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EVIDENCE FOR MICROWAVE PHOTON-ASSISTED CDW TUNNELING 

I N  N I O B I U M  TRISELENIDE 

K .  SEEGER, A .  PHILIPP, and W .  MAYR 

Ludwig B o l t m a n n - I n s t i t u t  fGr Festkdrperphysik 

and U n i v e r s i t x t  Wien, A-1060 Vienna, A u s t r i a  

3 Abs t rac t  Nonlinear conduct ion h a s  been observed i n  NbSe 
a t  22  K with microwave f i e l d s  of  ampl i tudes  an o r d e r  of 
magnitude both  above and below t h e  threshold  f i e l d  f o r  non- 
l i n e a r  dc conduct ion.  The exper imenta l  method h a s  been phase 
reso lved  harmonic mixing. The o b s e r v a t i o n s  can q u a n t i t a t i v e l y  
be expla ined  by Bardeen 's  model of tunnel ing  charge  d e n s i t y  
waves and a r e  i n  c o n t r a s t  t o  t h e  model of a c l a s s i c a l  over-  
damped o s c i l l a t o r .  The a d d i t i o n a l  phase s h i f t  due t o  t h e  
tunnel ing  process  has  been observed over  a l a r g e  tempera ture  
range and shows a c o r r e l a t i o n  wi th  t h e  tempera ture  dependence 
of t h e  d i e l e c t r i c  c o n s t a n t .  This  c o r r e l a t i o n  i s  cons idered  t o  
be  another  i n d i c a t i o n  f o r  a t u n n e l i n g  p r o c e s s .  The o r i g i n  of 
t h e  "narrow-band noise"  i s  shown t o  be due t o  t h e  d e c r e a s i n g  
d i e l e c t r i c  displacement  with i n c r e a s i n g  e l e c t r i c  f i e l d  
s t r e n g t h  f o r  v a l u e s  l a r g e r  than  t h e  threshold  f i e l d .  The 
z e r o - f i e l d  d i e l e c t r i c  c o n s t a n t  E is c a l c u l a t e d  from t h e  con- 
d u c t i v i t y  applying t h e  Kramers Kronig r e l a t i o n s .  For E t h e r e  
i s  no s c a l i n g  of t h e  f i e l d  dependence wi th  t h e  f requency  
dependence. 

55 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
05

 2
0 

Fe
br

ua
ry

 2
01

3 



56 K. SEEGER, A. PHILIPP AND W. MAYR 

1. INTRODUCTION 

Most of  t h e  t r a n s p o r t  p r o p e r t i e s  of niobium t r i s e l e n i d e ,  NbSe3, re- 

por ted  so f a r  can be expla ined  e q u a l l y  w e l l  by a c lass ical  damped- 

o s c i l l a t o r  model' and by a t u n n e l i n g  model of charge d e n s i t y  

waves (CDW).' These experiments  have been performed wi th  fre- 

quencies  up t o  t h e  100-MHz range .  A s  t h e  t u n n e l i n g  phenomena under 

a c  condi t ions  is known as "photon-assis ted tunnel ing"  and t h e  

photon c h a r a c t e r  of e lec t romagnet ic  r a d i a t i o n  i s  more pronounced 

a t  h igher  f r e q u e n c i e s ,  it is  t o  be expected t h a t  a t  microwave 

f r e q u e n c i e s  chances are much b e t t e r  t o  dec ide  which of t h e  two 

models y i e l d s  a c o r r e c t  d e s c r i p t i o n  of t h e  exper imenta l  r e s u l t s ,  

Data obtained by mixing of  a 9 . 5  GHz r a d i a t i o n  wi th  i t s  second 

harmonic a t  t h e  n o n l i n e a r  I - V  c h a r a c t e r i s t i c  of NbSeg a t  low 

temperatures  have been r e p o r t e d  by  US.^ They c l e a r l y  are i n  f a v o r  

of t h e  quantum mechanical  model as proposed by Bardeen? I n  t h e  

p r e s e n t  paper  w e  show t h e  c o n t r i b u t i o n  of  t h e  d i e l e c t r i c  d i s p l a c e -  

ment c u r r e n t  t o  t h e  conduct ion phenomena t o  be of s i g n i f i c a n c e .  

In  p a r t i c u l a r ,  the "narrow-band noise"  t u r n s  o u t  t o  be due t o  a 

negat ive  d i f f e r e n t i a l  d i e l e c t r i c  c o n s t a n t .  A l so ,  a c a l c u l a t i o n  of 

t h e  zero- f ie ld  d i e l e c t r i c  c o n s t a n t  from t h e  c o n d u c t i v i t y  is 

presented .  

2 .  PHASE RESOLVED HARMONIC M I X I N G  

I n  our  experiment t h e  v o l t a g e  a p p l i e d  t o  t h e  f i l a m e n t a r y  sample 

c o n s i s t s  of  a fundamental wave and i t s  second harmonic, wi th  a 

v a r i a b l e  phase s h i f t  Cp between t h e  two: 

E ( t )  = E cos(wt  t 9)  t E2cos(2wt) (1) 1 

As we have shown before , '  f o r  a n  ampli tude sum E +E2 less than  

t h e  threshold  f i e l d  E 
-t c u r r e n t - f i e l d  c h a r a c t e r i s t i c ,  t h e r e  should be d c  c u r r e n t  j 

( t ime dependent c u r r e n t  averaged over  t )  f o r  any c o n s i d e r a t i o n  

- 1 
f o r  t h e  o n s e t  of  t h e  n o n l i n e a r i t y  i n  t h e  t h  
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EVIDENCE FOR MICROWAVE PHOTON-ASSISTED CDW TUNNELING 51 

based on c l a s s i c a l  phys ics :  E t =  0 and hence,  f o r  j ( t )  a E ( t ) ,  a l s o  
Tt 1 = 0. Only a t  El t E2 ;tEth, t h e  non- l inear  j(E) c h a r a c t e r i s t i c  

should y i e l d  a s i g n a l  j # 0 which f o r  s m a l l  d e v i a t i o n s  from O h m ' s  
2 l a w  i s  p r o p o r t i o n a l  t o  E E c o s 2 ( @ t $ )  where J, i s  a c o n t r i b u t i o n  t o  1 2  

t h e  phase by t h e  conduct ion process .  For l a r g e  d e v i a t i o n s  from 

O h m ' s  law, powers h igher  than  t h e  second i n  El and t h e  first i n  

E should p r e v a i l ,  t o g e t h e r  with t h e  occurrence  of h i g h e r  terms i n  

t h e  F o u r i e r  expansion of j as a f u n c t i o n  o f  Q. For t h e  c lass ical  

o s c i l l a t o r  model, t h e  t h r e s h o l d  f i e l d  E i n c r e a s e s  with t h e  f r e -  

quency o, approximately as  02. For microwave f r e q u e n c i e s  which 

a r e  h igher  than  t h e  pinning frequency o f  t h e  charge d e n s i t y  wave 

by two o r d e r s  of magnitude, it should t h e r e f o r e  be imposs ib le  t o  

observe  a s igna l  without  cons iderably  r a i s i n g  t h e  sample tempera- 

t u r e  by J o u l e  h e a t i n g .  

- 

-t 
2 

t h  

FIGURE 1 Experimental  cos(241) dependent mixing s i g n a l  as a 
f u n c t i o n  of t h e  f i e l d  ampl i tudes  El and E 2 ;  dash- 
d o t t e d  curve:  c a l c u l a t e d  according t o  t h e  c l a s s i c a l  
c o n s t r u c t i o n  of 7 from t h e  d c  c h a r a c t e r i s t i c .  
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K. SEEGER, A. PHlLIPP AND W. MAYR 58 

The experimental  r e s u l t ,  however, i s  d i f f e r e n t .  F ig .1  (reproduced 

from r e f . 4 ,  Fig.3 f o r  one sample only)  shows t h e  s i g n a l  which i s  a 

dc v o l t a g e  s i n c e  we suppress  t h e  dc c u r r e n t  by apply ing  a high-  

impedance v o l t m e t e r  i n s t e a d  of  an ammeter, as a f u n c t i o n  of E 

and E 

p o i n t s  r e p r e s e n t s  a dependence according t o  t h e  E1E2 law mentioned 

above. The v e r t i c a l  dashed l i n e  i n d i c a t e s  t h e  f i e l d  s t r e n g t h s  E l  

and E where E + E  is e q u a l  t o  t h e  dc t h r e s h o l d  f i e l d .  The 

s i g n a l  ( a t  least  97 % of i t )  is p r o p o r t i o n a l  t o  C O S { ~ ( + + J I ) ) ,  It- 

is remarkable t h a t  t h e r e  i s  a s i g n a l  even f o r  E 1 t E 2  less t h a n  Eth 
2 by a n  order  of magnitude. The E1E2 behavior  is  observed both  below 

Eth and above over  f o u r  o r d e r s  of  magnitude i n  t h e  s i g n a l ,  i . e .  

even a t  l a r g e  d e v i a t i o n s  from O h m ' s  l a w  i n  t h e  d c  c h a r a c t e r i s t i c .  

The d a s h -  d o t t e d  curve h a s  been c a l c u l a t e d  by t h e  classical con- 

s t r u c t i o n  of t h e  s i g n a l  from t h e  d c  c h a r a c t e r i s t i c  and f i t t e d  t o  

t h e  d a t a  a t  one p o i n t .  There i s  no agreement between t h e  d a t a  and 

t h i s  curve .  

1 
i n  a double-log p l o t .  The s t r a i g h t  l i ne  through t h e  d a t a  

2 2 

2 1 2  

We can, however, b e a u t i f u l l y  r e p r e s e n t  t h e  d a t a  by Bardeen 's  

t h e o r y  without  any f i t t i n g  parameter :  we g e t  t h e  observed func-  

t i o n a l  dependence on E 1, E 2 ,  and +. The s i g n a l  below t h r e s h o l d  is 

expla ined  by photon a s s i s t e d  tunnel ing .  While i n  t h e  u s u a l  band 

t h e o r y  of s o l i d s  t h e  photon c h a r a c t e r  of  e lec t romagnet ic  r a d i a t i o n  

shows up only  a t  e n e r g i e s  where t h e r e  are s i g n i f i c a n t  changes i n  

band s t r u c t u r e ,  t h e  v e r y  small P e i e r l s  gap caused by charge d e n s i t y  

wave formation y i e l d s  a photon e f f e c t  a l r e a d y  a t  microwave f r e -  

quencies .  The s i t u a t i o n  i s  somewhat s imilar  t o  Josephson t u n n e l i n g  

of Cooper p a i r s  i n  superconduct iv i ty ,  and,  i n  f a c t ,  the  mathemati- 

cal  procedure t o  c a l c u l a t e  phase r e s o l v e d  harmonic mixing i n  t h e  

p r e s e n t  case i s  t h e  same.5 Since our  f r e q u e n c i e s  are l a r g e  compared 

t o  t h e  pinning frequency and s i n c e  w e  measure only  t h e  time- 

independent p a r t  of t h e  s i g n a l ,  the c a l c u l a t i o n  i s  s i m p l i f i e d  v e r y  

muchleading t o  t h e  s imple f u n c t i o n a l  dependence g i v e n  above. Even 

q u a n t i t a t i v e a g r e e m e n t  is obta ined:  it i s  w i t h i n  a f a c t o r  of  3 i f  
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EVIDENCE FOR MICROWAVE PHOTON-ASSISTED CDW TUNNELING 59 

- 
MHt 
MHt 
MH*- 

- 

w e  t a k e  f o r  t h e  e f f e c t i v e  sample l e n g h t  o n l y  t h e  p a r t  of  t h e  sample 

i n s i d e  t h e  waveguide. Because of  t h e  extremely h igh  r e f r a c t i v e  in- 

dex of t h e  sample it is probably more a p p r o p r i a t e  t o  t a k e  t h e  

complete sample l e n g t h  i n t o  account  which b r i n g s  t h e  d a t a  t o  even 

b e t t e r  agreement with t h e  Bardeen t h e o r y .  

According t o  a sugges t ion  by Bardeen, we have a l s o  observed t h e  

phase s h i f t  due t o  t h e  t u n n e l i n g  p r o c e s s .  For t h i s  purpose  w e  

placed a r e f e r e n c e  sample (n-Ge a t  300 K )  b e f o r e  t h e  NbSea sample. 

I n  t h e  former it i s  t h e  "hot-electron" e f f e c t  which p r o v i d e s  a 

mixing s i g n a l .  Taking i n t o  account  t h e  phase s h i f t  due t o  t h e  

waveguide between t h e  two samples ,  F ig .2  shows t h e  a d d i t i o n a l  

phase s h i f t  I) as a f u n c t i o n  of tempera ture .  A comparison with t h e  

d i e l e c t r i c  c o n s t a n t  E for v a r i o u s  f r e q u e n c i e s  a s  observed by Grfiner 

e t  a1.' shows a s t rong  c o r r e l a t i o n .  According t o  Thornber e t  a l . ? ,  

2.0 
2 
p 
3 

1.5 

f 
k 

ID 8 

~ 

(P2Od) 
15-45 _---- 

_.-.-.-. 125 
250 ..... 

40 
-60- 0 50 100 150 200 250 

TEMPERATURE [ K l  

FIGURE 2 Observed phase s h i f t  @ due t o  d i e l e c t r i c  r e l a x a t i o n ,  
as  a f u n c t i o n  of tempera ture  ( f u l l  c u r v e ) ;  d i -  
e l e c t r i c  c o n s t a n t  a t  v a r i o u s  f r e q u e n c i e s  ( o t h e r  
c u r v e s ) .  
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60 K. SEEGER, A. PHILIPP AND W. MAYR 

t h e  tunnel ing  t i m e  of a n  e l e c t r o n  i n  a c r y s t a l  l a t t i ce  is  t h e  d i -  

e l e c t r i c  r e l a x a t i o n  time T ~ .  One may expec t  f o r  CDW t u n n e l i n g  

tan(2$)  -, W T ~ =  ~ I ~ V E E  / u  o b  
about  t h e  r i g h t  o r d e r  of  magnitude. 

= 0.3 f o r  E = 10' a t  v : 10" Hz. T h i s  is 

3. NARROW BAND NOISE AND THE DIELECTRIC CONSTANT 

F i n a l l y ,  we propose a t h e o r y  for  t h e  Fleming-Grimes i n s t a b i l i t y . '  

Even though only a dc c u r r e n t  i s  a p p l i e d  t o  t h e  sample t h e r e  is a 

n o i s e  f i e l d  E ( t )  from which a time dependent c u r r e n t  j ( t )  and a 

displacement  c u r r e n t  dD/dt may arise. While u s u a l  i n s t a b i l i t i e s  

FIGURE 3 D i e l e c t r i c  displacement  D v s  e l e c t r i c  f i e l d  
s t r e n g t h  E for NbSeg a t  42 K ( a f t e r  E ( E )  d a t a  by 
Briiner e t  a l ' ) .  The resonances  i n d i c a t e d  by 1 . 6  MHz, 
3.2MHz, and 6.4MHz are r e l a t e d  t o  t h e  frequency of 
3 . 2  MHzof measurement and can  be d i s r e g a r d e d .  
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EVIDENCE FOR MICROWAVE PHOTON-ASSISTED CDW TUNNELING 61 

such as t h e  Gunn o s c i l l a t i o n s  ar ise  due t o  a n e g a t i v e  d i f f e r e n t i a l  

c o n d u c t i v i t y  dj /dE < 0 ("NDC") t h e  p r e s e n t  i n s t a b i l i t y  ar ises  be- 

cause  dD/dE < 0 ( n e g a t i v e  d i f f e r e n t i a l  d i e l e c t r i c  c o n s t a n t ,  "N- 
double  D -  C " ) .  The d i e l e c t r i c  r e l a x a t i o n  time T~ as  obta ined  from 

a combination o f  P o i s s o n l s  equat ion  dD/dt=  eAn wi th  t h e  c o n t i n u i t y  

equat ion  edAn/dt + d j / d x =  0 i s  g i v e n  by (dD/dE)/(dj /dE).  From 

Griiner and Z e t t l ' s  data '  on €(El one can e a s i l y  c o n s t r u c t  D =  EE 

( s e e  Fig.3)  and n o t i c e  t h a t  dD/dE < 0 f o r  E > Eth whi le  dj /dE > 0 

i n  t h i s  range .  From now on t h e  theory  is formal ly  v e r y  similar t o  

t h a t  for t h e  Gunn diode" except  t h a t  t h e  v e l o c i t y  v = c o n s t .  

We have a l s o  c a l c u l a t e d  t h e  frequency dependent low-f ie ld  d i -  

electric c o n s t a n t  E ( W )  from t h e  f requency  dependent c o n d u c t i v i t y  

Dielectric Constant 

- N bSe&g& 
0 6  

- calcul. from u(u) 
U data by Gruneret al. 

E(LJI0) = 2x10' 
0.4 Ob(3OKb l~l&bd 

~,,=1.07~10"s' 

0.2 

0 
0 2 4 6 8 10 12 
I I I I I 

0 50 100 150 200 250 
L 

Frequency [MHzl 

FIGURE 4 Dielectric c o n s t a n t  v s .  f requency a t  30 K c a l c u -  
l a t e d  from t h e  f requency  dependent CDW conduc- 
t i v i t y  ( c u r v e ) ,  and exper imenta l  data  by Griiner e t  a l .  
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62 

5 ( w )  a s  d e s c r i b e d  by t h e  Bardeen formula u s i n g  t h e  well-known 

Kramers Kronig r e l a t i o n s  f o r  a conduct ing d i e l e c t r i c .  l 1  The re- 

s u l t  is shown i n  Fig.4,  t o g e t h e r  with exper imenta l  d a t a  by Griiner 

e t  a l .  ': t h e r e  is e x c e l l e n t  agreement.  I n  c o n t r a s t ,  however, t o  

t h e  behavior  of t h e  c o n d u c t i v i t y ,  t h e r e  i s  no s c a l i n g  of t h e  f i e l d  

dependence with t h e  frequency dependence of  t h e  d i e l e c t r i c  con- 

s t a n t .  I t  i s  tempting t o  assume t h a t  t h e  d e c r e a s e  of E with E f o r  

E > Eth i s  due t o  t h e  depinning of C D W ' s :  o n l y  pinned C D W ' s  

c o n t r i b u t e  t o  t h e  p o l a r i z a t i o n .  However, a q u a n t i t a t i v e  f i t  is n o t  

p o s s i b l e  with t h i s  assumption t a k i n g  Bardeen ' s  e q u a t i o n  f o r  t h e  

f ie ld-dependent  number of  depinned C D W ' s  i t o  account ,  and it 

remains u n c l e a r  why a moving CDW should n o t  c o n t r i b u t e  a l s o  t o  

p o l a r i z a t i o n .  
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