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A study of the response of niobium t r i s e l en ide  t o  
pulsed currents  shows t h a t  the field-induced motion 
of the cha rgedens i ty  waves (CDWs) leaves them i n  
long-lived metastable states i n  which, presumably, 
some d i s t o r t i o n  is s t a b i l i s e d  by pinning. Evidence of 
this is provided by a reduction i n  Ohmic conductivity 
after current  flows non-linearly through a specimen 
o r ig ina l ly  i n  thermal equilibrium, and by a t r a n s i e n t  
increase i n  the non-linear conductivity on subsequent 
reversals  of the current .  A gradual increase i n  the 
non-linear conductivity during pulses  appl ied repeat- 
edly i n  the same sense is found t o  a r i s e  from a 
thermally-induced change i n  the s t rength of t he  pinn- 
ing. The possible o r ig in  of this change is discussed. 

INTRODUCTION 

It is now accepted that the  remarkable electrical propert- 
i e s  of niobium t r i s e l en ide  are the r e s u l t  of the charge- 
densi ty  waves (CDYs) i n  that material being so feebly pinned 
that qui te  weak applied e l e c t r i c  f i e l d s  may induce them t o  
move, and so  t o  carry current i n  the manner out l ined long 
ago by Frohlich (1). Two independent CDWs occur i n  NbSe3, 
and are present below onset temperatures T i  = 1NK and 
T2 = BK respe+ctively, with the apparently incommensurate 
wave-vectors q1 = (0, 0.243, 0) and T i  = (t,  0.263, 9) (2). 
They w i l l  be referred t o  here as q1 and 92. Their f i e l d -  
induced motion, i n  the presence of pinning by impuri t ies  or 
o the r  c r y s t a l  defects ,  is thought t o  be responsible f o r  a 
rapid increase i n  conductivity with the s t rength E of an 
applied steady field,  commencing a t  a well-defined threshold 
value e; f o r  t he  accompanying appearance across the  
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specimen of excess noise, i n  whose spectrum discre te  (and 
current-dependent) frequencies are prominent; and also f o r  
an increase with frequency of the Ohmic conductivity i n  
weak a l te rna t ing  fields (3-6). 

This piper is concerned with three f u r t h e r  phenomena, 
observed using pulsed f i e l d s  and reported b r i e f l y  elsewhere, 
which a l s o  involve movement of the CDWs (7). They show that 
the CDWs do not move r ig id ly ,  but suffer d is tor t ion ,  i n t o  
long-lived metastable s t a t e s ,  as a r e s u l t  of t h e i r  displace- 
ment from equilibrium. The phenomena, discussed under 
separate headings below, a r e  a l a s t i n g  decrease i n  the Ohmic 
conductivity following the  temporary appl icat ion of a f i e l d  
E > ET; a phenomenon t o  be referred t o  as the 'overshoot', 
whereby a t rans ien t  increase i n  the non-linear conductivity, 
t o  a value grea te r  than that eventually established, follows 
application of a pulsed f i e l d  i n  a d i r e c t i o n  opposite t o  
that of the previous pulse; and a gradual rise of the  non- 
l i n e a r  conductivity towards its ultimate steady value, seen 
when the f i e l d  is applied i n  the same sense as previous 
pulses. 

A detai led invest igat ion of these r a t h e r  complicated 
phenomen?. is still i n  progress anl. w i l l  be reported f u l l y  
on comple Lion. The present publication, which is intended 
only as an inter im report ,  summarises the  new information 
already obtained. 

EXPERIMENIAL TECHNIQUES 

Six NbSe specimens, with res idua l  res i s tance  r a t i o s  
R(300K)/&4.2K) ranging from 60 t o  almost 200, have been 
examined t o  date, mainly a t  temperatures T below T2. 
A l l  have shown qual i ta t ive ly  similar behaviour, but  except 
where otherwise noted the r e s u l t s  presented here w i l l  refer 
t o  a specimen having resis tance r a t i o  190, f o r  which the 
minimum values of ET are about 60 mV cm-1 (near 120K), and 
10 mV cm-1 (near SK). 

with current flow parallel t o  the crystallographic b-axis. 
Contacts are of s i l v e r  or gold paint,  or of indium. Damage 
from t h e m 1  cycling is avoided by supporting specimens by 
t h e i r  leads, of f i n e  gold wire, radiw 0.03 mm. An a c t i v e  
bridge circuit, described i n  reference 7, is used t o  observe 
the development with time t of the quant i ty  U ( t )  = R I - V, 
where I( t)  is the current through the specimen and Vft) the 
poten t ia l  difference between its voltage terminals, and RO 
is thc resis tance V/I i n  the Ohmic (low-current) regime. 
Most of the experiments cons is t  of applying pulsed o r  more 

Specimens a r e  measured i n  a four-terminal configuration 
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METASTABLE STATES AND CDW CONDUCTIVITY IN NbSej [7931/75 

- 

- 

complicated stepped waveforms of current  I ( t ) ,  and record- 
ing,  e i t h e r  photographically from an oscilloscope or by 
using a sampling circuit t o  t ransfer  i ts waveform t o  a 
chart recorder, the quantity U(t) which describes the  
non-linear (or perhaps a change i n  the l i n e a r )  response of 
the specimen. 

.01 

. 9  

THE EFFECT OF NON-LINEAR CONDUCTION ON THE OHMIC RESISTANCE 

b 
8 

When a current pulse, s u f f i c i e n t  t o  cause non-linear con- 
duction, is applied t o  a NbSe3 specimen a t  a temperature 
T < T2, which has previously cooled i n  zero applied f ie ld  
from above T2, the  Ohmic resis tance Ro(T), monitored using 
a su i tab ly  weak pulse, is found t o  increase by an amount 
6Ro(T) which may be as much as 2% of Ro. A t  constant temper- 
a t u r e  this increase persists apparently indef in i te ly  (and 
cer ta in ly  f o r  several  minutes), but t h e  or ig ina l  R o  can be 
recovered by heating above T2 and returning. No correspond- 
ing  increase has been detected a t  temperatures between T2 
and T i  after cooling from above TI; i f  such an increase 
ex is t s  it does not exceed 0.0% of Ro.  

i n g  f i e l d s  E >> ET, appear i n  figure 1 as the r a t i o s  
f = 6Ro(T)/Ro(T) and g = 6Ro(T)/R0(300K). Measurements did 
not exterd below 2 3 ,  where ET became inconveniently large, 
and the phenomenon was not detected with T 2 5%. 

Some values of 6R0, recorded a t  various T af ter  apply- 

O O  

0 

0 
0 

FIGURE 1 Increases 6Ro observed i n  the  Ohmic resistance, 
following non-linear current  flow. Circles denote values 
of f = 6Ro(T)/Ro(T), and squares values of g = dRo(T)/R0(300K). 
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76/[794] J. C. GILL 

Although some modification of the Ohmic resis tance 
might conceivably arise through motion of the CDW rearrang- 
ing dis locat ions or other mobile defects  of the c r y s t a l  
la t t ice ,  the observed &Ro (which at 35K exceeds t h e  residual 
resis tance Ro(4.2K)) seems far too la rge  t o  be accounted f o r  
i n  that way. It is concluded, therefore,  that the change 
brought about by the current is i n  the CDW 92 i tself ,  which 
is modified from its equilibrium condition i n t o  a metastable 
(and presumably dis tor ted)  state. Such a conclusion is not 
inconsis tent  with the X-ray d i f f r a c t i o n  results (2) ,  even 
though they provided no evidence of any current-induced 
change i n  62, f o r  loca l  d i s t o r t i o n s  of the CDY need not 
a l t e r  the averaged wave-vector thus measured. They might, 
however, reduce the Ohmic conductivity by sca t te r ing  the 
'normal' e lectrons,  and a l s o  by changing t h e i r  local abund- 
ance by modifying the Fermi surface. I n  the former case one 
might expect &Roc and i n  the latter 6RO/Ro, t o  be related 
i n  a roughly quadratic fashion both t o  the amplitude of the 
CDW and t o  the amounts by which its wave-vector depar t s  
from uniformity. 

The present data are not s u f f i c i e n t  t o  d is t inguish  
between these p o s s i b i l i t i e s .  An experimental complication, 
perhaps responsible i n  figure 1 f o r  the decrease of g below 
3%, is that as the non-linear current r i s e s  &Ro increases  
i n  sudden s teps ,  as i f  d i f f e r e n t  domains contribute when 
t h e i r  appropriate threshold fields are surpassed. 

THE ' OVERSHOOT ' PHENOMENON 

The e s s e n t i a l  features of the overshoot phenomenon are 
illustrated i n  figure 2. On applying a current  pulse of 
s u f f i c i e n t  amplitude t o  a specimen i n  which current previous- 
l y  flowed non-linearly i n  the opposite direct ion,  U ( t )  rises 
a t  first beyond its eventual steady value, towards which it 
subsequently decays approximately i n  exponential fashion, 
with time-constant tending t o  decrease as I increases.  
The phenomenon is observed both below T2, arad a l s o  between 
T2 and T1 when only q1 is present. It does not  occur on 
applying a pulse i n  the same di rec t ion  as t h a t  of the 
previous current. 

It is evident that the  metastable state establ ished 
when current flows non-linearly i n  one d i rec t ion  is not the 
same as that appropriate t o  current flow i n  the opposite 
sense, a d  that the overshoot phenomenon is associated with 
the t rans i t ion  from one metastable state t o  the other.  
Tha t  the phenomenon occurs a t  temperatures above T2 shows 
that, despi te  the absence of any detectable effect on Ro, 
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METASTABLE STATES AND CDW CONDUCTIVITY IN NbSej [7951/77 

metastable states can be established i n  q1 as well as i n  q2. 

FIGURE 2 The g ~ ~ e r s h o ~ t '  phenomenon. One period of the 
repe t i t ive  current  waveform I(t) is shown a t  (a) .  The resp- 
onse U(t) is shown a t  (b) and (c) respectively f o r  I less 
than, and I g r e a t e r  than, the  threshold current  IT^ f o r  
nonlinear d .c . conduction. 

An account of the overshoot phenomena observed a t  42K 
i n  a specimen having resis tance r a t i o  60 has been given 
i n  reference 7. The t rans ien t  i n  U ( t )  was found t o  be 
almost independent of the in te rva l  tl defined i n  figure 2, 
indicat ing that the lifetime of the metastable s t a t e  was 
a t  least a few hours, and a l s o  showed a n  i n t e r e s t i n g  thresh- 
old behaviour, whereby an increase i n  the  pulse current  i n  
one sense tended t o  reduce the current  subsequently required 
i n  the opposite direct ion t o  produce the  phenomenon. It was 
suggested, therefore,  that i n  its metastable state q2 is 
deformed e l a s t i c a l l y  between points where it is most strongly 
pinned, and is prevented from relaxing when the current  is 
removed by the  pinning present elsewhere. The t r a n s i t i o n  
between opposite metastable states leads t o  a t r a n s i e n t  
increase i n  conductivity both as a r e s u l t  of the Frohlich 
current  carried by the moving sect ions of the CDW, and 
perhaps a l s o  because the Ohmic conductivity increases  as 
the CDW passes through its equilibrium configuration. When 
ascribed so le ly  t o  Frohlich conduction, the o b e r v e d  trans- 
i e n t s  were found t o  correspond t o  the passage through the 
specimen of charges Q which, taking t h e  relevant c a r r i e r  
concentration as 2.4 x 1019 cm-3 (8), w e r e  equivalent t o  the 
mean displacement of the CDW by up t o  0.28 pm. Recent 
e lectron micrographs (9 ) ,  showing w h a t  appear t o  be moire! 
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pat terns  between CDWs having wave-vectors d i f f e r e n t  by a 
few percent, suggest that displacements of t h a t  order may 
be possible even though parts of the CDW remain fixed. 

on a specimen with weaker pinning. Between klK and 5 3  the 
t rans ien ts  i n  U ( t )  exhib i t  much the same time-constants, 
typical ly  lj t ~ s  o r  less, as were reported previously: 
t h e i r  amplitudes, when expressed i n  terms of displacement 
of the CDW, tend however t o  be smaller, perhaps because the 
pinning is less able t o  s u s t a i n  d i s t o r t i o n  of the CDW. 
A slight relaxat ion of the  metastable state, during the 
f i r s t  50 8 after current has been removed, has been detect- 

increased, of the amplitude of U when I is just above the 
threshold value f o r  its occurrence. This re laxat ion has not  
proved s u f f i c i e n t  t o  give rise t o  any c lear ly  detectable 
F’rohlich current.  The t r a n s i e n t s  i n  U ( t )  observed when 
T2 c T c Ti have longer time-constants ( typ ica l ly  50 p s )  
and correspond t o  values of Q about 3 times those f o r  T <T2. 

A similar picture emerges from the  present experiments, 

ed as a t ecrea~e,  as the in te rva l  ti between pulses is 

THE ESTABLISHMENT OF NONLINEAR CONDUCTION FOR UNIDIRECTIONAL 
CURRENTS 

The manner i n  which U ( t )  develops i n  response t o  a current 
pulse applied i n  the same sense as previous current  flow is 
i l l u s t r a t e d  i n  figure 3, Although non-linear conduction 
first becomes possible when I exceeds the value  IT^ which 
corresponds t o  ET, the rise of U t o  its eventual d.c. value 
is not instantaneous, but approximately exponential. 

FIGURE 3 
One pulse of the applied current I( t ) is shown a t  (a) .  
The response U(t) appears a t  (b) for  the case  IT^ < I < IT2, 
and at (c) f o r  I > IT2. 

The response t o  unidirect ional  current  pulses. 
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METASTABLE STATES AND CDW CONDUCTIVITY IN NbSee [797]/79 

The rise becomes more rapid as I is increased, u n t i l  a sec- 
ond threshold current  IT2 is reached. With f u r t h e r  increase 
of I, the i n i t i a l  rise of U becomes apparently instantaneous, 
though still followed by a gradual approach t o  the  final 
value, a t  a rate now almost independent of I. The gradual 
increase i n  U is absent (or  great ly  reduced) i n  circumstan- 
ces such that the overshoot phenomenon is present. The exist-  
ence of the two thresholds, corresponding t o  1~1  and I 2, 
probably accounts f o r  c e r t a i n  discrepancies between vaIues 
of ET measured using doc. and pulsed techniques (4, 10). 

It is shown i n  reference 7 that t h e  gradual increase i n  
U does not arise from ine r t i a  of the CDW, since U appears t o  
vanish immediately I is removed and, having once a t t a i n e d  a 
steady value with I > 1~1, responds immediately t o  later 
changes i n  I provided tha t  I 

This behaviour has now B e n  examined more thoroughly, 
by extending measurements t o  d i f f e r e n t  temperatures and by 
using a var ie ty  of waveforms of I(t).  Full d e t a i l s  of the 
experiments w i l l  be published i n  due course. It is found 
that the dependence of U on the magnitude of I is consis tent  
with the gradual rise being the r e s u l t  of a decrease i n  the 
threshold f i e l d  f o r  nonlinear conduction. This f ie ld ,  when 
I > IT2 is applied,  falls from the value corresponding t o  
IT2 t o  the d.c. value ET, which corresponds t o  1~1. When I 
is temporarily removed, o r  reduced below 1~1, the threshold 
f o r  immediate non-linear conduction when it is re-applied 
gradually recovers, the increase having approximately the 
same charac te r i s t ic  time as is observed i n  the development 
of U when I > IT . These changes i n  threshold f ie ld  are 
seen only when t i e  metastable state e x i s t i n g  when no current  
is present is that establ ished by I (or  some other  current  
i n  the same direct ion) .  The establishment of an opposite 
s ta te  causes the  threshold f o r  non-linear conduction of I 
t o  return approximately t o  ETv and no gradual rise i n  U is 
then seen when I is re-applied. 

I n  the present specimen the changes i n  threshold f i e l d  
were about 7 mV cm-l (-0.1 ET) i n  the case of q1 a t  120K, 
and 5 mV cm'l (-0.5 E+) f o r  92 a t  9 K .  The dependence on T 
is not very pronounced near these temperatures, bu t  has yet  
t o  be studied i n  detail. It has been noted that t h e  effect 
on U ( t )  of the decrease i n  threshold f ield is less obvious 
i n  more s t rongly pinned specimens, such as that discussed 
i n  reference 7, but this may be a consequence of t h e  less 
rapid var ia t ion of conductivity with E - ET. 
ences between specimens, has been found i n  the rate a t  which 
U ( t )  approaches its f i n a l  value. As t h e  apprcach depar t s  
markedly from a simple exponential, its characteristic tie 

is always exceeded. 

A s t r i k i n g  dependence on temperature, and a l s o  differ- 
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t is defined here as the time taken f o r  (1 - l / e )  of the 
gradual change i n  U ( t )  t o  be completed. The dependence of 
t h i s  quantity on inverse temperature is shown i n  figure 4. 
The data f o r  T e T2 were obtained by observing the approach 
of U t o  its steady value with I > $72 and re fer  t o  the dec- 
rease of threshold f ie ld  i n  the presence of I; some f o r  
T > T2, denoted 0, were obtained using short  current pulses 
separated by intervals much l e s s  than T, and i n  e f f ec t  
describe the recovery when I = 0. 

.a - 
7 8 9 1 0  

I . ' .  1 1  

18 2 0  22 24 

10 

I T  
lms) 

.l 

.a 

@QQ (p) 
T 

FIGURE 4 The variation with temperature T of the times T 
characterising c w s  i n  threshold f ie ld .  For explanation 
of symbols see text. 

Both when only q1 is present, and when q provides the 
non-linear conduction, the variation of Twit2 T'l is 
approximately linear. If at t r ibuted t o  thermal excitation 
t o  a fixed energy W, the data f o r  q1 and q2 give respect- 
ively the values W = 0.23 eV and W = 0.094 eV. They are, 
however, consistent a l so  with a temperature-pependent 
excitation energy W = 2A(T) = ~ u ~ B T ~ ( ~ - T / T ~ ) z ,  where 2A(T) 
is a mean-field approxilaation f o r  the single-electron 
energy gap associated with the CDW and is expected t o  apply 
near its onset temperature T The curves i n  figure 4 
correspond t o  the value a = F*(for a Peierls i n s t ab i l i t y  i n  
one dimension a takes the BCS value 3.06); whether t he i r  
close agreement with the data f o r  both CDWs is of any 
significance is not known. 
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METASTABLE STATES AND CDW CONDUCTIVITY IN NbSea [7991/81 

CONCLUDING DISCUSSION 

There seems t o  be no need t o  venture beyond simple models, 
i n  which an incommensurate CDW deforms e l a s t i c a l l y  under the 
combined influence of the applied f i e l d  and pinning by imp- 
u r i t i e s ,  t o  account a t  least qua l i ta t ive ly  f o r  t h e  occurrence 
of metastable CDW states, f o r  the effect of t h e i r  formation 
on the Ohmic conductivity, and f o r  the main f e a t u r e s  of the 
overshoot phenomenon, It is far from c lear ,  however, t h a t  
such models can provide an  adequate explanation of the 
changes i n  threshold f i e l d  described above. 

is not,  i n  i t se l f ,  surprising. The present theory of the 
weak pinning of an  incommensurate CDW (11) supposes that i n  
equilibrium it d i s t o r t s  s l i g h t l y ,  so as t o  take advantage 
of the reduction i n  poten t ia l  energy offered by impurit ies,  
d i s t r ibu ted  randomly. If such a CDW is displaced from the 
posi t ion where it is i n  equilibrium (perhaps metastable), 
i ts  d i s t o r t i o n  ceases t o  be appropriate f o r  the new arrange- 
ment of impuri t ies  it encounters, and the pinning becomes 
less ef fec t ive  unti l  readjustment has taken place. 
A recovery of  threshold f i e l d  following removal of current  
c lear ly  might arise i n  t h i s  way. 

It is more diff icul t  t o  predict  the  corresponding 
behaviour of U ( t )  when I is present, f o r  there is no satis- 
factory theory of the e f f e c t  of pinning on a moving CDW. 
I t  is obvious, however, that a dependence of U s o l e l y  on 
the distance moved by the  CDW from its former equilibrium 
posit ion cannot account f o r  ‘t becoming prac t ica l ly  independ- 
e n t  of I when I > IT2. Possibly T might then refer t o  some 
change i n  the  moving CDW after it has escaped from pinning, 
but the magnitude of r seems t o  preclude even t h i s :  using 
the c a m e r  densi ty  quoted e a r l i e r ,  the  distance through 
which q2 t r a v e l s  as U rises t o  its doc .  value is found, i n  
some instances,  t o  exceed the  length of the specimen by a n  
order of mgnitude . 
C r e f e r s  do not occur i n  the  moving CDW, but are associated 
r a t h e r  with the centres responsible for the pinning. These 
changes evidently proceed a t  a r a t e  determined thermally, 
towards steady states (and thus threshold f ields) which 
appear t o  depend on the metastable condition of the  CDW. 
I t  seems, therefore,  that the  d i s t o r t i o n  of the CDW i n  the 
v i c i n i t y  of the pinning centres  governs, t o  some extent ,  
the  e f fec t ive  s t rength they ult imately reach. The mechanism 
bY which this happens, and the  r o l e  of thermal exci ta t ion,  
r e m i n  matters f o r  conjecture. 

That motion of a CDW should reduce the effect of pinning 

The a l t e r n a t i v e  is t o  suppose that the changes t o  which 
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O f  the various p o s s i b i l i t i e s  being considered, one of 
the more promising is that the CDWs i n  NbSe3, r a t h e r  than 
being t r u l y  incommensurate, i n  fact cons is t  of commensurate 
domains separated by discommensurations (12) which a r e  sub- 
j e c t  t o  pinning, and whose motion provides the Frohlich 
conduction. I n  a metastable s t a t e  these discommensurations 
a r e  d is tor ted  from t h e i r  approximately regular arrangement 
i n  t h e m 1  equilibrium, and it seems not implausible t h a t  
the changes i n  threshold f i e l d  arise from the creat ion,  
near the pinning centres,  of new surfaces of discommensum- 
t i o n  i n  regions where the old ones have moved far apart. 
Whether o r  not  that is t h e  case seem more l i k e l y  t o  be 
established by electron microscopy o r  X-ray d i f f r a c t i o n  
than by electrical masurements alone. 
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