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Temperature dependence of the pulse-duration memory effect in NbSe
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The temperature dependence of the oscillatory response of the 59 K charge-density wave jiito\dSe
sequence of repetitive current pulses was investigated. For 57 K45 K the learned behavior commonly
referred to as the pulse-duration memory eff@ME) is very evident; after training the voltage oscillation
always finishes the pulse at a minimum. At lower temperatures the PDME changes qualitatively. In nonswitch-
ing samples the voltage oscillation always finishes the pulse increasing. In switching samples there is a
conduction delay which becomes fixed after training, but no learning of the duration of the pulse.

Quasi-one-dimensional conductors exhibit a rich variety We investigated the temperature dependence of the
of response to an applied current or voltage due to the manpPDME in seven samples. Figures 1 and 2 show data for two
internal degrees of freedom. Above threshold an incommenef these samples, which are typical for the temperature range
surate charge-density wav€DW) depins from the impuri-  from 52 K to 45 K for all seven samples. For this range the
ties and other crystalline defects, and effectively “slides” pDME is very pronounced; the learned response to a repeti-
through the crystal creating a new conduction channel.tive unipolar current pulse sequence results in the NBN os-

There are a large number of metastable pinned states accgsation finishing the pulse at a minimumaximum CDW
sible to the CDW below thrgghold. This large number leads;g|ocity). Okajima and Ido previously reported similar re-
to numerous memory effects® including the pulse-duration sults for this temperature range.

7_9 . . .
memory effect(PDME)."™" Upon application of a series of  cparacterizing the PDME below 35 K is difficult for a

Number of reasons. The amplitude of the NBN oscillation in

when thg current pulse is going to end. The leaming is due tﬂwe pulsed-mode-locked state diminishes, and the mode lock-
the special metastable state into which the CDW relaxes be- . .
tends to degrade and become more intermifteAtso

tween pulses. This metastable state effectively encodes thed
length of the previous pulse. After training, if the same cur-

rent pulse is applied again then the voltage response, which 4.0
oscillates in time, always finishes the pulse at the same phase
in the oscillation. A multiple pulse-duration memory effect 3.5

has also been observ&d.
Experimental studies of the PDME have focused on the

W 52 K
X 79 X 3.0

materials NbSg(Ref. 8 and Ky s;M00O;."” The main empha- ] W

sis of these studies has been the dynamics of the learning. 25 W

Here we report the temperature dependence of the PDME in

NbSe. We find that there is a qualitative change in the

PDME upon cooling, and at low temperatures there is a dif-
ference between switching and nonswitching samples.

For this study we used high quality single crystals of un-
doped NbSge with residual resistance  ratios
[p(300 K)/p(4.2 K)] of over 300. Crystals grow as long
needles with typical dimensions of 1 ¢i0 umX1 um.

Data were taken in a two-probe configuration after determin-
ing that contact resistance was less than 5% of the total
sample resistance. Current pulses were created using a Stan-
ford DS345 function generator and a large resigtgpically o 1 2 3
100 K2) in series with the sample. Voltage wave forms

were captured with a Tektronix TDS744 digitizing oscillo- t(us)
SCOpe. . . FIG. 1. Wave forms of the voltage response to a sequence of
. Nb_S% undergoes two CDW tranS|t|o_n_s. For this study we repetitive unipolar current pulse{see%nset Igig. R The tenqwave
investigated only the 59 K CDW transition because the @Miorms are each for a sequence with a different pulse duration.

plitude of the voltage oscillation, hereafter referred to as thqhigh: 1.5 andt,,, =100 us for all ten sequences. Wave forms
narrow-band noiseNBN), is much larger than for the 143 K 4re averaged 20 times to reduce noise. Curves are offset in steps of
CDW. Most studies of CDW dynamics concentrate on thep.2 mv for clarity. At this temperaturé/;=1.5 mV and I,
temperature range near 50 K. This is where the threshold-g0 xA. Sample length, width, and thickness are 82én, 5
voltage for CDW depinning\(7) is a minimumt and ac-dc ~ +1 um, and 1.6:0.2 um, respectively. Note that the number of
mode locking and pulsed mode locking are most likelyoscillations increases stepwise with increasing pulse duration, and
Complete'l.l that the oscillation always ends near an oscillation minimum.
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0 2 4 6 FIG. 3. Wave forms of the voltage response to a sequence of
t (us) repetitive unipolar current pulses. The seven wave forms are each

for a sequence of different pulse duration. Same sample as in Fig. 1.

FIG. 2. Wave forms of the voltage response to a sequence dfhese data illustrate what we refer to as type A behaviggy,
repetitive unipolar current pulses. The six wave forms are each foe 1.5 andt,,,, =100 us for all seven sequences. Wave forms are
a sequence with a different pulse duratidpg,=1.51 andtq, averaged 20 times to reduce noise. Curves are offset in steps of 0.2
=100 us for all six sequences. Wave forms are averaged 25 timemV for clarity. At this temperatureV;=5.1 mV and I
to reduce noise. Curves are offset in steps of 0.15 mV for clarity. At=41.2 uA. This is a nonswitching sample.
this temperature/;=0.8 mV andI+=6.5 uA. Sample length,
width, and thickness are 39g¢m, 3=1 um, and 1.3 0.4 um,  threshold. The delay time rapidly decreases with increasing
respectively. Note that the number of oscillations increases stepwiq§u|se height, and is on the order of is for pulse ampli-
with increasing pulse duration, and that the oscillation always endgydes above 1\i;. 13 Data from the two switching samples

near an oscillation minimum. Inset shows schematic of the repetiare consistent with their results. Levy and Sherwin find a
tive current pulse sequence. For all data reported here at lekst 10

pulses in the sequence were applied before capturing the wave

form. 10.6 - 3
the rapid increase of; with decreasing temperatdreom-
plicates measurements because the NBN oscillation is a 10.4 -
smaller fraction of the total dc voltage. Despite these diffi-
culties we were able to resolve the real time NBN oscillation
down to 25 K in four of the samples. A qualitative change in <
PDME behavior is clearly apparent. This crossover occurs E£10-24
between 35 and 45 K. >

The main point of this paper is the low temperature be-
havior. We observe two qualitatively different behaviors at 10.04
30 K. What we refer to as type A behavior was observed in
two of these four samples, and is illustrated in Fig. 3. Unlike
the higher temperature data, the NBN oscillation always fin-
ishes the pulse increasing.

Type B behavior is illustrated in Fig. 4. For the first
0.5 w s of the pulse the CDW remains pinned. After a delay
it depins, but the CDW does not learn the length of the pulse;
for an arbitrary pulse length the NBN oscillation can finish t(us)
the pulse at any position. TYP_e B be_hav_ior was observ_ed in FIG. 4. Wave forms of the voltage response to a sequence of
both of the samples that exhibited switching at 30 K. Switch-gpetitive unipolar current pulses. The six wave forms are each for

ing refers to a sudden jump in the 80/ characteristic near 5 sequence of different pulse duration. Same sample as in Fig. 2.
threshold. Conduction delays are a common phenomenon ithese data illustrate what we refer to as type B behavigg,

switching samples. Extensive studies characterizing conduc=1.2; andt,,,=100 us for all six sequences. Wave forms are
tion delays have been reported by Levy and Shef#ifhey  averaged 25 times to reduce noise. Curves are offset in steps of 0.15
find that for this temperature regime the delay time is on thenv for clarity. At this temperatureV;=9.2 mV and I
order of 1 ms @ 1 s for pulse drive amplitudes just above =121 uA. This sample switches at this temperature.
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distribution of conduction delay times for a virgin cooled CDW systems$® The major point here is that a phase-only
CDW. In contrast,we find that for a repetitive pulse se- model appears inconsistent with the high temperature data.
quence the conduction delay is the same from pulse to pulse. The low temperature data are even more surprising. In
In other words, we observe a pulse delay memory effect. Weype A samples, comparison with the SCM impligg g
attempted to recover type A behavior in the two type B=2zxinteger. This is the phase at which the pinning poten-

samples by increasing the pulse height in order to reduce thgy) energy is a minimum, which isr rad away from the
delay time. We were unsuccessful in this atteffpt. standard phase organization picture.

First we will discuss the high temperature data. Here com-
parison with the phenomenological single coordinate mode],
(SCM) is useful® In this model the phase of the CDW
superlattice changes in time according to

In type B samples, the training of the conduction delay is
nexpected, but not surprising given the richness of CDW
transport in NbSg Previous investigations by various re-
searchers have shown that additional physics must be incor-
porated into the FLR model to produce conduction delays,

Ygr ~ VY Vrsin(g). (1) such as the inclusion of normal carrier screening or ampli-

tude collapse of the CDW near contatt$? Future research

Here y is a phenomenological damping constai/dt is  needs to address the issue of whether the additional physics
proportional to the CDW current, andV+ sin(¢) is the pin-  necessary to describe the data below 45 K implies that the
ning force. The CDW conduction channel is assumed in parphase-only description is inadequate above 45 K.
allel with a conduction chann_el of normal car_riers which™ Apove 45 K, to account for the PDME in Nb$&kajima
obeys Ohm’s law. The experimental observation that theyng |do speculate that phase slip events near strong pinning
voItage os_C|IIat|on finishes the pulse near an oscillation mMiniwgnters organize their timing upon application of a repetitive
mum implies thatpeng=3m/2+ (2w X integer) wherebena  grive sequence, although they provide no numerical evidence
is the phase of the CDW at the end of the pulse. However,, his mechanisnfi.We speculate as follows. At low tem-

Loarnzriwo(inr\(lam?ogﬁ::see tﬁ‘;?ég::gg Q:Lgarci;nigﬂxi;hlihngoggl eratures the conversion of normal carriers to CDW carriers
P ' 9 ear the contacts controls the dynamics. This process in-

glilztegﬂfxliea abnegl;lt?i?rr;r p;'f;?:ft' r;)'tl';i‘égls cgﬂL:ZII(etgn Z] volves the formation of dislocations in the CDW superlattice.
' Y nd Y Pulsed mode locking of the CDW to a repetitive pulse se-

value, and therefore the induc&toscillation for the SCM ; . . . .
can finish the pulse at any point along the oscillation, not(Fquence forces the dislocations to organize. The difference in

necessarily at a minimum. This indicates that the interna ype A and type B behavior is a contact effect; that is, a

degrees of freedom of the CDW are responsible for th%:]_hange in boundary condltl_ons fo_r dislocation for_matlon. Al
learned behavior. igher temperatures, the dislocations that are pinned to the

The theory of phase organization, which takes into aC_nucleation sites at the contacts “melt,” and the pinning due

count the internal degrees of freedom of the CDW, provide%?hthteh'”ép‘:]”t:ﬁis In ]qu bU'lAk %Odn:fds I;’he ?T)]/nlamlics.ir'rl']ri]llsr |st
a possible explanation of the PDME® This theory de- y the dynamics ot yp€ A and type b samples 1S simiar a

. . ._higher temperatures. We have recently observed that the en-
scribes the learned dynamics of the Fuku ama-Lee-RmQ'g np y
model (FLR),}” and pr}cljvides a good descr)i/ption of the &Y requwed. to shear the CDW abruptly cha_nges at 44 K,
PDME in Ko Mo0O,.” The FLR model simply includes the supporting this hypothests. This is all speculative, and re-

elastically coupled internal degrees of freedom of the CDV\FUires further investigation, both experimentally and theo-

into the SCM. The name “phase organization” derives fromretlca"y' : . . :
the novel pattern formation associated with the learned dy- U_nderstandlng the_ sy_stematlcs of this phenomeno_n V‘_””
namics. For a sequence of repetitive driving pulses the inter‘—)rov.Ide anew dwgctlon in the s_tudy .Of Ieamed behavior in
nal phase degrees of freedom of the FLR model relax into onlinear system : Further studies will require betyer con-
special metastable state such that if the same driving pulse EOl of contact fgbrlcatlon and a better understanding of the
again applied the pinning potential energy for each phasgurrent CONVErSION process.

degree of freedom is near a maximunde,q= 7+ (27

Xintegep] at the end of the pulse. However, as first noted by We would like to acknowledge many useful discussions
Okajima and Id® the experimental data imply thape,q  with M. J. Skove, S. E. Brown, J. H. Miller, Jr., and S. N.
=37/2+ (27 Xintege). Ito has also questioned the theory Coppersmith. This work was supported by Clemson Univer-
of phase organization as an explanation of the PDME irsity.
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