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MICROWAVE AND HALL STUDIES OF TaS3 and NbS3 

N.P. ONG, G.X. TESSEM, G. VERMA 
J.C. ECKERT*, J. SAVAGE 
Department o f  Physics 
Un ive rs i t y  o f  Southern Cal i f o r n i a  

S.K. KHANNA 
Je t  Propuls ion Laboratory 

Received f o r  p u b l i c a t i o n  August 27, 1981 

The microwave c o n d u c t i v i t y  of TaS3 and NbS3 have been 
measured. 
GHz shows very  l a r g e  enhancement over the  dc value. 
A b r i e f  d iscuss ion based on con t r i bu t i ons  from charge- 
density-wave o s c i l l a t i o n  i s  given f o r  TaS3. 
e f fect  a t  room t 
l R ~ l ~ =  6.3 x 10-pC/m3. This  corresponds t o  a c a r r i e r  
dens i t y  of 1 x 1022 
A comparison w i t h  t h e  f i gu re  obta ined from conduction 
noise measurements w i l l  be made. 

I n  both compounds t h e  c o n d u c t i v i t y  a t  9.8 

The Ha l l  
pera ture  f o r  TaS3 i s  found t o  be 

and a m o b i l i t y  of 2 cm2/vs. 

MICROWAVE CONDUCTIVITY 

High frequency measurements of t h e  c o n d u c t i v i t y  o f  t h e  
t r i cha lcogen ides  have proved very  powerful i n  revea l i ng  t h e  
c o n t r i b u t i o  s o f  t h e  o s c i l l a t i n g  charge-density-wave (CDW) 
condensate.! We have performed measurements o f  t h e  complex 
d i e l e c t r i c  constant  o f  TaS3 and NbS3 a t  9.8 GHz from 4K t o  
300K us ing t h e  well-known c a v i t y  pe r tu rba t i on  equations2 
f o r  h igh  conduc t i v i t y  samples. 

t he  dc f o r  two  samples o f  TaS3. 
t r a n s i t i o n  a t  210K t he re  i s  a very  l a r g e  enhancement over 
t h e  dc value. Th is  enhancement grows with decreasing 

*Present address: 
Pomona , CA. 

I n  Fig. 1 t h e  conduc t i v i t y  a t  9.8 GHz i s  compared w i t h  
It i s  c l e a r  t h a t  below t h e  

Physics Department, Harvey Mudd Co l l  ege, 
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V 
3 1.0 

0 100 200 300 
TEMPERATURE T(K) 

FIGURE 1 The conductivity of  TaS3 a t  9.8 GHz (ci rc les)  
and dc (squares). Solid (open) c i rc les  refer t o  Sample 1 
( 2 )  

temperature t i l l  i t  a t t a i n s  a factor of 250 a t  30K. The 
dielectric constant (not  shown) increases approximately 
linearly w i t h  temperature and i s  of  the order 250,000 a t  
200K. 

polytypes (orthorhombic and monocl inic) .  I n  the ort or- 

- 210K. The charge-density-waves i n  neighbouring chains 
become locked i n  phase a t  this temperature and the dc 
conductivity decreases exponentially below 210K. In the 
monoclinic structure two phase t r  nsitions occur w i t h  the 
formation of incommensurate CDWs.! The situation is simi- 
lar t o  t h a t  of NbSe3 which also has a very similar crystal 
structure. On the basis of our dc measurements we have 
observed only one phase transition i n  our samples and 
therefore identify our samples as orthorhombic. 

conductivity over the dc value the most interesting feature 
of the microwave conductivity i s  the f l a t  temperature 
dependence above 200K. 
same samples) fluctuations into the CMJ s ta te  are 

Tantalum trisulphide has been shown3 to  occur i n  two 
hombic structure a metal insulator transition occurs 1 a t  

Aside from the large enhancement of  the 9.8 GHz 

In the dc data (measured on the 
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MICROWAVE AND HALL STUDIES OF TaSl AND NbS, [7611/43 

pronounced and extend t o  temperatures 60K above t h e  Pe ie r l s  
t r a n s i t i o n  temperature Tp. (This i s  due t o  t h e  more quasi- 
one dimensional s t ruc tu re  as compared w i t h  MbSe3.) These 
f l u c t u a t i o n s  lead t o  a l a r g e  enhancement o f  the  dc r e s i s t i -  
v i t y  wel l  above Tp. 
samples i s  almost temperature independent.) 
contrast ,  the  microwave conduc t i v i t y  remains temperature 
independent u n t i l  a few Ke lv in  below Tp, where i t  begins t o  
decrease gradual ly.  
i s  unaffected by the  uncorrelated one-dimensional fl uctu- 
a t i ons  i n t o  the  CDW state.  A t  present i t  i s  not known i f  
the  excess 9.8 GHz conduc t i v i t y  i s  due t o  t h e  d r i ven  o s c i l -  
l a t i o n  o f  t he  CDW condensate about pinning centers or due 
t o  t h e  actual  sl i d i n g  o f  t h e  uncorrelated one-dimensional 
f luc tua t ions .  The study o f  CDW t ranspor t  and i n t e r a c t i o n  
of t h e  condensate w i t h  rf f i e l d s  w i l l  be very f r u i t f u l  near 
Tp i n  TaS3. 

Figure 2 shows the  microwave conduc t i v i t y  and d ie lec -  
t r i c  constant of NbS3 as a func t i on  o f  temperature. As i n  
TaS3 a very l a r g e  enhancement over t h e  dc value i s  observed 
i n  t h e  9.8 GHz conduct iv i t y .  
9.8 GHz and dc conduc t i v i t y  data normalized t o  the  room 
temperature value. However, t h  observed absolute value a 
9.8 GHt a t  300K i s  1000 (Q compared w i t h  200 (Q cm)- 
f o r  t h e  dc. Thus the  enhancement factor i s  l a r g e r  than 

(Above 260K t he  r e s i s t i v i t y  i n  our 
I n  sharp 

Thus, t he  h igh  frequency c o n d u c t i v i t y  

We have p l o t t e d  both the  

r 
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FIGURE 2 
constant ( t r i a n g l e s )  o f  NbS3 a t  9.8 GHz. 
t i v i t y  i s  a l so  shown (open c i r c l e s ) .  

The conduc t i v i t y  ( s o l i d  c i r c l e s )  and d i e l e c t r i c  
The dc conduc- 
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44/[762] N. P. ONG el al. 

suggested by Fig. 2. The r a t h e r  l a r g e  value f o r  t h e  r e a l  
p a r t  o f  the  d i e l e c t r i c  constant 
qu i te  su rp r i s ing  and suggests a strong p a r a l l e l  w i t h  the  
tantalum compound. (The d e t a i l e d  temperature v a r i a t i o n  o f  
E i s  sens i t i ve  t o  the  choice o f  t h e  f i l l i n g  f a c t o r  a i n  
the c a v i t y  per tu rba t ion  equations. However, reasonable 
choices o f  a a l l  g i ve  a value o f  el exceeding 10,000. We 
have adopted a uni form c r i t e r i o n  f o r  determining a based on 
the  depo lar iza t ion  peak i n  the  l o s s  data. A de ta i l ed  
discussion o f  t h i s  p o i n t  w i l l  be provided i n  a forthcoming 
f u l l  r epo r t  o f  these experiments.) 

The phase diagram o f  t he  Nb-S system i s  q u i t e  compli- 
cated. Crystals o f  stoichiometry NbS2, N 3S4, Nb S and 

have a s t ruc tu re  very  c lose  t o  the  monocl in ic form o f  
ZrSeg. The main d i f f e rence  from the  ZrSe s t r u c t u r e  i s  i n  

c e l l  i n  the  chain (b) d i rec t i on .  Again on t h e  basis o f  our 
dc conduc t i v i t y  we t e n t a t i v e l y  i d e n t i f y  our samples w i t h  
t h e  dimerized form. 

Because o f  t h e  enormous value o f  t he  d i e l e c t r i c  
constant and the  enhanced microwave c o n d u c t i v i t y  we argue 
t h a t  the  d imer iza t ion  i s  a pe r iod i c  l a t t i c e  d i s t o r t i o n  
s t a b i l i z e d  by a charge-density-wave. Such a l a r g e  p o l a r i z -  
a b i l i t y  i s  cons is ten t  w i t h  a weakly pinned electron-phonon 
condensate. 
NbS3 would imply t h a t  p inning t o  the  host i s  orders o f  
magnitude stronger than f o r  t h e  incommensurate CDWs i n  
NbSe . Nonetheless i t  i s  s t i l l  s u f f i c i e n t l y  po la r i zab le  
t o  ggve the  l a r g e  observed values o f  8 .) The presence o f  
a per iod ic  l a t t i c e  d i s t o r t i o n  and t h e  l a r g e  p o l a r i z a b i l i t y  
a t  9.8 GHz make t h e  case f o r  a CDW compell ing i n  NbS3. A 
t e s t  f o r  t h i s  hypothesis w i l l  be provided by a l l o y i n g  w i t h  
a group I V  element o r  by i n t e r c a l a t i o n  (changing t h e  Fermi 
wave vector. ) 

group. Recently Thompson e t  a1 reported t h e  observat ion 
i n  TaS3 of a threshold f i e l d  ET beyond which non-Ohmicity 
takes.place. Conduction n o i j g  was observed i n  t h e  non- 
Ohmic regime by GrUner e t  a1 and strong frequency 
dependence of t he  conduc t i v i t y  was a1 so observedl l .  We 
have a1 so performed non-ohmic measurements on our samples 
o f  TaS3 using pulses o f  widths under 1 us. Our l - V  curves 
are s i m i l a r  t o  those reported by Sambongi's group. 
evidence of threshold f i e l d  was observed i n  our samples. 
A t  present t h e  question of whether t h e  observations o f  a 

(50,000 a t  100K) i s  

NbS have been obtained by var ious groups B . The $:fsuJ- 
ph i  a e NbS3 has been reported by R i  jnsdorp and J e l l  inek t o  

the  existence o f  a s l i g h t  modulat ion whic FI doubles t h e  u n i t  

(The commensurabil ity o f  t he  presumed CDW i n  

Non-Ohmicity i n  TaS3 was f r s t  reported8 by Sambongi's 

No 
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MICROWAVE AND HALL STUDIES OF TaS3 AND NbS3 [7631/45 

threshold field and conduction noise are  associated w i t h  
the monocl inic phase (where the CDW's are incommensurate) 
or w i t h  the orthorhombic phase remains open, and more 
investigations are  necessary. No non-Ohmici t y  a t  room 
temperature was observed i n  NbS3 up to  f ie lds  exceeding 
300 V/cm, aside from a smooth quadratic increase i n  the 
conductivity which was ascribed t o  sel f-heating. 

HALL EFFECT 

T u r n i n g  t o  the Hall effect we f e l t  t h a t  i t  i s  important t o  
make comparisons i n  the case of TaS3 because of the s l ight  
controversy surrounding the Hal 1 measurements i n  NbSe3 and 
the noise measurements of Monceau e t  a112 (from which a 
condensate density can be extracted). Since the transition 
t o  the insulating s ta te  i s  complete i n  TaS3 and the aniso- 
tropy (-. 150) is not excessively large only one kfnd o f  
carrier exists above T (210K). The measured Hall constant 
RH gives directly the eondensate density. (In NbSe3 the 
interpretation i s  complicated by two transitions and the 
presence of surviving pockets of electrons and hol es.)13 

The small transverse dimension of our samples (3mm x 
45vm x 3 ~ )  presented serious d i f f icu l t ies  w i t h  two Hall 
leads. Consequently we dropped one Hall lead and adopted 
an ac brifde method (see inset Fig .  3). This three probe 
technique 
the lack of an IR drop due t o  lead misalignment. 

more fully exploits lock-in methods because of 
The 

I I I I I 1 I .  - 
- 

4 5 0  - 

z - I? 
* o  

a - - 
r 

- 450 I I 1 I I 1 1 

J 
J 

0 4 0 12 
MAGNETIC FIELD ( K G )  

FIGURE 3 The Hall signal o f  TaS3. The excitation current 
i s  1 mA. 
hysteresis. 

Different sweep directions (arrows) indicate no 
Inset i s  the three-probe bridge used. 

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:
31

 2
1 

Fe
br

ua
ry

 2
01

3 



46/[764] N. P. ONG er ul. 

in-phase vol tage i s  p ropor t iona l  t o  t h e  Ha l l  constant. Our 
measurements sho t h a t  lRHl  = 6.3 x 10-4 ~ / c m 3  correspon- 
ding t o  1.0 x 10F2 carriers/cm3. The sign o f  RH was no t  
determined. Also t h e  tenuous nature o f  t he  s i l v e r  p a i n t  
contact  precluded low temperature readings. The measured 
room temperature fgnduc t i v i t y  i s  3400 (a cm)-l. 

and by p l o t t i n g  no ise  frequency versus t h e  C 

a value f o r  n equal t o  2 x c d .  Thus the  agreement 
between the  H h 1  r e s u l t  and t h e  no ise  i s  s a t i s f a c t o r y  
(bear ing i n  mind t h a t  t h e  c r y s t a l s  may belong t o  d i f f e r e n t  
morphologies). 

T i s  h igh  c a r r i e r  dens i t y  imp l i es  a m o b i l i t y  o f  o n l y  

r e s i s t i v i t y  w i t h  temperature above 210K. The e lec t ron  gas 
i s  so s t rong ly  scattered t h a t  f u r t h e r  sca t te r i ng  by phonons 
causes no degradation i n  t h e  conduc t i v i t y .  It i s  somewhat 
su rp r i s ing  t h a t  such a smeared ou t  Fermi surface can 
support a Pe ie r l s  i n s t a b i l i t y  a t  t h e  h igh  temperature o f  
210K. 

We thank P. Monceau and G. GrUner for  m a i l i n g  
manuscripts p r i o r  t o  pub1 i ca t i on .  He lp fu l  discussions w i t h  
G. GrUner, M. Ido, Pat Lee, P. Honceau, Alan P o r t i s  and 
Meir Weger a re  acknowledged. Th is  work was supported by 
NSF gran t  DMR 70-05418 and Caltech's President 's Fund 
PF-167. Pre l im inary  r e s u l t s  o f  t h e  microwave work were 
reported a t  t he  March Meeting o f  t h e  American Physical 
Society a t  Denver, Colorado, 1981. 

GrUner e t  a1 have observed s l i d i n g  CDW no ise  i n  TaS3 
c o n t r i b u t i o n  

t o  t h e  cu r ren t  ICDW ( f o l l o w i n g  once u e t  a1 PY ) they r e p o r t  

- 2 cm !! /vs a f a c t  which explains t h e  f l a t  v a r i a t i o n  o f  
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