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We report the noise power of (NMP)x(Phen)i_^(TCNQ) as a function of tem perature 
(1 0 0 < r< 3 0 0  K), frequency (1 < f  < 104  Hz), electric field (0 < 2 i< 3 0 0  V/cm ), and conduction- 
electron density (0.49 < x  <0.59). The results for the commensurate, doped commensurate, and in­
commensurate regimes are similar. The magnitude of the 1 / /  noise is in considerable excess of typi­
cal scaled values for other materials, suggesting the role of large units in the fluctuations. A 
therm ally activated spectral feature is reported. Excess non-Gaussian noise is detected immediately 
following the form ation of a microcrack, though this contribution to the noise decays with time.

I. IN T R O D U C T IO N

Q u asi-one-d im ensiona l system s have been th e  sub ject o f  
ex tensive research  fo r  th e  p a s t decad e . 1 T hese  system s 
freq u en tly  u n d erg o  a  P eierls d is to rtio n  lead ing  to  a sem i­
co n d u c tin g  g ro u n d  sta te . A s a co m m en su ra te  P eierls d is­
to r tio n  is low er in  energy  th a n  an  in co m m en su ra te  d is to r­
tio n , th e  ad d itio n  o f  a  few  ex tra  e lec trons o r holes to  a 
co m m en su ra te  system  resu lts  in  th e  b reak ing  u p  o f  th e  
ch a in s in to  co m m en su ra te  reg ions sep a ra ted  by d iscom - 
m en su ra tio n s  w h ich  a re  deloca lized  over several la ttic e  
s ite s . 2  T hese  ch a rg ed  d o m a in  w alls o r so litons m ay  be ei­
th e r  p in n ed  o r  m obile. T h e  success o f  th is  m odel h as  been 
d em o n s tra ted  in  th e  case o f  trans-(C H )*, a  one-half- 
filled -b an d  system  w ith  m o d e ra te  on -site  C ou lom b  re p u l­
sion , U , as co m p ared  to  th e  b an d w id th , W. 1 > 3 ~ 6  R ecen t 
w ork  by  R ice  an d  M ele 7 , 8  p red ic ts  th e  fo rm a tio n  o f  so li­
to n s o f  h a lf-in teg e r charge , e / 2 , in  h ig h ly  co rre la ted  one­
d im ensiona l ch a rg e -tran s fe r sa lts  nea r th e  y -f ille d -b a n d  
lim it as a  re su lt o f  lig h t dop ing , p h o to ex c ita tio n , o r 
th e rm a l exc ita tion . I t  w as fu r th e r  show n  by K ivelson  and  
S ch rie ffe r 9  th a t  th is  fra c tio n a l ch a rg e  is a  sh a rp  q u a n tu m  
observab le  an d  n o t ju s t an  average. S im ila r resu lts  have  
been p roposed  fo r  o n e -th ird -filled -b an d  sy s tem s . 1 0

W e re p o r t h ere  th e  resu lts  o f  an  extensive stu d y  o f  th e  
beh av io r o f  th e  no ise  pow er in  a system  th a t  is a  physica l 
re a liza tio n  o f  a h ig h ly  co rre la ted  quasi-one-d im ensiona l 
system  n ea r th e  co m m en su ra te  o n e -q u arte r-filled -b an d  
lim it. T h e  fam ily  o f  c h a rg e -tran s fe r sa lts  exam ined  in  
th is  s tu d y  is (N -m ethy lphenasin ium )^ (phen - 
az in e )!_ x (T C N Q ) [(N M P )* (P h en h _ * (T C N Q )], w ith  x  be­
tw een  0.49 an d  0.59, F ig . 1(a). P rev ious w ork  h as show n

th e  x = 0 .5 0  m em ber o f  th is  fam ily  to  be a  h ig h ly  c o rre ­
la ted  quasi-one-d im ensiona l system  n ea r th e  c o m m en su ­
ra te  o n e -q u arte r-filled -b an d  lim it an d  verified  th e  ex­
is tence  o f  so litons in  sam ples w ith  0 .5 0  < x  < 0 .5 7 . 6 , 1 1  F o r  
x > 0 .5 7 ,  an  in co m m en su ra te  g ro u n d  s ta te  .form s. T h e  
sam ples in  w h ich  so litons have  been  in tro d u ced  th ro u g h  
chem ica l d o p ing  have  been show n  to  have  an  excess co n ­
d u c tiv ity  in  ag reem en t w ith  a  m odel developed  by 
C onw ell an d  H o w a rd . 1 1 , 1 2  D e ta iled  d iffu se  x -ray  s c a tte r ­
ing  stud ies have  d em o n s tra ted  th a t  th is  is a  large- U  sys­
tem  w ith  a  crossover to  a  U  <  W  reg im e fo r  x  >  0 .6 7 .13

T h e  experim en ta lly  m easu red  vo ltage  no ise  pow er spec­
tra l density , S ( f ) ,  a t  co n stan t cu rren t, inc ludes Jo h n so n  
noise, am p lif ie r  noise, an d  noise w ith  an  ap p ro x im a te ly  
l / f  sp e c tru m . 1 4  T h is  1 / /  noise scales as th e  sq u a re  o f  th e  
app lied  vo ltage  in  th e  O h m ic  reg im e an d  th u s  is a p p a re n t­
ly due  to  res is tance  f lu c tu a tio n s . S ho t noise (i.e., noise 
due  to  c a rr ie r  n u m b er flu c tu a tio n s  w ith  k in e tics  d e te r­
m ined  by e lec trica l tran sp o rt)  is n o t observab le  in  these  
sam ples because th e  screen ing  len g th  is sm all co m p ared  
w ith  th e  sam p le  size. F lu c tu a tio n s  in  n u m b er o f  ca rr ie rs  
w ith  g en era tio n -reco m b in a tio n  k ine tics  sh o u ld  be p resen t 
an d  m ay  in  fa c t co n tr ib u te  to  th e  l / f  noise. H ow ever, th e  
m ag n itu d e  o f  th e  l / f  no ise  w as la rg e r th a n  co u ld  be ac ­
co u n ted  fo r  by g en era tio n -reco m b in a tio n  no ise  i f  th e  co n ­
d u c tiv ity  w ere s im ply  p ro p o r tio n a l to  th e  n u m b er o f  free 
carrie rs . R egard le ss o f  th e  k in e tic  m ech a n ism  o f  th e  c a r ­
rie r n u m b er f lu c tu a tio n s  th e  l / f  no ise  is to o  la rg e  to  a l­
low  such  f lu c tu a tio n s  to  be used  to  d e te rm in e  th e  ch a rg e  
o f  th e  ca rrie rs .

N o ise  w ith  an  ap p ro x im ate ly  l / f  sp ec tru m  h as  been 
observed  in  som e sa lts  o f  T C N Q  a t tem p e ra tu re s  ran g in g
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FIG . 1. (a) Molecular structure of tetracyanoquinodimethane 
(TCNQ), phenazine (Phen), and N-methylphenazinium 
(N M P+). (b) Logarithm of the normalized conductivity vs T ~ l 
for (NMP)*(Phen)i__x (TCNQ) samples with x = 0 A 9 ,  0.56, and 
0.59.

fro m  105 K  (R ef. 15) to  250 K  (R ef. 16). T hese  sa lts  a re  
n o t un iq u e  in  exh ib iting  res is tan ce  flu c tu a tio n s  w ith  a 
pow er sp ec tru m  inversely  p ro p o rtio n a l to  frequency . 
S uch  1 / f  noise is fo u n d  in  m o s t res isto rs, in c lu d in g  m e t­
als, sem im eta ls  an d  se m ico n d u c to rs .17-20 S ince except 
pe rh ap s  in  special cases, th is  noise is n o t well u nders tood , 
one m u s t use som e cau tio n  in  d raw in g  in ferences fro m  its 
p ropertie s. A  few  fac ts , how ever, a re  w ell estab lished  in  
m an y  system s. T hese  p o in ts  a re  d iscussed  below .

T h e  noise in  m an y  instances behaves like a  resistance  
flu c tu a tio n  th a t is only  sam pled , n o t crea ted , by th e  
cu rren t f lo w .17-22 In  all cases fo r  w h ich  reliab le  d a ta  ex­
ist, th e  sp a tia l co rre la tio n  len g th  o f  th e  underly ing  flu c ­
tu a tio n s  is sm all co m p ared  w ith  experim en ta l reso lu tion , 
w h ich  is o ften  in  th e  ran g e  o f  several m icro n s o r even 
sm alle r.23-26 A s a  resu lt, th e  noise m ag n itu d e  typ ica lly  
scales inversely  w ith  vo lum e, w ith  co rrec tions in  som e 
cases fo r  su rface  e ffec ts .17-21,27 E x trap o la tio n  o f  th e  
noise  m ag n itu d e  dow n to  th e  sm allest vo lum es fo r  w h ich  
it m akes sense to  speak  o f  resistance  flu c tu a tio n s  (a reg ion  
w ith  d im ensions co m parab le  to  a  m ean -free  p a th  o r a 
screen ing  leng th , depend ing  on  th e  cause o f  th e  f lu c tu a ­
tions) o rd in a rily  still gives fra c tio n a l f lu c tu a tio n s  su b s tan ­
tia lly  less th a n  u n ity , so th e re  is no  prob lem  in  describ ing  
th e  no ise as a s im ple  lin ear superposition  o f  local noise

sources. In  nearly  a ll m echan ica lly  stab le  sam ples, th e  
noise vo ltage is a  G au ssian  ran d o m  variab le  by  several 
te s ts ,28 w h ich  again  is consis ten t w ith  m any  independen t 
local sources.

Such  in dependen t local sources can n o t be iden tified  
w ith  th e  ch a rg e  ca rrie rs  them selves. In  essentially  all 
cases observed, m ob ile  ca rrie rs  a re  sw ept o u t o f th e  ob­
served reg ion , o r  d iffu se  ou t o f  it, in  tim es less th a n  th e  
rec ip roca l o f  th e  h ig h es t observed 1 / /  noise frequency . 
T h e  f lu c tu a tio n s  m u s t th en  be in  som eth ing  n o t sw ept 
a long  w ith  th e  ca rrie rs , such  as th e  occupancy  o f  e lec tron  
tra p p in g  sta tes  o r th e  positions o f  defects, a lth o u g h  
theories a tte m p tin g  to  a ttr ib u te  th e  noise to  som e in depen ­
den t events a t separa te  m obile  ca rrie rs  are  still qu ite  co m ­
m on. Such  theories a re  usually  based  on th e  expression 
proposed  by  H ooge20 fo r  m eta ls an d  sem iconducto rs:

S v = 2 x  1 0 ~ 3 V 2 / N cf (1 )

w here  V  is th e  dc vo ltage  across th e  sam ple, N c th e  n u m ­
ber o f  ch arg e  ca rr ie rs  in  th e  sam ple, an d  /  th e  frequency . 
A lth o u g h  th is  expression  is n o t generally  valid , it does 
o ften  serve as a  usefu l ru le  o f  th u m b . In  special cases it is 
possib le th a t  n o n lin ea r in stab ilities m ay  lead  to  ( l / / ) - l i k e  
noise th a t  lacks m o s t o f  th e  p ropertie s  described above, 
b u t th is  phen o m en o n  has n o t been estab lished  experim en­
ta lly  fo r  o rd in a ry  resisto rs.

In  m an y  m ate ria ls , th e re  is good evidence th a t th e  k i­
netics o f  som e o r all o f  th e  noise is th e rm a lly  ac tiv a t- 
ecj 1 7 ,2 5 ,2 9 — 3 1  Y / f  Sp ectru m  th en  arises fro m  a fa irly  
f la t d is tr ib u tio n  o f  a c tiv a tio n  en thalp ies , a lth o u g h  d is tr i­
bu tions o f  a tte m p t ra tes can  also be p resen t. D u tta  and  
H o rn 17 have d em o n s tra ted  th a t , g iven several cond itions, 
nearly  1 / /  noise w ith  th e rm ally  ac tiv a ted  k ine tics obeys a 
sim ple  re la tio n  betw een th e  spec tra l slope an d  th e  te m ­
p e ra tu re  dependence o f  th e  m agn itude . T h e  m echan ica l 
in s tab ilities o f  th e  (N M P)X (Phen) X_ x (T C N Q ) sam ples as 
they  a re  cooled do  n o t a llow  fo r  su ffic ien tly  accu ra te  m ea ­
su rem en ts o f  th e  in trin s ic  tem p e ra tu re  dependence o f  th e  
noise m ag n itu d e  to  test th is  re la tion . H ow ever, fo r  su ff i­
c ien tly  n a rro w  spec tra l fea tu res , one can  d irec tly  see th e  
sh iftin g  o f  ch a rac te ris tic  frequencies w ith  tem p era tu re , 
an d  th is  tech n iq u e  tu rn s  ou t to  be app licab le  to  
(N M P ), (Phen)! (T C N Q ).

T h e  resu lts  o f  th e  noise pow er stud ies o f  
(N M P )x (P hen)1_ x (T C N Q ) revea led15 a  rich  a rray  o f  p h e ­
nom ena. T h e  d a ta  fo r  th e  com m en su ra te  { x ^ 0 .5 0 ) ,  
doped  com m ensu ra tex (x~0.56), an d  inco m m en su ra te  
U —0 .5 9 ) reg im es p roved  q u ite  s im ilar. T he  m ag n itu d e  
o f  th e  1 / /  noise w as in  considerab le  excess o f  th a t  
p red ic ted  by  H ooge.20 Several u n u su a l fea tu res  w ere ob­
served in c lu d in g  a c rossover fro m  5  oc V 2 to  S  oc V  a t 
e lec tric  fie ld  s tren g th s , E , o f  —5 V /c m , co inc iden t w ith  
th e  onset fie ld  fo r  a  severa lfo ld  decrease in  sam p le  resis­
tance . T h is  b eh av io r is d iffe ren t fro m  th a t rep o rted  e a r­
lie r fo r  charge-density  w ave tra n sp o rt in  T a S 3 (Ref. 32) 
an d  in te rp a rtic le  h o p p in g  in  g ra n u la r  co m posites .33 E x ­
cess noise pow er is observed a f te r  fo rm a tio n  o f  “m icro - 
c rack s .’’̂ T h is  excess noise is fo u n d  to  “annea l o u t” a f te r  
several m inu tes , w ith  th e  fina l noise pow er sca ling  w ith  
th e  resistance  change. T hese m ic ro c rack s  an d  th e  re su lt­
ing  sudden  increase  in  th e  res is tance  o f  th e
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(N M P)* (Phen) (T C N Q ) sam ples d u rin g  th e  te m p e ra ­
tu re  v a ria tio n , do  n o t allow  fo r  a  su ffic ien tly  accu ra te  
m easu rem en t o f  th e  in trin s ic  te m p e ra tu re  dependence  o f 
th e  no ise  m ag n itu d e  to  te s t th e  re la tio n  betw een  th e  spec­
tr a l  slope an d  th e  tem p e ra tu re  dependence  o f  th e  noise 
m ag n itu d e . H ow ever, a  n a rro w , th e rm a lly  ac tiv a ted  spec­
tra l fe a tu re  is observed  w ith  an  ac tiv a tio n  energy  o f 
—0.25  eV. T hese  p h en o m en a  a re  co m p ared  w ith  ava il­
ab le  m odels an d  d irec tions fo r  fu r th e r  w ork  a re  in d ica ted . 
T h e  m ag n itu d e  o f  th e  flick e r noise obv ia ted  d irec t obser­
v a tio n  o f  th e  sh o t no ise  (and  hence  d irec t m easu re  o f  th e  
e lec tron ic  ch a rg e  o f  th e  carrier) in  th is  system .

In  Sec. I I  w e describe  th e  ex p erim en ta l de ta ils  an d  te c h ­
niques. In  Sec. I l l  w e p resen t th e  resu lts  fo r  th e  noise 
pow er as a  fu n c tio n  o f  e lec tron  co n cen tra tio n , te m p e ra ­
tu re , an d  e lec tric  fie ld . S ection  IV  co n ta in s  a  d iscussion  
o f  o u r  re su lts  to g e th e r w ith  o u r conclusions. S ection  V  
su m m arizes  o u r w ork .

II. E X P E R IM E N T A L  D ET A IL S A N D  T EC H N IQ U E S

T h e  m a te ria l system  stu d ied  is based  on  (N M P K T C N Q ) 
an d  is rea lized  by  su b s titu tin g  n eu tra l p henaz ine , P h en 0, 
fo r  N M P . 3 4  T h e  P h en 0  is o f  s im ila r size, shape, and  po la r- 
izab ility  to  N M P + , b u t un like  N M P + it does n o t co n ­
tr ib u te  carrie rs . T h e  overall segregated  s tack  c ry s ta l 
s tru c tu re  o f  (N M PK T C N Q ) rem ain s u n ch an g ed  fo r
0 .5 0 < x < 1 .0 0 .  F o r  .* = 0 .5 0  th e  N M P + an d  p h en az in e  
a lte rn a te  in  a  reg u la r la ttic e . 1 3 , 3 5  T h e  n u m b er o f  co n d u c­
tio n  elec trons p e r u n it cell to  be sh a red  am ong  th e  d ono rs  
an d  th e  T C N Q  m olecules is equal to  th e  frac tio n , x , o f  
N M P  in  th e  “a llo y .” E lec tro n  sp in  resonance  g -value  
stud ies d em o n s tra te  th a t  essen tia lly  a ll o f  th e  co n d u c tio n  
elec trons a re  on  th e  T C N Q  ch a in  fo r  0 .5  < x  < 0 .6 .  G en ­
era lly , th e  values o f  x , w h ich  a re  d e te rm in ed  by so lu tion  
ab so rp tio n  sp ec tra , a re  a ccu ra te  to  ± 0 .0 2 . In  cases w here  
so lu tio n  analysis y ields resu lts  x  = ( 0 .5 0  — 8 ) w ith
8  ~  0 . 0 1 , co ncerted  stud ies suggest th a t  fo r  these  sam ples 
x  is equal to  o r  slig h tly  la rg e r th a n  0.50, th a t  is, very  close 
to  s to ich io m etric . A n  exam ple  o f  su ch  a  co m p o sitio n  is 
th e  x  = 0 .4 9  sam p le  d iscussed  below .

D u rin g  th e  noise pow er stud ies, th e  c u rre n t w as su p ­
p lied  by b a tte rie s  in  series w ith  w ire-w ound  o r qu ie t 
m e ta l-film  res isto rs. B o th  th e  n u m b er o f  b a tte ries  in  
series an d  th e  size o f  th e  series re s is to r w as sw itchab le , a l­
low ing  selec tion  o f  co n s tan t cu rren ts  ran g in g  fro m  1  to  80 
m ic ro am p s. N o ise  signals w ere am p lified  w ith  P rin ce to n  
A p p lied  R esea rch  (P A R ) 113 am p lifie rs . S p ec tra  an d  
c ross sp ec tra  w ere tak en  w ith  a  P A R  4520 F a s t F o u rie r  
T ra n sfo rm  p rocesso r (m an u fac tu red  by U nigon). T h e  
p rocesso r is in te rfaced  to  a D ig ita l E q u ip m en t C o rp o ra ­
tio n  L S I-11 /23  co m p u te r. T h e  p rocesso r averager is used 
fo r  sm all bund les o f  tra n sfo rm s  (e.g., 16) w h ile  fu r th e r  
averag ing  is done in  th e  co m p u ter. T h e  co m p u te r d is ­
ca rd s any  bund les w h ich  a re  m u ch  d iffe ren t fro m  th e  ru n ­
n ing  average, so th a t  long  averages m ay  be tak en  w ith o u t 
risk  o f  th e  d a ta  being  ru in ed  by an  occasional g litch , 
w h ich  w ou ld  o therw ise  be a  serious p rob lem  in  m ech a n i­
cally  u n stab le  sam ples. A veraged  sp ec tra  w ere recorded  
on  disk . S p ec tra  w ere ana lyzed  by su m m in g  in to  octave  
in te rva ls , w h ich  gives ad eq u a te  frequency  re so lu tion  fo r 
( l / / ) - l ik e  sp ec tra  w h ile  com pressing  th e  d a ta  in to

m anageab le  fo rm . In  som e cases i t  w as necessary  to  ed it 
o u t 60 H z  an d  h a rm o n ic  sp ikes befo re  co m p u tin g  th e  oc­
tav e  sum s. R esis tan ce  d a ta  w ere tak en  d irec tly  on  th e  
L S I-1 1 /2 3  u sing  a  12-bit (b inary  d ig it) ana lo g -to -d ig ita l 
converter.

A ll m easu rem en ts  w ere tak en  in  a  h e liu m  flo w -th ro u g h  
cry o s ta t, p a r t  o f  an  S .H .E . v a riab le - tem p e ra tu re  m ag n e ­
to m ete r. T h e  lo n g -te rm  te m p e ra tu re  stab ility  o f  th is  in ­
s tru m e n t is app ro x im a te ly  0.1 K  over m o s t o f  th e  ran g e  in  
w h ich  d a ta  w ere tak en , b u t s tab iliza tio n  tim es can  be long  
(e.g., 30 m inu tes). M u ch  o f  th e  res is tiv ity  d a ta  th e re fo re  
have  an  ex tra  degree o r so o f  tem p e ra tu re  u n ce rta in ty , 
since fu ll s tab iliza tio n  tim es w ere n o t used.

S am ples w ere ty p ica lly  1 . 5 x l 0 ~ ] cm  in  leng th , 
7 .5 X  10_4-cm  th ick , an d  ro u g h ly  cy lin d rica l in  shape. 
T hese  c ry s ta ls  w ere su p p o rted  fro m  th e  ends o f  0 .5 -m il d i­
am e te r go ld  w ires using  silver p a in t (du P o n t 4922) in  a 
five-p robe co n fig u ra tio n . T h e  o th e r end  o f  each  gold  w ire  
w as m o u n ted  o n to  a  q u a r tz  b lock  u sing  an  in su la tin g  v a r­
n ish  (G E  7031) a f te r  being  connec ted  to  a lu m in u m  w ires 
using  silver p a in t. T h e  c o n tac t len g th  re la tive  to  th e  sp ac ­
ing  betw een  co n tac ts  w as < 0 . 2 .

T h e  use o f  five-p robe m easu rem en ts  w ith  c ro ss­
co rre la tio n  betw een tw o  d is jo in t reg ions p rov ides a 
m e th o d  o f  d is tin g u ish in g  betw een noise in  th e  sam p le  i t ­
se lf a n d  no ise p ro d u ced  a t th e  co n tac ts . T h is  d is tin c tio n  
is h a rd e r  to  m ak e  fo r  w h isk er-sh ap ed  sam ples th a n  fo r  
p la n a r  sam ples, fo r  w h ich  vo ltage  sensing  co n tac ts  m ay  be 
rem oved  en tire ly  fro m  th e  cu rre n t p a th . E ven  w hen  a  
co n tac t (such as o u r c en te r con tac t) ca rries  no  n e t cu rren t, 
i t  p rov ides a  local sh u n t to  th e  c u rren t, w h ich  m ay  cause 
sp u rio u s noise. W hen  th e  no isy  c o n tac t is a  m em b er o f  
th e  tw o  vo ltage  sensing  p a irs  (i.e., o u r cen te r con tac t) th e  
sp u rio u s no ise  in  th e  tw o  p a irs  w ill o rd in a rily  be h igh ly  
co rre la ted . N o ise  aris in g  fro m  th e  sam p le  fib er itself, 
how ever, is a lm o st to ta lly  u n co rre la ted  betw een  th e  tw o  
sections. W e fo u n d , in  fa c t, th a t  a t room  te m p e ra tu re  th e  
noise w as c learly  d o m in a ted  by c o n tac t noise, w h ile  below
200 K  th e  co rre la tio n  d ro p p ed  to  a few  p ercen t, co n sis ten t 
w ith  genuine sam p le  noise being  d o m in an t. T h is  co n ­
clusion  w as co n firm ed  by an  a ssoc ia tion  betw een  th e  onset 
o f  n o n lin ea r c u rren t dependencies in  th e  noise an d  in  th e  
d iffe ren tia l resistance , as d iscussed  below , w h ich  w ou ld  be 
very  un like ly  i f  th e  no ise  w ere to  com e fro m  th e  co n tac ts .

In  ad d itio n  to  th e  noise spec tra , in fo rm a tio n  on  th e  
h ig h e r m o m en ts  o f  th e  noise vo ltage  w as reco rded . F o r  
each  sp ec tru m , th e  s ta n d a rd  d ev ia tion  o f  th e  no ise  pow er 
in  each  octave  w as m easured . T hese  s ta n d a rd  dev ia tions 
becom e anom alously  large  i f  th e  no ise  is b u rs ty  o r show s 
ce rta in  o th e r  n o n -G au ss ian  p ro p e r tie s . 2 8  O ccasionally , 
m ore  com ple te  s ta tis tic a l d a ta  w ere tak en , consis ting  
m a in ly  o f  a  covariance  m a tr ix  fo r  th e  no ise  pow er in  d if ­
fe ren t o c tav es . 2 8  T h is  co v arian ce  m a tr ix  depends on 
fo u r-p o in t co rre la tio n  fu n c tio n s  w h ich  a re  sensitive  to  
n o n -G au ss ian  p ro p ertie s  o f  th e  noise.

III. E X P E R IM E N T A L  R ESU LTS

T h e  te m p e ra tu re  dependence  o f  th e  n o rm a lized  co n d u c ­
tiv ity , a n ( T ) = a ( T ) / a ( 2 9 5  K ), fo r  sam ples o f  co m p o s i­
tio n  x = 0 .4 9 ,  0 .56 , a n d  0 .59, is show n  in  F ig . 1(b) w ith
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TABLE I. Values of room -tem perature conductivity for vari­
ous compositions of (NMP)* (Phen)! _ x (TCNQ).

^295 K
X (S/cm)

0.49 ±0.02 29.27
0.56+0.02 18.27
0.59±0.02 12.09

abso lu te  values o f  th e  room  te m p e ra tu re  co n d u c tiv ity  
g iven in  T ab le  I. D u rin g  th e  cou rse  o f  an  experim en t, 
sudden  irreversib le  non rep ro d u c ib le  increases in  sam p le  
res istance  w ou ld  occur. T hese  a re  assoc ia ted  w ith  m ic ro ­
c rack s fo rm ed  in  th e  frag ile  cry s ta ls , causing  a  p o rtio n  o f  
th e  sam p le  to  be rem oved  fro m  th e  cu rre n t p a th . S ince 
th e  c o n co m m itan t la rge  n o n -G au ss ian  effec ts on  th e  noise 
annea l o u t a f te r  a  sh o rt, fin ite  tim e  as d iscussed  below , th e  
co n d u c tiv ity  d a ta  have  been co rrec ted  to  acco u n t fo r  these 
ju m p s. C o m p ariso n  w ith  earlie r d a ta 1 1 show s these  c ry s­
ta ls  to  be rep resen ta tiv e  o f  th is  c lass o f  c h a rg e -tran s fe r 
salts.

(a)

(b)
FIG . 2. Noise power per octave vs frequency for 

(N M P )*(P hen)!(T C N Q ). The tem perature of the sample is in­
dicated for each curve, (a) x  — 0.53 (magnified by a factor of 10 
relative to frequency) and (b) x = 0 .5 9  (magnified by a factor of 
4 relative to frequency).

T h e  noise pow er w as ap p ro x im ate ly  p ro p o rtio n a l to  
f ~ a w ith  a — 1.0 fo r  a ll x , T , an d  E  stud ied . H ow ever, 
th e  deta iled  noise sp ec tra  w ere n o t perfec tly  1 / /  an d  w ere 
n o t iden tica l fro m  sam p le  to  sam ple. F o r  a ll th ree  elec­
tro n  co n cen tra tio n s stud ied , dev ia tions fro m  th e  1  / /  law  
w ere observed. O n  tw o  sam ples, x = 0 .5 3  an d  0.56, su ff i­
c ien tly  b ro ad b an d  sp ec tra  w ith  a  recogn izab le  spec tra l 
fe a tu re  w ere ob ta ined  a t several tem p era tu res . T h is  p e r­
m itted  th e  d e te rm in a tio n  o f  th e  tem p e ra tu re  dependence 
o f  th e  fe a tu re ’s k inetics . T h e  sp ec tra  a re  show n in  F ig . 2. 
T h e  ch a rac te ris tic  frequencies c learly  increase  w ith  in ­
creasing  tem p era tu re . F o r  one sam p le  th e  tem p e ra tu re  
w as n o t a m o n o to n ic  fu n c tio n  o f  tim e, so th e  effec t c a n ­
no t be a ttr ib u te d  to  som e tem p o ra l in s tab ility .

Since it w as possib le to  tak e  sp ec tra  on  in ta c t sam ples 
w ith o u t sig n ifican t c o n tac t noise over only  a lim ited  te m ­
p e ra tu re  range, de ta iled  fits  o f  th e  tem p e ra tu re  dependen ­
cies o f  th e  ch a rac te ris tic  frequencies to  specific  th eo re tica l 
m odels w ou ld  be im possib le  even i f  such  m odels w ere 
available. H ow ever, th e  tem p e ra tu re  dependencies a re  too  
large  to  be f it reasonab ly  except by  assum ing  th e rm a lly  
ac tiv a ted  k inetics ,

/ m a x  = /o .ex p ( -  AH / k B T )  . (2)

T h e  ac tiv a tio n  en th a lp y , A H , is ap p ro x im a te ly  0.25 eV, 
im p ly ing  a tte m p t ra tes , / 0, o f  ab o u t 109  H z.

U n lik e  m o st stable, w e ll-charac te rized  1 / /  noise 
sources, th e  (N M P)* (Phen) X_ x (T C N Q ) sam ples usually  
show ed sow ew hat n o n -G au ssian  s ta tis tics . A  ty p ica l 
sy m p to m  w as cro ss-co rre la tio n  coeffic ien ts betw een noise 
pow er f lu c tu a tio n s  in  neighbo ring  octaves o f ro u g h ly  0.05, 
w here  G au ssian  sam ples give zero. H ow ever, such  effects 
w ere n o t com plete ly  rep roducib le . W hen  m a jo r b reaks oc­
cu rred  in  th e  c ry s ta l, as ju d g ed  by resistiv ity , non- 
G au ssian  effects w ere o ften  m u ch  la rger, w ith  som e 
recovery  in  tim e, p robab ly  re flec ting  an  annealing  o f  th e  
sam p le  n ear th e  break . S ince every sam p le  show ed a t least 
som e sign o f  m icro crack s, w e can n o t be su re  th a t  any  
n o n -G au ssian  effects w ould  rem ain  in  a com plete ly  in ta c t 
sam ple. T h e  shape  o f  th e  noise sp ec tra  d id  n o t show  any  
m a jo r change a f te r  th e  fo rm a tio n  o f  th e  cracks, a lth o u g h  
th e  m ag n itu d e  increased . T h e  increase in  th e  v ariance  o f  
th e  noise w ith  b an d w id th  is ch a rac te ris tic  o f  v ariance  due 
to  an  am p litu d e  m o d u la tio n  o f  th e  noise.

T h ere  are  several in d ica tio n s th a t  th e  m icro crack s are

FREQUENCY (Hz)

FIG . 3. Noise power per octave vs octave at constant tem­
perature for (NMP)o.5 3 (Phen)o.4 7 (TCNQ).
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I  (/xA)

( a)

V (volt)

(b)
FIG . 4. For (NMP)0 .5 3 (Phen)0 .4 7 (TCNQ): (a) Noise power/ / 2  

vs J  f o r /  =  500 Hz; (b) /  vs K.

n o t essen tial to  m o s t o f  th e  noise. T h e  sam p le-to -sam p le  
v a ria tio n s  in  res is tance  change  due  to  th e  c rack s w ere 
la rg e r th a n  w ere th e  frac tio n a l res is tance  flu c tu a tio n s. 
E x cep t a f te r  th e  occu rrence  o f  th e  la rg est o f  th e  m ic ro ­
cracks , th e re  w ere on ly  sm all changes in  th e  fra c tio n a l 
no ise o f  any  p a rtic u la r  sam p le  a fte r  crack ing . In  ad d itio n , 
th e  de ta iled  fo rm  o f  th e  no ise  sp ec tru m  fo r  any  p a rtic u la r  
sam p le  w as n o t changed  by  any  b u t th e  la rgest m ic ro ­
cracks , w h ich  gave a  co n tr ib u tio n  s teeper th a n  l / f . F i­
na lly  w e n o te  th a t  th e  de ta iled  te m p e ra tu re  dependencies 
in d ica te  p rocesses w ith  w ell-defined  ac tiv a tio n  energies, 
w h ich  w ou ld  be su rp ris in g  fo r  gross m ech an ica l f lu c tu a ­
tio n s n ea r a  crack .

T h e  no ise pow er a t co n s tan t tem p e ra tu re , as exem pli­
fied  in  F ig . 3 fo r  (N M P)o.5 3 (Phen)o.4 7 (T G N Q ), show s a 
q u a d ra tic  c u rre n t ( / )  dependence  a t low  values o f  app lied

fie ld  w ith  a  crossover to  a  ro u g h ly  I  d ependen t fu n c tio n a l 
fo rm  a t h ig h e r fields. T h is  resu lt is ty p ica l o f  a ll sam ples 
stud ied . T h e  value  o f  th e  e lec tric  fie ld  a t w h ich  th is  
crossover o ccu rs  is a  fu n c tio n  n o t on ly  o f  sam p le  
s to ich io m etry , b u t also  o f  tem p era tu re . T h e  e lec tric  fie ld  
a t w h ich  th is  cro ssover occu rs co rresponds to  th e  fie ld  a t 
w h ich  th e  res is tance  decreases, as show n  fo r  exam ple  in  
F ig . 4  fo r  (N M P)o.5 3 (Phen)o.4 7 (T C N Q ). W hile  it  is te m p t­
ing  to  associa te  th is  change  in  fu n c tio n a l fo rm  w ith  p oss i­
b le  n o n linearities  due  to  th e  m o tio n  o f  th e  d iscom m en- 
su ra tio n s  above a  th re sh o ld  fie ld , fo r  exam ple, w e do  n o t 
have  su ffic ien t d a ta  to  su p p o r t th is  conclusion .

IV. D ISC U SSIO N

T h e  l / f  noise in  (N M P )* (P hen ) 1 _ x (T C N Q ) shares 
som e fea tu res  w ith  l / f  no ise  in  o th e r  system s. In  p a r t ic ­
u la r, th e  p resence  o f  b ro ad  th e rm a lly  ac tiv a ted  fea tu res  in  
th e  l / f  sp ec tra  a re  s im ila r to  th e  b ro ad  fea tu res  in  th e  
l / f  no ise  rep o rted  earlie r by  D u tta  an d  H o rn 1 7  fo r  m e ta l 
f ilm s an d  to  th e  sp ec tra l fea tu res  fo u n d  in  th e  noise in  
s ilico n -o n -sap p h ire  w afers by  B lack  et a l .26 T hese  spec­
tra l fea tu res  suggest th e  possib ility  th a t  th e  ra te  lim itin g  
s teps in  th e  l / f  k ine tics  them selves are  th e rm a lly  a c tiv a t­
ed, w ith  th e  ap p ro x im a te  l / f  sp ec tru m  resu ltin g  m a in ly  
fro m  a sp read  in  a c tiv a tio n  en thalp ies . F o r  sm all 
cu rren ts , th e  noise pow er is close enough  to  q u a d ra tic  in  
th e  cu rre n t to  in d ica te  th a t  th e  no ise  is p resen t as a  resis­
tan ce  flu c tu a tio n  befo re  being sam p led  by th e  cu rren t.

T h e  p rin c ip a l fe a tu re  o f  th e  no ise  w h ich  is h ig h ly  
u n u su a l is th e  la rge  m ag n itu d e  (app rox im ate ly  a  fa c to r  o f  
103  la rg e r th a n  th a t  p red ic ted  by H ooge’s equation). T h is  
p rec lu d ed  d irec t d e te rm in a tio n  o f  th e  ch a rg e  p e r c a rr ie r  
( | e | fo r  e lec trons an d  holes, \ e \ / 2  fo r  so litons) v ia  
m easu rem en t o f  no ise  fro m  c a rr ie r  n u m b er flu c tu a tio n s . 
In  one-d im ensional co n d u c to rs , a  ch ange  in  th e  m ag n itu d e  
o f  c a rr ie r  n u m b er flu c tu a tio n s  m ig h t be expected  to  ac­
co m p an y  any  changes in  th e  co n d u c tio n  m echan ism . 
H ow ever, to  be observed su ch  no ise m u s t be a p p ro x im a te ­
ly as la rge  as b o th  th e  Jo h n so n  noise  an d  th e  1 / /  noise in  
som e range  o f  vo ltage  an d  frequency . N o ise  fro m  f lu c tu a ­
tions in  th e  n u m b er o f  m obile  ca rrie rs , regard less o f  th e  
k in e tic  m ech an ism , co n tr ib u tes  a  fra c tio n a l co n d u c tiv ity  
v arian ce  o f  less th a n  ~  1 / N , w here  N  is th e  n u m b e r o f  
ca rrie rs , b a rr in g  p ecu lia r co o p era tiv e  effec ts in  w h ich  
m o re  th a n  one  o r tw o  ca rr ie rs  ap p ea r an d  d isap p ea r to ­
gether. (F o r sam ples la rg e r th a n  a screen ing  len g th , n u m ­
ber flu c tu a tio n s  a re  m u ch  sm alle r th a n  th is  va lue  unless 
tw o  signs o f  ch a rg e  ca rr ie r  a n d /o r  im m o b ile  tra p p e d  
s ta tes  exist.) S ince th e  n u m b er f lu c tu a tio n  line  shape , on  a 
noise p e r oc tave  p lo t, is a t least as b ro ad  as a  L o ren tz ian , 
th e  m ax im u m  sq u ared  frac tio n a l f lu c tu a tio n  p e r o c tave  
fro m  th a t  source  is less th a n  1 / N .  H ow ever, w e fo u n d  
m o re  1  / f  no ise  th a n  th a t  p e r octave , so th a t  n u m b er f lu c ­
tu a tio n  no ise  w ou ld  n o t have  been  observable. T h is  a rg u ­
m en t app lies w h e th e r o r n o t th e  k ine tics  a re  d e te rm in ed  
by th e  ca rr ie r  tra n s it tim e , as in  th e  un like ly  special case 
o f  s im ple  sh o t noise.

I f  th e  o rd in a ry  inverse  vo lum e scaling  o f  th e  m ean- 
sq u a re  fra c tio n a l m ag n itu d e  w ere to  ho ld , th e  flu c tu a tio n s  
w ou ld  be o f  o rd e r u n ity  in  vo lum es o f  ab o u t 1 0 ” 1 5  c m 3,
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w hich  is m u ch  la rg e r th a n  a  m ean -free  vo lum e (i.e., th e  
p ro d u c t o f  th ree  m ean -free  p a th s , o f  w h ich  tw o a re  on ly  a 
few  angstrom s) fo r  th e  ch arg e  ca rrie rs . E ith e r  th e  vo lum e 
scaling  o f  th e  m ag n itu d e  b reaks dow n a t su rp ris in g ly  
la rge  d is tances o r  th e  n e t f lu c tu a tio n  is n o t expressib le  as 
a  lin ear sum  o f  local te rm s, because th e  local flu c tu a tio n s  
a re  so la rge  th a t  they  s tro n g ly  a ffec t th e  cu rre n t th ro u g h  
ne ighbo ring  regions. W e d o u b t th a t  th e  la t te r  exp lan a ­
tion , invo lv ing  n o n lin ea r perco la tio n lik e  effects is very  
im p o rta n t in  d e te rm in in g  th e  n e t no ise  m ag n itu d e , since i f  
i t  w ere th e  ro u g h  rep ro d u c ib ility  o f  th e  no ise  m ag n itu d e  
betw een sam ples w ou ld  be su rp ris in g . T h a t is, i f  th e  la rge  
m ag n itu d e  resu lted  fro m  flu c tu a tio n s  them selves reduc ing  
th e  availab le  cu rren t p a th s , th u s  decreasing  th e  effective 
sam p le  volum e, th e  flu c tu a tio n s  w ou ld  have  to  be in ­
dependen t o f  b o th  tem p e ra tu re  an d  sto ich io m etry , an  u n ­
likely  possib ility . T h e  s im ila rity  o f  o u r  resu lts  to  th o se  
o b ta ined  by an o th e r  g ro u p 1 6  on  a  d iffe ren t sa lt o f  T C N Q  
[(N -m e th y l-N -(« -b u ty l)m o rp h o lin iu m )(T C N Q )2] also  sug ­
gests th a t  we a re  n o t seeing any  effec ts o f  being  n ea r a 
perco la tio n  th resh o ld .

T h e  d a ta  seem  ra th e r  to  suggest a  m odel in  w h ich  th e  
vo lum e scaling  o f  th e  m ag n itu d e  b reaks dow n a t a 
su rp ris in g ly  large  volum e. T h is  e ffec t can  o ccu r e ith e r i f  
th e  noise arises fro m  a re la tive ly  sm all n u m b e r o f  special 
sites o r i f  th e  noise arises u n ifo rm ly , b u t w ith  an  u n u su a l­
ly la rge  co rre la tio n  leng th . T h e  no ise  m ag n itu d e  is ab o u t 
w h a t w ou ld  be expected  i f  th e  co n tr ib u tio n  to  th e  co n d u c ­
tan ce  o f  each  lin ea r ch a in  o f  m olecu les as a w hole w ere 
ran d o m ly  sw itched  on  an d  off. P rev ious w orkers looking  
a t a  s im ila r system  w ere led  to  th e  conclu sion  th a t  th e  
noise is due  to  th e  sw itch ing  on  an d  o f f  o f  la rge  en tities, 
w h ich  they  in te rp re t as being  single lin ea r c h a in s . 1 6  

T h o u g h  th e  vo lum e associa ted  w ith  th e  f lu c tu a tio n s  
( ~ 1 0 - 1 5  c m 3) co rresponds ap p ro x im ate ly  to  th e  vo lum e 
o f  a  sing le  ch a in  betw een th e  vo ltage  co n tac ts  (~  1 0 — 1 

cm ), it is un like ly  th a t th e  f lu c tu a tin g  u n it involves on ly  a  
sing le  ch a in  in  su ch  a  com plex  system . T h e  lack  o f  cross 
co rre la tio n  betw een no ise in  ad jacen t sam p le  sections a r ­
gues s trong ly  ag a in s t th e  f lu c tu a tio n  o f  sing le  long ch a in  
c o n tr ib u tio n s  to  th e  res istance  as th e  sou rce  o f  th e  1  / /  
noise. T h e  d a ta  are  m o re  co n sis ten t w ith  th e  co n d u c tiv ity  
o f  sh o rte r  bund les o f  ch a in s  ch ang ing  in  a  co rre la ted  
m anner.

W e believe th a t  th e  large  m ag n itu d e  o f  th e  noise p ro ­
vides som e evidence th a t  th e  dev ia tions fro m  a 1 / /  spec­
tru m , w h ich  show  ac tiv a ted  k inetics , a re  n o t a  d is tin c t 
process superim posed  on a tru e  1 / /  b ack g ro u n d , as has 
been p rev iously  co n jec tu red . 1 6  T h e  fea tu res  them selves 
a re  so large  as to  requ ire , like  th e  1 / /  noise, an  anom alous 
coherence volum e. R a th e r  th a n  p o stu la te  several such  
noise sources, we believe th a t  it is m o re  reasonab le  to  a s­
sum e th a t  a ll th e  noise com es fro m  a single p rocess w ith  a

s ligh tly  n o n u n ifo rm  d is tr ib u tio n  o f  ac tiv a tio n  en thalp ies . 
T h is  ap p ro ach  is in d irec tly  su p p o rted  by  th e  seem ing 
u b iq u ity  w ith  w h ich  sm all ac tiv a ted  dev ia tions fro m  th e  
1 / /  fo rm  ap p ea r in  a  varie ty  o f  sy s tem s . 1 7 , 3 0  T h e  associ­
a ted  non linearities  in  th e  I -  V  cu rve  an d  in  th e  noise pow er 
in d ica te  th a t, un like  som e com posite  sy s tem s , 3 5  th e  noise 
is a ris in g  fro m  b a rr ie rs  o r regions w hich  co n tr ib u te  a sig ­
n if ic an t am o u n t to  th e  resistiv ity .

T h e  increase  in  co n d u c tiv ity  w ith  increasing  elec tric  
fie ld  is rem in iscen t o f  th a t  rep o rted  earlie r fo r o th e r 
quasi-one-d im ensional co nduc to rs , inc lud ing  th e  
ana lagous n early  co m m en su ra te , h ig h ly  co rre la ted  system  
(q u in o lin iu m )(T C N Q ) 2  [Q n (T C N Q ) 2 ] . 3 6  F o r  Q n (T C N Q ) 2  

th e  n o n -O h m ic  b eh av io r becom es a p p a re n t a t ~ 2  V /c m  
fo r  all tem p era tu res  w here  observed. T h is  th resh o ld  co r­
responds to  th e  crossover fro m  S  oc I 2 to  S  oc / .  T h e  
la tte r  e ffec t ro ugh ly  agrees w ith  S  oc F 2  a f te r  co rrec tion  
fo r  th e  decrease o f  th e  sam p le  resistance  w ith  increasing  
elec tric  field . T h e  reduced  ra te  o f  increase  o f  no ise  pow er 
w ith  increasing  e lec tric  fie ld  is in  co n tra s t to  th e  behav io r 
o f  charge-density -w ave co n d u c to rs  such  as N bS e 3 , 3 7 , 3 8  

T aS 3 , 3 2  an d  K 0. 3 0 M n O 3 , 3 9  w here  th e  b ro ad b an d  noise in ­
creases d ram a tica lly  a t th e  th resh o ld  fo r e lec tric-fie ld - 
dependen t co n d uc tiv ity . T h e  v a ria tio n  o f  noise  pow er 
w ith  c u rre n t in  (N M P )* (P hen ){_ x (T C N Q ) d iffe rs  fro m  its 
b eh av io r in  th e  N i::A l2 0 3 g ra n u la r  com posites . 3 3  In  th e  
la t te r  system s, th e re  is a crossover fro m  S  oc I 2 to  S  oc I  
in  th e  absence o f  any  non lin ea rity  in  th e  / -  V  ch a rac te ris ­
tics.

V. SU M M A RY

W e have d em o n s tra ted  th e  presence o f  excess 1 / /  noise 
in  th e  h ig h ly  an iso trop ic , quasi-one-d im ensional system  
(N M P)* (P hen ){_ x (T C N Q ). T h is  excess noise is in sensi­
tive to  co n d u c tio n  e lec tron  co n cen tra tio n  an d  th e  
c o m m en su ra te /in co m m en su ra te  n a tu re  o f th e  e lec tric  
g ro u n d  sta te . T h e  m ag n itu d e  o f  th e  noise p recludes m ea­
su rem en t o f  th e  sh o t noise  and  suggests th a t  la rge  u n its  
a re  involved  in  th e  flu c tu a tio n s .

T h erm a lly  ac tiv a ted  spec tra l fea tu res  a re  fo u n d  in  th e  
b ro ad b an d  1 / /  noise. A  sudden  increase in  th e  noise 
pow er is observed upon  fo rm a tio n  o f  m icrocracks. T h is  
ad d itio n a l noise c o n tr ib u tio n  is a tten u a ted  a f te r  several 
m inu tes . T h e  vo ltage noise pow er is observed to  be a p ­
p rox im ate ly  p ro p o rtio n a l to  th e  square  o f  th e  elec tric  field  
even in  th e  reg im e w here  th e  co n d u c tiv ity  is elec tric  fie ld  
dependen t.
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