar current pulse
I low is varied, andI high51.9I T , as illustrated in
the upper-left figure.thigh is such that the voltage
wave form contains four oscillations. As the ma
nitude of I low approachesI T , the magnitude of
the voltage oscillation decreases, and the PDM
is no longer evident~see Fig. 7!. Wave forms are
averaged 25 times to reduce noise.t low515 ms.
T545 K. At this temperatureI T58.0 mA, and
VT52.8 mV. For a dc current drive of 15mA the
amplitude of the voltage oscillation is only 1
mVp2p .
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the CDW system decreases as the dc current driveI ap-
proachesI T .19 For the phase-only model there is only o
pinned configuration available to the system at threshold.
investigate how the number of metastable states accessib
the CDW during the low portion of the pulse influences t
PDME we have investigated pulse sequences whereI low
Þ0. This data is summarized in Figs. 5–7.

Figure 5 illustrates that the NBN amplitude decreases
nificantly if I low.1.1I T or 20.7I T.I low . For positiveI low
the dramatic reduction in NBN amplitude occurs at a va
slightly greater than the dc threshold. The reason the d
does not occur atI T is because threshold for the dc case a
threshold for thet low515 ms case do not coincide. The de
crease in NBN amplitude occurs more rapidly for negat
values ofI low . This indicates that there is a distribution
CDW velocities associated with repolarization. Figure
shows the regimes ofI low2 thigh space in which three, four
and five oscillations were clearly observed in the volta
response wave forms.

The PDME degrades asuI lowu increases above zero, bu
the degradation is gradual. Figure 7 shows voltage w
forms for 5 differentthigh with I low50.94I T . For this value
of I low there should be very few metastable states acces
to the CDW during the low portion of the pulse. As predict
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FIG. 6. Regions ofI low2thigh space in which three, four, an
five oscillations were clearly observed in the voltage response w
forms for Sample C.~We assume these correspond to the 3/1, 4
and 5/1 mode-locked steps.! Current drive wave form is the same a
in Fig. 5; I high51.9I T , andI low is one parameter of the phase spa
diagram. The PDME is evident for20.4I T,I low,0.8I T ; when
I low exceeds this range, the voltage wave form does not necess
finish the pulse at an oscillation minimum~see Fig. 7!. For I low

.1.1I T or 20.6I T.I low the amplitude of voltage oscillation is
greatly reduced~see Fig. 5!.
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10 070 PRB 61JONES, WU, SIMPSON, Jr., CLAYHOLD, AND McCARTEN
by the theory of phase organization, the data does not ex
the PDME because the wave forms do not necessarily fi
the pulse near the oscillation minimum. Interestingly, if t
voltage oscillation finishes the pulse near a minimum, th

FIG. 7. Wave forms of voltage response of Sample C to rep
tive unipolar current pulses for differentthigh . Current drive wave
form is the same as in Fig. 5 withI low50.94I T . Starting from the
bottom curve, each is offset in steps of 0.2 mV for clarity. Arrow
indicate there is no PDME because the wave form does not ne
sarily finish the pulse at an oscillation minimum.
bit
h

n

those wave forms possess a larger NBN amplitude. We h
noticed that this is a general feature seen for all samp
independent of drive parameters.

For completeness we also investigated the dependenc
t low on the NBN amplitude for Samples B, C, and D. Figu
8 is typical of all three samples; the NBN amplitude is
maximum fort low near 4ms, and decreases slowly very wit
increasingt low . Experimentally we find that the PDME de
grades rapidly with decreasingt low below 1.0ms. For 1.0
ms,t low,1.0 ms the PDME was robust for all thre
samples. Quantifying the learned behavior with increas
t low beyond 1.0 ms is more difficult. For Sample C th
PDME did not degrade substantially with increasingt low up
to the longest time we investigated~10 s!. For both Samples
B and D a noticeable degradation set in with increasingt low
above 1.0 ms. This suggests that the destruction of the
coded metastable state by thermal fluctuations is sample
pendent.

Finally, the number of pulses necessary to train the CD
for different initial conditions will be the topic of a longe
paper, and is briefly elaborated on in Sec. V.

IV. SIMULATIONS

Comparing the experiment with the phenomenologi
single-coordinate model~SCM! provides some insight into

i-

s-
of
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o-
a

FIG. 8. Wave forms of voltage response
Sample C to repetitive unipolar current pulses f
different t low . I high51.9I T andI low50. thigh was
selected such that the voltage wave form pr
duced four oscillations. Oscillation amplitude is
maximum for t low near 4.13ms. The PDME is
only evident fort low.1.0 ms ~see text!.
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why the PDME is so remarkable. The SCM is mechanica
equivalent to a driven pendulum in the overdamped lim
The phase changes in time according to

g
df

dt
5V2VT sin~f!. ~1!

Note thatg is a phenomenological damping constant, a
df/dt is proportional to the CDW current. The experimen
observation that the voltage oscillation finish the pulse a
minimum implies that fend53p/21(integer)2p, where
fend is the phase of the CDW at the end of the pulse. Ho
ever, for a driving pulse of arbitrary height or width, th
model cannot reproduce the learned behavior. Assuming
CDW fully relaxes between pulses thenf init ial is equal to an
integer multiple of 2p. For an arbitrary current pulsefend
can take on any value, and therefore the inducedV oscilla-
tion for the SCM can finish the pulse at any point, not ne
essarily at a minimum. This suggests the internal degree
freedom of the CDW are responsible for the learned beh
ior.

Several groups have attempted to numerically simu
the PDME using the Fukuyama-Lee-Rice model.20 One
group successfully modeled the learned behavior,12 one was
partially successful,15 and another was unsuccessful.21 The
impurity pinning limit appears to have been the cause of
discrepancy. To investigate this discrepancy we have si
lated the FLR model in both the weak and strong pinn
limits.

The validity of the FLR model as a description for CDW
systems has been discussed at length elsewhere, along
the procedure for discretizing the equation of motion.20,22

The discretized equation of motion in one dimension~1D! in
the presence of an external electric fieldE is given by

g
dfn

dt
5E2« sin~fn2bn!2k~fn111fn2122fn!.

~2!

Here, n represents the site index (n51,2, . . . ,N) and
dfn /dt is proportional to the local CDW velocity. The me
chanical analogy to a system of pendulums is quite usefu
pendulum with phasefn is in a viscous medium with damp
ing constantg, and elastically coupled to neighboring pe
dulums with coupling constantk. Each pendulum experi
ences a torqueE. It is affected by a pinning force of strengt
« with random phasebn . The fixed random variablebn
effectively disorders the direction of the gravitational field
each site, which models the random distribution of impurit
for the actual CDW.

The dimensionless pinning parameter«/k determines the
strength of the pinning. If«/k,1, then the system is in th
weak pinning limit and the static (E50) phase-phase corre
lation length is equal to 3.5(«/k)22/3 assuming an impurity
on every lattice site.22 For the strong pinning limit the stati
phase-phase correlation length is just one lattice site. Fo
numerical results reported hereg51, k51, and the bound-
ary conditions are cyclic.

For numerical investigations it is simpler to examine t
spatially averaged current response (^dfn /dt&n) to a se-
quence of repetitiveE pulses, instead of the experiment
situation of the electric field response to a sequence of
y
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rent pulses. Comparison between the different types of p
drives is straightforward. For the current drive experiments
maximum CDW velocity corresponds to a minimum in th
voltage oscillation.

Our simulations in the strong pinning limit are consiste
with the theory of phase organization.11 As shown in Fig. 9
the CDW current always finishes the pulse increasing at
midpoint between the maximum and minimum in the amp
tude of the current oscillation. This point on the wave form
a signature of phase organization, and implies the phase
grees of freedom finish the pulse at a point of maximu
potential pinning energy. We have verified this numerica
by checking to see thatfn2bn finishes the pulse near
value of p1(integer)2p for each degree of freedom~see
Figs. 10 and 11!. For this set of simulations the initial meta
stable state was highly strained. This metastable state
obtained by setting each phase variable to a random num
between2106 to 106 and letting the system relax. If instea
we begin with a metastable state near the ground statefn
>0 for all n), then we do not observe phase organizati
The lack of phase organization for initial conditions near t
ground state has been discussed at length by Ito.15 Behavior
similar to the SCM is recovered for these initial condition

The beating exhibited for pulse lengths near the cente

FIG. 9. Simulated CDW current response to a sequence of
polar electric field pulses for five different pulse lengths. System
moded-locked onto aq51 cycle. ET5200065. Ehigh57.5ET ,
Elow50, and t low 50.5. From bottom to top pulse lengths a
0.009 55, 0.009 75, 0.009 95, 0.010 15, and 0.010 35. Phase or
zation is evident from the data since the current finishes the p
increasing. The beating of the wave forms is discussed in the
There are 128 degrees of freedom. Initial conditions are hig
strained. Curves are offset for clarity.
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the q51 steps in Fig. 9 is simple to understand. Accordi
to the theory of phase organization the system selects a
cial metastable state to relax into for aq51 mode-locked
cycle. This metastable state is such that at the end of the
pulse the phase degrees of freedom form fall-forward

FIG. 10. CDW phase as a function of position at the end o
pulse. Numerical data are for steady state, and correspond to
numerical data of Fig. 9. Near the edges of the 25/1 stepton

50.009 75, 0.010 10) the overall strain is reduced in compariso
the center of the 25/1, but there are a few sharp kinks.

FIG. 11. CDW phase difference from just before the pulse
just after, as a function of position. Numerical data are for ste
state, and correspond to the numerical data of Fig. 9. Note tha
data is heavily weighted at 24.5p and 25.5p. The 24.5p regions
advance 0.5p after the pulse is turned off, and the 25.5p regions
retreat 0.5p. These correspond to the the fall-forward and fall-ba
regions of phase organization.
e-

xt
d

fall-back regions.15 During the pulse the degrees of freedo
in a fall-forward region advancep21/21d (d,,1) wind-
ing numbers and fall forward after the pulse is turned o
those in a fall-back region advancep11/22d winding num-
bers and fall back. As illustrated in Fig. 12 for regions
parameter space~pulse height–pulse width! near the center
of the p/1 step, the phase degrees of freedom are equ
divided between fall-forward and fall-back regions. Ther
fore halfway through the pulse these two sets of degree
freedom are out of phase, resulting in a node in the w
form. For regions of parameter space~pulse height–pulse
width! near the edge of thep/1 step, all the phase degrees
freedom form a single fall-back or a single fall-forward d
main, and no beating occurs.

Figure 13 shows results for simulations in the weak p
ning limit («/k51/8). Since the static phase-phase corre
tion length is 14, we increased the number of lattice sites
2048 to ensure we captured the dynamics of the inte
degrees of freedom. Evidence of phase organization in
current wave forms is very weak; the CDW current oscil
tion does finish the pulse increasing, but the position va
from near the oscillation minimum to near the oscillatio
maximum depending on drive parameters. Evidence
phase organization was even weaker for the other p
drives we investigated;Eon512ET or 1.5ET , and ton

a
the

to

o
y
he

FIG. 12. Histrograms of the CDW phase difference from ju
before the pulse to just after, for six differentton values for the 25/1
step. Numerical data are for steady state, and correspond to
numerical data of Fig. 9. Note that the data is bimodal, and cle
shows the the fall-forward and fall-back regions of phase organ
tion. Near the step edges (ton50.0975,0.1010) the phase differenc
is mostly fall forward or mostly fall back.
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55000. Like the numerical data shown in Fig. 9, that sho
in Fig. 13 is for highly strained initial conditions. The initia
metastable state was obtained by setting each phase va
to a random number between2105 to 105 and letting the
system relax. Figures 14–16 illustrate that the degree
freedom do not separate into fall-forward and fall-back
gions, indicating a lack of phase organization in the we
pinning limit.

Finally we note that just as for the strong pinning limit,
instead we begin with a metastable state near the gro
state (fn>0 for all n) the response is similar to the singl
coordinate model~see Fig. 17!.

Comparison with the extensive numerical calculations
Ito is enlightening.15 These simulations were in the interm
diate pinning limit. He finds that for a wide range of initia
conditions, the FLR model selects a metastable state s
that in steady state all the phases advance>2pn during the
pulse, wheren is an integer. These results are consistent w
our weak pinning limit simulations~see Fig. 16!, and differ
greatly from that of the phase organization, where the pha
advance>2pn6p.

As noted by Ito there is an important discrepancy betw
his simulations of the FLR model and the experiment.
phase advancement of 2pn corresponds to the voltage osc
lation ending the pulse with a downward slope near the m

FIG. 13. Simulated CDW current response to a sequence
unipolar electric field pulses for five different pulse lengths. T
system is moded locked onto aq51 cycle. ET50.02660.001.
Ehigh53ET , Elow50, and t low57000. From bottom to top pulse
lengths are 480, 500, 510, 520, and 540. Wave forms differ gre
compared with the strong pinning limit. There are 2048 degree
freedom. Initial conditions are highly strained. Curves are offset
clarity.
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point, in contrast to the experiment, where the voltage os
lation finishes the pulse at a minimum. In Ito’s opinion, th
discrepancy results from the fact that the relation betw
the sliding displacement and the phase in the current osc
tion between the FLR model and the experiment do
agree. This is a very important point, suggesting tha
phase-only model is insufficient to describe the experime

of

ly
of
r

FIG. 14. CDW phase as a function of position at the end o
pulse. Numerical data are for steady state, and correspond to
numerical data of Fig. 13. The global CDW strain is slightly smal
near the edges of the 4/1 step (ton5480,540), compared with dat
near the step center (ton5510).

FIG. 15. CDW phase difference from just before the pulse
just after, as a function of position. Numerical data are for ste
state, and correspond to the numerical data of Fig. 13. Unlike
strong pinning numerical data, the weak pinning numerical dat
not heavily weighted at 3.5p and 4.5p.
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In summary, we find that the 1D FLR model exhibi
phase organization in the strong pinning limit with high
strained initial conditions. As the pinning strength is d
creased the learned behavior gradually degrades. How
for no set of model parameters did we observe phase o
nization starting from initial conditions near the ground sta
Also for no set of model parameters could we simulate
experimental observation that the CDW current finishes
pulse at a point of maximum velocity.

V. DISCUSSION

The experiments and numerical simulations reported h
find a few features that are qualitatively consistent with
theory of phase organization, but even more that are not.
observations that are consistent with the theory of phase
ganization are the following.

1. As the number of metastable pinned states accessib
the system decreases (uI lowu→I T), the PDME degrades.

2. Contrary to previous reports8 the PDME does not de
grade at large drive amplitude (I high.3I T) in highly coher-
ent samples.

The observations that are inconsistent with the theory
phase organization are the following.

1. There is no beating in the experimental wave for
~Figs. 1–5!. This indicates that there is no dephasing a

FIG. 16. Histrograms of the CDW phase difference from ju
before the pulse to just after, for six differentton values for the 4/1
step. Numerical data are for steady state, and correspond to
numerical data of Fig. 13. Note that this weak pinning numeri
data is not bimodal. The absence of weight near the fall-forw
(3.5p) and fall-back (4.5p) regions strongly suggest an absence
phase organization.
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rephasing of the CDW, implying that the internal degrees
freedom of the CDW do not form fall-forward and fall-bac
regions.

2. Experimentally the CDW current finishes the pulse a
point of maximum velocity, and not at a point of maximu
potential energy. Okajima and Ido observe the same beha
for NbSe3,8 and Abdezzahid and Dumas observe this beh
ior in high-quality crystals of blue bronze.9

3. The spin-density wave~SDW! in (TMTSF)2PF6 also
exhibits the PDME. Contrary to the CDW in NbSe3 the
SDW appears to finish the pulse at a point of minimu
velocity.23 After training the voltage response finishes t
pulse at a sharp maximum, but there is a noticeable lac
NBN oscillations before the end of the pulse.

4. Numerical simulations observe no learning in the we
pinning limit. As previously discussed, all NbSe3 samples
from this study are well into the weak pinning limit.

5. Experimentally the density wave only needs a fe
training pulses to learn the length of the pulse. Fleming a
Schneemeyer find for blue bronze that if the length of
pulse is suddenly increased, it takes only one training pu
for the CDW to learn the length of the new pulse width.7 For
the SDW in (TMTSF)2PF6, the relearning time is again onl
one pulse.23 For NbSe3, we and Okajima and Ido find that i
takes only a few training pulses.8,24 The theory of phase or
ganization predicts that the number of relearning pulse
much greater than one.11

6. As discussed in detail by Ito, in the strong pinning lim
the FLR model does not exhibit learning for initial cond
tions near the ground state.15 Learning only occurs if the
strain energy of the initial condition is greater than the str
energy of all the steady-state metastable configurations
are available between pulses. We refer to this as the grou
state paradox.

What we find so intriguing is that experimentally th
PDME is robust over a large region of drive parameter sp
~see Figs. 1–3!, yet this learned behavior is apparently n
properly described by the FLR model. This type of learn
behavior might occur in the FLR model in two or three sp

t

the
l
d
f

FIG. 17. Numerical simulation data similar to that shown in F
13, the only difference being that the initial conditions are a me
stable state near the ground state, and the pulse lengths from bo
to top are 440, 480, 520, 560, and 600. The main point of this fig
is that for initial conditions near the ground state, the wave for
are very similar to the single-coordinate model since the curr
oscillation can finish the pulse increasing or decreasing. We
note that for different initial conditions, the system can mode lo
into a differentp/q cycle in steady state.
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tial dimensions. However, according to Ref. 11 phase or
nization only requires a large number of coupled degree
freedom, and is independent of spatial dimension. If the F
model can reproduce the PDME in higher spatial dimens
it will be due to a different mechanism.

More likely the essential physics of the PDME is abse
from the FLR model. Okajima and Ido,8 and also Ito15 have
suggested that amplitude collapse cannot be neglected,
that the PDME is due to the organization of slip even
Okajima and Ido previously speculated that phase-slip ev
near strong pinning centers organize their timing upon ap
cation of a repetitive drive sequence, although they prov
no numerical evidence for this mechanism.8

We speculate that a different type of mechanism is
sponsible for the PDME. At the contacts normal carriers
converted into CDW carriers. This process involves the f
mation of dislocations in the CDW superlattice. Mode loc
ing of the CDW to a repetitive pulse sequence requires
these dislocations organize themselves. Upon training, as
CDW polarizes, the strain of the metastable state into wh
the CDW relaxes between pulses grows until the CDW m
locks. Once mode locking occurs, the superlattice strain
longer grows. During training, we believe the CDW select
special metastable state such that the amplitude dislocati
expanding most rapidly at the end of the pulse. This lead
a voltage minimum at the end of the pulse, and hence
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PDME. This scenario requires further experimental and
merical investigation.

VI. CONCLUSIONS

We have performed a critical comparison between exp
ment and the theory of phase organization in order to
whether phase organization provides a plausible mechan
of the PDME in NbSe3 . We find that it does not. The phas
degrees of freedom of the CDW, as described by the F
model, cannot account for the remarkable learned beha
in these crystals. We agree with Okajima and Ido8 that am-
plitude collapse is a key ingredient in the learning mec
nism. Theoretical investigations of the organization of dis
cations in the CDW superlattice under the application o
repetitive pulse sequence is required. These investigat
should open a new direction in the study of learned beha
in nonlinear systems.
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