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It was confirmed from experiments of t h e  H a l l  e f f e c t  
t h a t  the non-linear conductivity of NbSe3 r e s u l t s  from 
depinning of CDW's.  The non-linear conductivity w a s  
a l so  observed i n  the  monoclinic phase of TaS3. 
f i e l d  dependence of t h e  conductivity w a s  very similar 
to  t h a t  observed i n  t h e  CDW state of NbSe3. 

The 

1) INTRODUCTION 

Among the  t r a n s i t i o n  metal tr ichalcogenide MX3, t he  
charge-density wave DW) states have been discovered i n  
NbSe3'r 2, and TaS3! ' '' The highly nonlinear conduct ivi t ies  
have been found i n  these CDW states of MX . 5 , 6 )  

It w a s  f i r s t  recognized by Frohlich7j t h a t  incommensu- 
rate CDW condensates are possible  t o  s l i d e  as a whole and 
carry currents  under the  appl icat ion of t h e  electric f i e l d .  
In a real system, impurities o r  commensurability with a 
host la t t ice  w i l l  p in  down such a s l i d i n g  motion of CDW's, 
and no dc conductivity from CDW is  expected a t  low electric 
fields.81 However, as t h e  applied electric f i e l d  is in- 
creased t o  the  value necessary t o  Overcome the  pinning 
force,  t he  depinning of CDW's w i l l  occur and de r ive  the  
system highly conducting. 
i n  MX3 
t o  s l i d ing  motion of depinned CDW's. 

The non-Ohmic behaviors observed 
have l e d  t o  the  subject  of much i n t e r e s t  concerning 

In t h i s  paper, we r epor t  on the  H a l l  e f f e c t  i n  t h e  
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92/[810] M. ID0 et al. 

non-Ohmic regimes of NbSe3 and the nonlinear conductivity 
observed i n  the new phase of TaS3. 

2)  HALL EFFECT I N  THE NON-OHMIC REGIMES CF NbSe3 

NbSe3 undergoes CDW t rans i t ions  a t  142 K (T1) and 58 K 
(T2) . 2 )  J u s t  b e l o w  T1 and T , the  conductivity increases 
remarkably under an  applicatfon of very small dc electric 
f i e l d  of order 100 mV/cm .5) 
been believed resu l t ing  from depinning of CDW's. 
show r e s u l t s  of t h e  H a l l  e f f e c t  i n  t h e  non-Ohmic regimes can 
be c l e a r l y  interpreted i n  terms of p a r a l l e l  resistors, as 
shown i n  Fig. 1, corresponding t o  conductions due t o  normal 
c a r r i e r s  and CDW's a f t e r  depinning. 

Such a non-Ohmic behavior has 
Here, we 

The H a l l  e f f e c t  

FIGURE 1 
the  non-Ohmic regimes of me3. E and 1 represent the  
e lec t r ic - f ie ld  applied t o  a c r y s t a l  and t o t a l  current ,  
respectively. 

A parallel r e s i s t o r  model f o r  t h e  t ransport  i n  

experiments have been car r ied  out i n  t w o  non-Ohmic regimes 
j u s t  below T and T2.',l0) The H a l l  voltage measured along 
the  c-axis with dc current  parallel t o  the b-axis belw T 
w a s  reproduced i n  Fig. 2 as a function of current  and f i e i d .  

along the b-axis i n  the  T1-reghe, a t  least, because the 
nesting vector has only t h e  b-axis component i n  t h i s  regime. 
Then currents  due t o  depinned CDW's I C ~ W  can not generate 
the H a l l  voltage, and so VH is proportional only t o  currents  
due to normal c a r r i e r s  In ,  

1 

The motion of CDW must be r e s t r i c t e d  i n  t h e  d i rec t ion  

2) 

'H OE I n  (1) 
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NONLINEAR TRANSPORT PHENOMENA IN MXI [811]/93 

I 

FIGURE 2 
p lo t t ed  as a function of a) current  and b) e l e c t r i - f i e l d .  

The H a l l  voltage of NbSe3, observed b e l o w  T l ,  

In a p a r a l l e l  c i r c u i t ,  shown i n  Fig. 1, w e  obtain simple 
r e l a t i o n s  , 

I = In + IcDW 

E = rnIn = rcDwIcDw . (3)  

I f  depinning occurs above a threshold f i e l d  ET, t h e  VH-I 
curve is expected t o  deviate  downward from a l i n e a r  r e l a t ion .  
On t h e  other hand, t he  VH-E r e l a t i o n  can be rewri t ten , by 
using eq. (3) , as VH-rnIn one. 
r e l a t i o n  w i l l  be l inear.  
V r E  r e l a t i o n s  are consis tent  with the  experimental r e s u l t s  
shown i n  Fig. 2. 
regime . 
But, t h e  l i nea r  VH-E r e l a t i o n  observed, inversely,  means 
t h a t  rn remains constant b e l o w  and abpve %, t h a t  i s  , no 
change occurs i n  the  t ransport  due t o  normal carriers above 

ET. 
a t i ng  no -11 voltage above E+ and a t t r i b u t e d  t o  dePiming 

According t o  eq. (11 ,  t h i s  
These predict ions f o r  VH-I and 

The same r e s u l t  i s  obtained i n  t h e  T2 

In above discussion, rn is  assumed t o  be constant.  

W e  can conclude that t h e r e  ex is t s  extra  cu r ren t s  gener- 
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94/[812] M. ID0 et at. 

of CDW's. 

3) NONLINEAR CONDUCTIVITY OF THE NEW PHASE OF TaS3 

Cuthorhombic c r y s t a l  of TaS3 is more one-dimensional 
than me3 and undergoes t h e  CDW t r a n s i t i o n  t o  a semicon- 
ducting state a t  218 L3) 
is about 120 a t  r o o m  temperature, as shown i n  Fig. 3. The 
non-Ohmic behaviors observed i n  t h i s  material are similar 
t o  those i n  !lTF-TCNQ.ll) The CDW has ccumnensurate period 
of 4c and t h e  order of t h e  c r i t i ca l  f i e l d  where I-E curves 
a t  d i f f e r e n t  temperatures tend t o  converge can be understood 
by the commensurability energy.6) another phase 
of TaS3 has been reported by French Recent group. '15 1 t s c r y s t a l  
s t ruc tu re  i s  monoclinic and e s s e n t i a l l y  the  same with t h a t  
of NbSe3. 
CDW t r a n s i t i o n s  a t  240 K and 160 K, very similar t o  me3 
except t he  semiconducting state a t  l o w  temperatures. 12) 

Monoclinic c r y s t a l s  were obtained here by a direct 
react ion of Ta and S a t  580 K for three months . Although 
a c r y s t a l  obtained of ten contains  both monoclinic and ortho- 
rhombic TaS3, c r y s t a l s  used i n  measurements were confirmed 
t o  be monoclinic by the  s ingle-crystal  X-ray diffractometer.  
The latt ice constant along t h e  a-axis is  larger by 3 % 
than t h a t  reported by French group.12) 

The anisotropy of r e s i s t i v i t y  

Monoclinic c r y s t a l  undergoes t w o  inccsmnensurate- 

The resistivities 

F I G U R E  3 R e s i s t i v i t i e s  of orthorhombic TaS , along t h e  
b and c axes, measured by t he  Montgomery metiod. 
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R 
I Ql 

lo'  

FIGURE 4 
monoc l i n k  TaS3. 

The temperature dependence of r e s i s t i v i t y  of 

measured under d i f fe ren t  e l e c t r i c - f i e l d s  are p lo t ted  i n  
Fig. 4 by semi-log scale  a s  a function of 1/T. The metal- 
semiconducting t rans i t ion  occurs a t  222 K (TI). 
of t h e  slope i n  the lnR-l /T curve i s  observed around 154 K 

The change 

. . .* 1011 . .. . 

. . .  .. . . . . .  . * .-. 11t" 

*.. I70" 

. .  . .  
IS," 

. . . . 1.1 

FIGURE 5 The f i e l d  de- 
pendence of the  r e s i s t i v i t y  
of monoclinic TaS3. 

FIGURE 6 The f i e l d  de- 
pendence of the conductivity 
of monoclinic TaS3. 
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(T2) .  
data  obtained a t  high electric f ie lds .  In  the  orthorhombic 
c r y s t a l ,  no anomaly was observed around 154 K. 

The r e s i s t i v i t y  of monoclinic c r y s t a l s  exhib i t s  highly 
non-Ohmic behaviors b e l o w  TI. The f i e l d  dependence of t h e  
r e s i s t i v i t y  i s  shown i n  Fig. 5. The threshold f i e l d  is 
smaller by one-order a t  least than t h a t  observed i n  ortho- 
rhombic c rys ta l .  The f i e l d  dependence of t h e  conductivity, 
except one a t  106 K, can be f i t t e d  t o  t h e  r e l a t i o n  

The ancmalous behavior around T2 i s  clear i n  t h e  

I (4) 
- E d E  

U = U(0) + Uo(l-ET/E)e 

based on t h e  coherent tunneling of CDW's.13) 
f i e l d  dependence has been observed i n  t h e  non-Ohmic regimes 
of NbSe3. 

the r e s i s t i v i t y ,  mentioned 
obtained by Thmpson e t  a l  , ' e ; though t h e  c r y s t a l  used 
was reported as orthorhombic. 

The temperature dependence of t h e  r e s i s t i v i t y ,  i n  t h e  
monoclinic phase, around T1 and T2 is d i f f e r e n t  from those 
obtained by French group. A possible  or ig in  of t h e  d i f fe re-  
nce may ex is t  i n  t h e  degree of s to ich imet ry .  

The same 

The temperature dependence and non-Ohmic behaviors of 
are very similar t o  those 
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