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Pulse-duration memory effect in NbSg 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 Decembep 1999

The oscillatory response of the 59 K charge density w@&@W) in NbSe 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(Eff8dE). These
seven samples, after training, learned the length of the pulse, and always finished the pulse at a minimum in the
voltage oscillationlmaximum 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-LedfRiB¢ 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.

[. INTRODUCTION instance, in a steady state the metastable configuration into
which the CDW relaxes between pulses is the highest-energy
Above a threshold currenfvoltage an incommensurate (maximally strainegl metastable configuratioht. The fact
charge density wave will depin from the impurities and otherthat the dynamics selects configurations of minimal stability
crystalline defects, and effectiveblide through the crystal has significant implications for the statistical mechanics of
creating a new conduction chandédue to the large number the system. The usual approach of minimizing the global free
of available metastable pinned states below threshold, CDW&Nergy would incorrectly weight the most stalgheinimally
exhibit a rich variety of memory effects® Of these the Strained configurations as most probable.

pulse duration memory effect is the most remarkdbfe. . Theh theory of ?eh;;organized. cri%cal é)ehavior forlllows
Upon application of a series of identical unipolar current/ToM the concept of phase organizationfoday researchers

pulses, the voltage response appears to defysality by are investigating the use of self-organized dynamical systems

. HE O . for a variety of numerical computation$Given all this the-
learning when the current pulse is going to end. The Iearnln%retical work, very little attention has been given to whether

1S due to the special metgstable state that the CDV.V relaxe[ﬁe theory of phase organization correctly describes CDW
into between pulses. This metastable state effectively endynamics Okajima and Iddand also It6° have suggested

codes the length of the previous pulse. Experimentally if thg a4 amplitude collapse cannot be neglected, and that the
same current pulse is applied after training, then the oscillatop\E is due to the organization of slip events. We will

ing voltage response always finishes the pulse at an oscillgygress the issue of amplitude collapse in detail in Sec. V.
tion minimum. A multiple pulse-duration memory effect has | this paper we report both experimental studies of the
also been observed. PDME in high-quality NbSg single crystals, and numerical
Like a superconductor, the superlattice of the CDW isstydies of the phase only FLR model in both the weak and
described by a complex order paramefee'?. Here A is  strong pinning limits. In Secs. Il and Ill we present our ex-
proportional to the amplitude of the superlattice distortion,perimental methods and the data. Section IV describes our
and ¢ the phase. Many investigators believe that the essemumerical simulations. Section V compares experiment and
tial physics of the PDME can be described with only thetheory, and discusses a number of inconsistencies between
phase degrees of freeddit? Numerical investigations of the two. We conclude in Sec. VI.
phase-only models, such as the classical Fukayama-Lee-Rice
(FLR) model, and the similar Frenkel-Kontorova model,
have provided insight into the PDME:'2 Computer simula-
tions find that for repetitive driving pulses the phase degrees For this study we used high-quality single crystals of un-
of freedom relax into a special metastable state such that doped NbSg from a growth with residual resistance ratios
the same driving pulse is again applied, all the degrees dfp(300 K)/p(4.2 K)] over 300. These crystals grow as long
freedom finish the pulse near a point of maximum potentiaheedles with typical dimensions 16010 umXx1 um. Pre-
energy. Termed phase organization, this alternative pattervious x-ray studie€ and impurity-doping studiés find a
formation behavior has many significant implications. ForCDW superlattice phase-phase correlation length in excess

IIl. EXPERIMENT
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of 100 um in the direction of the needle axis for crystals of
this quality. A phase-coherent domain contains ovef 10

50 K
this qu : ie ’\/\/\/\m
impurities?’ therefore these crystals are well into the weak W

impurity pinning limit.
Samples were mounted with silver paint in the standard 1.21 mm
four-wire configuration, and cooled using a closed-cycle he- W

lium refrigerator. Helium-exchange ga$ @tmospherewas Eo_s-
added to the sample to minimize ohmic heating. Temperature >
was controlled to1 mK. After the contact resistance was
determined to be less than 5% of the total sample resistance,
pulse measurements were performed using only the inner

S N
g -
E
|

leads(two-probe method Current pulses were created using 0.0 e LS
a Stanford DS345 function generator and a large resistor , , =] ,
(typically 100 K)) in series with the sample. Voltage wave o 1 2 t(lfs) 4 5 8

forms from the sample were captured using a Tektronix
TDS744 digitizing oscilloscope, set to a bandwidth of 20  FiG. 1. wave forms of the voltage response for Sample A to
MHz. Since the crystal cannot be properly terminated, leadepetitive unipolar current pulses of five differdqigy! nign for each
lengths were held to less than 0.1 m to minimize reflectionswave form is 9.51uA, 9.70 uA, 9.90 A, 10.10 uA, and 10.30

For this study we only investigated the 59-K CDW tran- uA from bottom to top.l;5,, =0 andtpigh="t,o, . At this tempera-
sition, and focussed primarily on temperatures for which theure V;=0.69 mV andl;=6.93 uA. Wave forms are averaged 50
threshold voltage for CDW depinning/¢) is nearly a mini-  times to reduce noise. Curves are offset 0.2 mV for clarity. Inset is
mum. Previous studies find that this is the temperature whera schematic of the current drive. For a dc current drive of.32the
ac-dc mode locking and pulsed mode locking are most likelyamplitude of the NBN voltage oscillation is only 24V,_,. Dur-
complete1.8 This is also the temperature range where the aming the low portion of the pulse the voltage is not quite zero due to
plitude of the voltage oscillation, hereafter referred to as thé small thermally-induced offset.
narrow band nois€NBN), is largest in comparison tg.

Contrary to ac-dc mode locking, pulsed mode locking isamplification, only seven exhibited the PDME. The voltage
not mode locking in a strict meaning. For the ac-dc case thescillation for all seven of these crystals finished the current
mode locking is a dynamical phenomena, which occurs whepulse at a minimum in the oscillation, independent of pulse
the frequency of the NBN under a dc-bias locks onto thewidth (tign), for 1.0 us<tjgh<<10 us. Fort,jgh<<1l.0 us
harmonics or subharmonics of the external ac-bias frethe PDME begins to slowly degrade. Fgg,>10 us the
quency. Pulsed mode locking is nearly independent of th@mplitude of the voltage oscillation decays in magnitude,
length of time between pulsésee Sec. ). This means the making it difficult to resolve the data. However for the few
CDW fully relaxes between pulses. samples for which we could resolve the data, the PDME was

Experimentally characterizing the pulsed mode locking isevident at these longer pulse widths. We have no explanation
difficult, and was not the focus of this study. If the CDW is as to why the PDME was not observable in four samples,
mode locked onto @/q cycle, then the superlattice advancesi.e., the voltage oscillation could finish the pulse increasing
p CDW wavelengths every cycles. However voltage wave or decreasing depending on drive parameters. This may be
forms alone cannot deduce the valuepf® For example, due to contact effects and requires further investigation.
what appears to be a 3/1 cycle could be a 6/2 or a 9/3 cycle. Figures 1-4 illustrate one of the main results of this pa-
We will only note thatq=1 locking appeared to dominate per: after training the voltage always finishes the pulse at a
most regions of drive parameter space because the voltage
response from pulse to pulse was nearly identical for a given

repetitive drive sequence. Data shown in Figs. 1, 2, and 3 are 201 S0k
from our most coherent sample. Wave forms shown are av-
eraged 50 times to reduce noise, but the same functional 169
form was clearly evident from single-shot measurements. ial
3
lIl. DATA 084

We examined 16 different samples. Application of a dc 0.4
current of a few times threshold typically produced a NBN '
signal of 20uVp,_,. As summarized in Table I, significant 0.04
amplification of the NBN occurred in 11 of the samples for a - <
repetitive unipolar pulse sequence. For these samples the 0 1t 2 3 4 5 6
voltage response from pulse to pulse was nearly identical, t(us)
suggesting most of the crystal was mode locked an=dl FIG. 2. Continuation of Fig. 1. The voltage oscillation always

cycle. The crystals, for which there was little to no amplifi- finishes the pulse at an oscillation minimumaximum in CDW
cation of the NBN, typically had larger cross sectional areasvelocity). I, for each wave form is 10.5pA, 10.89 uA, 11.49
implying CDW velocity coherence is more difficult to main- pA, 11.88xA, and 12.67xA from bottom to top. Curves are offset
tain in larger samples. Of the 11 crystals that showed NBND.25 mV for clarity.
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FIG. 3. (a) Continuation of Figs. 1 and Qg is 32.08 uA  ygpetitive unipolar current pulse sequence, showing the response for
(bottom) and 56.63uA (top). The PDME is still evident for drive  pyise number 10 000, followed by a pulse of much longer duration
amplitudes approaching If. Larger drive amplitudes were not (75 ,s). Data illustrates that after training the CDW clearly finishes
measurable due to alias. The initial large amplitude oscillation beyng pulse at a point of maximum velocitsinimum voltage. Left-
tween 0 and 0.2s is LRC ringing due to the leadth) Waveforms — most arrow indicates that the CDW finishes the pulse at an oscilla-
expanded near the end of the pulse. tion minimum; right-most arrow indicates the duration of the train-

ing pulses.lyigh=25.0 uA, loy=0, thigh=5 us, andt,,,,=13.5
minimum in the voltage oscillatiofmaximum CDW veloc-  us. T=49 K. At this temperaturey;=1.5 mV, andl+=17 uA.
ity). Data shown in Figs. 1-3 is from the most coherentwave forms are averaged 20 times to reduce noise.
sample of this study, Sample A. The PDME was clearly
evident even for the largest drive amplitude we could meaNBN signal in the pulsed mode-locked state. For a dc current
sure (pigh=1017). This differs from previous studies where drive of 32uA the amplitude of the NBN is only 2pV,,_.
the PDME was only observed for drive amplitudes less tharn Fig. 3, the NBN amplitude for the repetitive 32A pulse
twice threshold We did observe degradation in the PDME sequence is a remarkable 3uV,_,; this peak-peak ampli-
for 1pign>31+ for Samples D—-G, however Sample A indi- tude is greater thaW(/2. This data strongly suggests that in
cates this degradation is due to extrinsic effects such as sptie mode-locked state all degrees of freedom move in phase,
tial inhomogeneities in the pinning force. or at least nearly in phase.

Sample A also illustrates the remarkable enhancement in Theoretically the number of metastable states available to

TABLE I. Summary of the 16 samples that were part of this study. We investigated unipolar current
pulses withl t<l,jgh<<3lt, 1.0 us<tpijgh<<1Ous, l|o,=0, andty;qh=1t,0\ (S€€ inset Fig. Afor all samples.
If the voltage oscillation during the high portion of the drive sequence was less thaW 50, , we did not
attempt to determine if the sample exhibited the PDME. “Yes” in the PDME column indicates that for a
large region of drive parameter space the voltage oscillation always finished the pulse at an oscillation
minimum. Most samples did not exhibit the PDME tgr,,<<1.0 us. Length is the distance between voltage

contacts.
Length Width Thickness Oscillation amplitude

Sample fwm) (um) (um) >50 uVp_p PDME
A 390 3+1 1.3:04 Yes Yes
B 820 5+1 1.0+0.2 Yes Yes
C 1100 10-1 0.25+0.05 Yes Yes
D 630 2+1 0.5£0.25 Yes Yes
E 550 41 0.3£0.1 Yes Yes
F 750 41 0.6£0.2 Yes Yes
G 360 3+1 0.6£0.2 Yes Yes
H 950 6+1 1.2+0.3 Yes No
| 830 3+1 0.5+0.2 Yes No
J 350 o1 0.10+0.02 Yes No
K 740 14+1 0.9+0.1 Yes No
L 520 11+1 2.5+0.3 No N/A
M 650 19+1 0.5+0.05 No N/A
N 600 13+1 0.6=0.05 No N/A
O 1200 15-1 0.7£0.1 No N/A
P 1200 121 0.4+0.05 No N/A
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E
§ 11 % 5.01 gs.o-
> >
L™
drive waveform
0 . . 45 . . 45 . .
10 15 10 15 5 10 15
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55 5.5- 551
16,=0.63L how=0-311; lo™0 FIG. 5. Wave forms of voltage response for
Sample C to repetitive unipolar current pulses.
liow is varied, and pigh=1.9+, as illustrated in
s < < the upper-left figurety,;qp, is such that the voltage
3 501 E 301 E 50 wave form contains four oscillations. As the mag-
> > > nitude ofl,,, approachesd, the magnitude of
the voltage oscillation decreases, and the PDME
is no longer evidentsee Fig. 7. Wave forms are
45 45 45 " averaged 25 times to reduce noisg, =15 us.

1 T=45 K. At this temperaturé =8.0 uA, and

t(us) o5 t(us) .. tus) V:=2.8 mV. For a dc current drive of 15A the
541 1o, =-0-311, ] l,,=-0.63L ' l,,,=-0.941. amplitude of the voltage oscillation is only 18
M“Vpp-
% 5.0 % 5.0 % 5.0
; > >
45 ; 45 : L 45 ; .
. 10 15 . 10 15 : 10 15
t(us) t (us) t (us)

the CDW system decreases as the dc current drieg-
proached 1.1° For the phase-only model there is only one
pinned configuration available to the system at threshold. To
investigate how the number of metastable states accessible to
the CDW during the low portion of the pulse influences the
PDME we have investigated pulse sequences whgke
#0. This data is summarized in Figs. 5-7.

Figure 5 illustrates that the NBN amplitude decreases sig-
nificantly if l,,,>1.1+ or —0.71+>1,,,,. FOr positivelq,,
the dramatic reduction in NBN amplitude occurs at a value
slightly greater than the dc threshold. The reason the drop

does not occur dty is because threshold for the dc case and 1.0 i i : .
threshold for the,,,=15 us case do not coincide. The de- 4 5 6 7 8
crease in NBN amplitude occurs more rapidly for negative thign (S)

values ofl,,,, . This indicates that there is a distribution of
CDW velocities associated with repolarization. Figure 6five oscillations were clearly observed in the voltage response wave

ShOW.S the regimes dfow— thign SPACE I Wh'Ch_ three, four, ;s for Sample C(We assume these correspond to the 3/1, 4/1,
and five oscillations were clearly observed in the VOItageand 5/1 mode-locked step€urrent drive wave form is the same as

response wave forms. _ in Fig. 5; 1ign="1.9 1, andl,,, is one parameter of the phase space
The PDME degrades g$,,| increases above zero, but giagram. The PDME is evident for0.41<I,,,<0.81: when

the degradation is gradual. Figure 7 shows voltage wave exceeds this range, the voltage wave form does not necessarily

forms for 5 differentty,;q, with 15,,=0.94 1. For this value finish the pulse at an oscillation minimufsee Fig. 7. For I o,

of I, there should be very few metastable states accessible1.11; or —0.6>1,,, the amplitude of voltage oscillation is

to the CDW during the low portion of the pulse. As predictedgreatly reducedsee Fig. 5.

FIG. 6. Regions of|,,,—thignh Space in which three, four, and
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those wave forms possess a larger NBN amplitude. We have

6 — noticed that this is a general feature seen for all samples,

independent of drive parameters.
For completeness we also investigated the dependence of

54 tiow ON the NBN amplitude for Samples B, C, and D. Figure
8 is typical of all three samples; the NBN amplitude is a
maximum fort,,,, near 4us, and decreases slowly very with

4 increasingt,,, . Experimentally we find that the PDME de-
grades rapidly with decreasing,,, below 1.0 us. For 1.0

R us<tiow<1.0 ms the PDME was robust for all three

6 8 10 12

Vv (mv)

LI L LT

samples. Quantifying the learned behavior with increasing
tiow beyond 1.0 ms is more difficult. For Sample C the
PDME did not degrade substantially with increastpg, up
t(us) to the longest time we investigatétio 9. For both Samples

FIG. 7. Wave forms of voltage response of Sample C to repeti-Bband 2 g notlc_(l—z-ﬁ_ble degra(t:iattlkc])nt Stﬁt lTjW':h n:_creaﬂ;fw;g
tive unipolar current pulses for differetyf;y,. Current drive wave above 1.0 ms. IS suggests that the destruction of the en-

form is the same as in Fig. 5 with,,,=0.94 1. Starting from the coded metastable state by thermal fluctuations is sample de-
. ow=0.94 1.

bottom curve, each is offset in steps of 0.2 mV for clarity. Arrows Pe€ndent. _
indicate there is no PDME because the wave form does not neces- Finally, the number of pulses necessary to train the CDW

paper, and is briefly elaborated on in Sec. V.

by the theory of phase organization, the data does not exhibit
' S IV. SIMULATIONS
the PDME because the wave forms do not necessarily finish
the pulse near the oscillation minimum. Interestingly, if the Comparing the experiment with the phenomenological
voltage oscillation finishes the pulse near a minimum, thersingle-coordinate modgISCM) provides some insight into

554 554 554
L,,=0-45 s t,,=0.80 ps t=1-38 ns
S 50l S s, S 50l
5 5.0 E %0 z 5.0
> > >
45 : . . 45 : . . 45 . . .
5 10 15 20 5 10 15 20 5 10 15 20
t (us) t (us) t (us)
55,
t,,=2.38 us t,,=4-13 us t. =10us
FIG. 8. Wave forms of voltage response of
— Sample C to repetitive unipolar current pulses for
E 5.0] % 504 % 04 differentt|ow. lhigh:l'gT and||0W:0.thigh was
> g g selected such that the voltage wave form pro-
duced four oscillations. Oscillation amplitude is a
maximum fort,,,, near 4.13us. The PDME is
only evident fort,,,,>1.0 us (see text
45 ) )
5 10 15 20 5 10 15 20 5 10 15 20
t (ps) t {us) t {us)
5.5 5.5 5.5
t,,=100 us t,,=1.0ms t,.=10s
S 50l S 50l S 50l
é 5.0 é 5.0 é 5.0
> > >
45 . . . 45 . . . 45 . .
10 15 20 5 10 15 20 5 10 15 20

t (ps) t (us) t (us)
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why the PDME is so remarkable. The SCM is mechanically
equivalent to a driven pendulum in the overdamped limit. 2 soocmons

The phase changes in time according to
0.Q0975 0.001010

¢ 254 Soomooom

’)’E:V_VT sin(¢). (1) 4x10% A

pt

Note thaty is a phenomenological damping constant, and | 24] omaso
d¢/dt is proportional to the CDW current. The experimental
observation that the voltage oscillation finish the pulse at a .
minimum implies that ¢o,q=37/2+ (integer)2r, where 3x10°7
deng IS the phase of the CDW at the end of the pulse. How- \N\N\/\/\/\N\NVMWM
ever, for a driving pulse of arbitrary height or width, this 1

model cannot reproduce the learned behavior. Assuming thic 26/1
CDW fully relaxes between pulses théi,i;i, IS equal to an g ox10*

integer multiple of 2r. For an arbitrary current pulSéenq 3
can take on any value, and therefore the indu¢eukcilla- —\NW\N\NVW\AN\MMMM 25/1

T T T T T J
0.0094 0.0096 0.0088 0.0100 00102 0.0104 00106
t

‘on

tion for the SCM can finish the pulse at any point, not nec-

essarily at a minimum. This suggests the internal degrees o . 25/1
freedom of the CDW are responsible for the learned behav- 1x10 55/1
ior.

Several groups have attempted to numerically simulate T 1 strong pinning limit — =
the PDME using the Fukuyama-Lee-Rice motfelOne e/x = 2000 24/1
group successfully modeled the learned behatfiane was 0
partially successful® and another was unsuccessttiThe T T T - T y T
impurity pinning limit appears to have been the cause of the 0.000 0.004 0.008 0.012

discrepancy. To investigate this discrepancy we have simu

lated the FLR model in both the weak and strong pinning

limits. FIG. 9. Simulated CDW current response to a sequence of uni-
The validity of the FLR model as a description for CDW polar electric field pulses for five different pulse lengths. System is

systems has been discussed at length elsewhere, along witteded-locked onto a=1 cycle. E;=2000=5. Epjq,=7.5E7,

the procedure for discretizing the equation of motid®?  Ejow=0, andt,, =0.5. From bottom to top pulse lengths are

The discretized equation of motion in one dimengibb) in 0.009 55, 0.009 75, 0.009 95, 0.010 15, and 0.010 35. Phase organi-

time

the presence of an external electric fi@lds given by zation is evident from the data since the current finishes the pulse
increasing. The beating of the wave forms is discussed in the text.
do, . There are 128 degrees of freedom. Initial conditions are highly
gt~ Eesinién=Bn) ~k(énrat dn-172¢n). strained. Curves are offset for clarity.
2

rent pulses. Comparison between the different types of pulse

Here, n represents the site indexn{1,2,...N) and drives is straightforward. For the current drive experiments, a
d¢,/dt is proportional to the local CDW velocity. The me- maximum CDW velocity corresponds to a minimum in the
chanical analogy to a system of pendulums is quite useful. Aoltage oscillation.
pendulum with phase,, is in a viscous medium with damp- Our simulations in the strong pinning limit are consistent
ing constanty, and elastically coupled to neighboring pen- with the theory of phase organizatibhAs shown in Fig. 9
dulums with coupling constant. Each pendulum experi- the CDW current always finishes the pulse increasing at the
ences a torque. It is affected by a pinning force of strength midpoint between the maximum and minimum in the ampli-
e with random phases,,. The fixed random variablgs,,  tude of the current oscillation. This point on the wave form is
effectively disorders the direction of the gravitational field ata signature of phase organization, and implies the phase de-
each site, which models the random distribution of impuritiesgrees of freedom finish the pulse at a point of maximum
for the actual CDW. potential pinning energy. We have verified this numerically

The dimensionless pinning parametéik determines the by checking to see thap,— B, finishes the pulse near a
strength of the pinning. 1&8/x<1, then the system is in the value of =+ (integer)2r for each degree of freedorfsee
weak pinning limit and the statidf=0) phase-phase corre- Figs. 10 and 1L For this set of simulations the initial meta-
lation length is equal to 3.8( )~ ?* assuming an impurity stable state was highly strained. This metastable state was
on every lattice sité? For the strong pinning limit the static obtained by setting each phase variable to a random number
phase-phase correlation length is just one lattice site. For abetween—10° to 1¢ and letting the system relax. If instead
numerical results reported hefe=1, k=1, and the bound- we begin with a metastable state near the ground state (
ary conditions are cyclic. =0 for all n), then we do not observe phase organization.

For numerical investigations it is simpler to examine theThe lack of phase organization for initial conditions near the
spatially averaged current respons@d,/dt),) to a se- ground state has been discussed at length b¥’ IBehavior
guence of repetitiveE pulses, instead of the experimental similar to the SCM is recovered for these initial conditions.
situation of the electric field response to a sequence of cur- The beating exhibited for pulse lengths near the center of
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© () t,,=0.01010 2450 24.75 25.00 25.25 2550  24.50 24.75 25.00 25.25 25.50
'400 1 1 T T T T Ll 1 128 128
0 16 32 48 64 80 96 112 128 T t =0.1000 | t =0.1010
n 3 o6 96
FIG. 10. CDW phase as a function of position at the end of aug
pulse. Numerical data are for steady state, and correspond to thy &4 fall fall 641 fall
numerical data of Fig. 9. Near the edges of the 25/1 stgp ( g .| foward back 5] back
=0.009 75, 0.010 10) the overall strain is reduced in comparison to2 s~ ~ ~
the center of the 25/1, but there are a few sharp kinks.

0- 01— T T 1
2450 24.75 25.00 25.25 25.50 2450 24.75 25.00 25.25 25.50

theq=1 steps in Fig. 9 is simple to understand. According (6™ -9") / (2n) (6"-0%)/ (2r)

E:Ci)atlhrigt]aesotg/b(l); Z?Stseetgr?;gf?rt:?on ft(?rzaszyls t(rann; dsee-lli((::tlfez spe FIG. 12. Histrograms of the CDW phase difference from just

. . before the pulse to just after, for six differegt, values for the 25/1
cycle. This metastable state is such that at the end of the ne(ifep. Numerical data are for steady state, and correspond to the
pulse the phase degrees of freedom form fall-forward an umerical data of Fig. 9. Note that the data is bimodal, and clearly
shows the the fall-forward and fall-back regions of phase organiza-
tion. Near the step edget,(=0.0975,0.1010) the phase difference

e (@) t,=0.00975 _
is mostly fall forward or mostly fall back.

fall-back regions? During the pulse the degrees of freedom
in a fall-forward region advancp—1/2+ 6§ (6<<1) wind-
ing numbers and fall forward after the pulse is turned off;

—T T T T — T
e 0 16 32 48 64 80 96 112 128

- (b) t =0.00990 those in a fall-back region advanpe- 1/2— & winding num-
R N S e T bers and fall back. As illustrated in Fig. 12 for regions of
= ] parameter spac@ulse height—pulse widinear the center
3 2507 of the p/1 step, the phase degrees of freedom are equally
_*?c ] divided between fall-forward and fall-back regions. There-
%9;24.5—" ————————————————————————————————————————— fore halfway through the pulse these two sets of degrees of
~ 0 16 8 48 64 8 9 112 128 freedom are out of phase, resulting in a node in the wave
N? 4 (c) t,.=0.01010 form. For regions of parameter spagaulse height—pulse
:ZS.SGTV‘N—VV——V TV width) near the edge of thg/1 step, all the phase degrees of
¢ ] freedom form a single fall-back or a single fall-forward do-
3 207 main, and no beating occurs.
5] Figure 13 shows results for simulations in the weak pin-
i S, ning limit (¢/x=1/8). Since the static phase-phase correla-
To0 18 s 4 64 80 96 112 128 tion length is 14, we increased the number of lattice sites to
n 2048 to ensure we captured the dynamics of the internal

FIG. 11. CDW phase difference from just before the pulse todegrees of freedom: Evidence of phase organization in the
just after, as a function of position. Numerical data are for steadyeurrent wave forms is very weak; the CDW current oscilla-
state, and correspond to the numerical data of Fig. 9. Note that thon does finish the pulse increasing, but the position varies

data is heavily weighted at 2475and 25.5r. The 24.5r regions ~ from near the oscillation minimum to near the oscillation
advance 0.5 after the pulse is turned off, and the 25.5egions ~maximum depending on drive parameters. Evidence for

retreat 0.5r. These correspond to the the fall-forward and fall-backphase organization was even weaker for the other pulse
regions of phase organization. drives we investigatedE,,=12E; or 1.9, and ty,
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4/1 weak pinning limit / FIG. 14. CDW phase as a function of position at the end of a
4/1 e/x =1/8 i pulse. _Numerical d_ata are for steady state, a_nd_ cor_respond to the
numerical data of Fig. 13. The global CDW strain is slightly smaller

0.00

near the edges of the 4/1 stety (=480,540), compared with data
near the step centety,=510).

I v I v 1
200 400 600
time point, in contrast to the experiment, where the voltage oscil-

FIG. 13. Simulated CDW current response to a sequence oftion finishes the pulse at a minimum. In Ito’s opinion, this
unipolar electric field pulses for five different pulse lengths. Thediscrepancy results from the fact that the relation between

system is moded locked onto g=1 cycle. E;=0.026-0.001.  the sliding displacement and the phase in the current oscilla-
Ehigh=3Er, Ejow=0, andty,,=7000. From bottom to top pulse tion between the FLR model and the experiment do not
lengths are 480, 500, 510, 520, and 540. Wave forms differ greath@agree. This is a very important point, suggesting that a
compared with the strong pinning limit. There are 2048 degrees ophase-only model is insufficient to describe the experiment.
freedom. Initial conditions are highly strained. Curves are offset for
clarity.

[

=5000. Like the numerical data shown in Fig. 9, that shown
in Fig. 13 is for highly strained initial conditions. The initial
metastable state was obtained by setting each phase variable
to a random number betweenl1® to 1¢° and letting the
system relax. Figures 14—-16 illustrate that the degrees of
freedom do not separate into fall-forward and fall-back re-
gions, indicating a lack of phase organization in the weak
pinning limit.

Finally we note that just as for the strong pinning limit, if
instead we begin with a metastable state near the ground
state @,=0 for all n) the response is similar to the single-
coordinate mode(see Fig. 1.

Comparison with the extensive numerical calculations by
Ito is enlightening'® These simulations were in the interme-
diate pinning limit. He finds that for a wide range of initial
conditions, the FLR model selects a metastable state such
that in steady state all the phases advaa@srn during the
pulse, whera is an integer. These results are consistent with
our weak pinning limit simulationgésee Fig. 16 and differ
greatly from that of the phase organization, where the phases
advance=2mn=*m. FIG. 15. CDW phase difference from just before the pulse to

As noted by Ito there is an important discrepancy betweelust after, as a function of position. Numerical data are for steady
his simulations of the FLR model and the experiment. Astate, and correspond to the numerical data of Fig. 13. Unlike the
phase advancement of72 corresponds to the voltage oscil- strong pinning numerical data, the weak pinning numerical data is
lation ending the pulse with a downward slope near the midnot heavily weighted at 375 and 4.57.

T 1 1

T T T T 1
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2 peak ; peak ; FIG. 17. Numerical simulation data similar to that shown in Fig.
E 128 128 ‘ 13, the only difference being that the initial conditions are a meta-
< mﬂﬂﬂ Hﬂﬁ mrﬂm Hjﬂ stable state near the ground state, and the pulse lengths from bottom
Y a5 50 %0 a5 40 45 50 to top are 440, 480, 520, 560, and 600. The main point of this figure
515 no g no is that for initial conditions near the ground state, the wave forms
t,.=930 g fall t,=540 g fall are very similar to the single-coordinate model since the current
B3sa{ no back 3841 back oscillation can finish the pulse increasing or decreasing. We also
@ fall peak peak note that for different initial conditions, the system can mode lock
© 2564 forward ‘ 256 ; into a differentp/q cycle in steady state.
(0]
£ s PeEK 128 rephasing of the CDW, implying that the internal degrees of
2 ‘ FH H H freedom of the CDW do not form fall-forward and fall-back
0 I/—\‘ [ | | ’_‘ = 0 ; V—J_\V_l_‘l | “ﬂ_\ J reg |O ns
30 35 40 45 5030 35 40 45 50 o -
o bofore sior bofore 2. Experimentally the CDW current finishes the pulse at a
(o7 - )/(2m) (o - )/(2r) point of maximum velocity, and not at a point of maximum

tpotentlal energy Okajima and Ido observe the same behavior

FIG. 16. Hist f the CDW ph diff fi j
istrograms o te pnase drierence from Justeor NbSe,® and Abdezzahid and Dumas observe this behav-

before the pulse to just after, for six differefgt, values for the 4/1

step. Numerical data are for steady state, and correspond to tH@F In high-quality crystals of blue pronfe
numerical data of Fig. 13. Note that this weak pinning numerical 3- The spin-density waveSDW) in (TMTSF),PF; also

data is not bimodal. The absence of weight near the fall-forwarcXhibits the PDME. Contrary to the CDW in NbSéhe

(3.57) and fall-back (4.5) regions strongly suggest an absence of SDW appears to finish the pulse at a point of minimum
phase organization. velocity?® After training the voltage response finishes the

pulse at a sharp maximum, but there is a noticeable lack of
In summary, we find that the 1D FLR model exhibits NBN oscillations before the end of the pulse.

phase organization in the strong pinning limit with highly 4. Numerical simulations observe no learning in the weak
strained initial conditions. As the pinning strength is de-pinning limit. As previously discussed, all NbSeamples
creased the learned behavior gradually degrades. Howevéom this study are well into the weak pinning limit.
for no set of model parameters did we observe phase orga- 5. Experimentally the density wave only needs a few
nization starting from initial conditions near the ground state fraining pulses to learn the length of the pulse. Fleming and
Also for no set of model parameters could we simulate theéSchneemeyer find for blue bronze that if the length of the
experimental observation that the CDW current finishes th@ulse is suddenly increased, it takes only one training pulse

pulse at a point of maximum velocity. for the CDW to learn the length of the new pulse widtRor
the SDW in (TMTSF}PF;, the relearning time is again only
V. DISCUSSION one pulseé?® For NbSg, we and Okajima and Ido find that it

takes only a few training puls@€’ The theory of phase or-
The experiments and numerical simulations reported herganization predicts that the number of relearning pulses is
find a few features that are qualitatively consistent with themuch greater than orfé.
theory of phase organization, but even more that are not. The 6. As discussed in detail by Ito, in the strong pinning limit
observations that are consistent with the theory of phase othe FLR model does not exhibit learning for initial condi-

ganization are the following. . _ tions near the ground state.Learning only occurs if the
1. As the number of metastable pinned states accessible rain energy of the initial condition is greater than the strain
the system decreased (.| — 1), the PDME degrades. energy of all the steady-state metastable configurations that

2. Contrary to previous repoftshe PDME does not de- are available between pulses. We refer to this as the ground-
grade at large drive amplitude > 3I1) in highly coher-  state paradox.

ent samples. What we find so intriguing is that experimentally the
The observations that are inconsistent with the theory oPDME is robust over a large region of drive parameter space
phase organization are the following. (see Figs. 1-8 yet this learned behavior is apparently not

1. There is no beating in the experimental wave formsproperly described by the FLR model. This type of learned
(Figs. 1-5. This indicates that there is no dephasing andoehavior might occur in the FLR model in two or three spa-
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tial dimensions. However, according to Ref. 11 phase orgaPDME. This scenario requires further experimental and nu-
nization only requires a large number of coupled degrees aherical investigation.

freedom, and is independent of spatial dimension. If the FLR

model can reproduc;e the PDME in.higher spatial dimension VI. CONCLUSIONS

it will be due to a different mechanism.

More likely the essential physics of the PDME is absent We have performed a critical comparison between experi-
from the FLR model. Okajima and Idband also Itd> have  ment and the theory of phase organization in order to test
suggested that amplitude collapse cannot be neglected, amhether phase organization provides a plausible mechanism
that the PDME is due to the organization of slip events.of the PDME in NbSe. We find that it does not. The phase
Okajima and Ido previously speculated that phase-slip even@egrees of freedom of the CDW, as described by the FLR
near strong pinning centers organize their timing upon applimodel, cannot account for the remarkable learned behavior
cation of a repetitive drive sequence, although they providén these crystals. We agree with Okajima and®lttmat am-
no numerical evidence for this mechanim. plitude collapse is a key ingredient in the learning mecha-

We speculate that a different type of mechanism is renism. Theoretical investigations of the organization of dislo-
sponsible for the PDME. At the contacts normal carriers areations in the CDW superlattice under the application of a
converted into CDW carriers. This process involves the forrepetitive pulse sequence is required. These investigations
mation of dislocations in the CDW superlattice. Mode lock-should open a new direction in the study of learned behavior
ing of the CDW to a repetitive pulse sequence requires thah nonlinear systems.
these dislocations organize themselves. Upon training, as the
CDW polarizes, the strain of the metastable_ state into which ACKNOWLEDGMENTS
the CDW relaxes between pulses grows until the CDW mode
locks. Once mode locking occurs, the superlattice strain no We would like to acknowledge many useful discussions
longer grows. During training, we believe the CDW selects awith S. E. Brown and S. N. Coppersmith. This work was
special metastable state such that the amplitude dislocation s&ipported by Clemson University. For a short video clip il-
expanding most rapidly at the end of the pulse. This leads ttustrating the PDME in NbSg visit http:/

a voltage minimum at the end of the pulse, and hence thphysicsnt.clemson.edu/People/mccarten/research.htm.
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