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I n  Ta(SXSel-,)3 the  temperature dependence of t h e  
e l e c t r i c a l  r e s i s t i v i t y  changed sys t ema t i ca l ly  from a 
metall ic t o  a semiconducting behavior  as inc reas ing  
of t h e  s u l f u r  concent ra t ion .  The superconducting 
t r a n s i t i o n  was observed i n  TaSej b u t  n o t  i n  a l l  
sulfur-doped samples above 1 .2  K. I n  Ta(S.15SeS85)3 
one-dimensional d i f f u s e  s c a t t e r i n g  was observed 
above 150 K.  The pos i t i on  of t h e  d i f f u s e  s c a t t e r i n g  
along t h e  b* a x i s  is (0.283 f 0.007)b*, which is t h e  
incommensurate value.  The one-dimensional d i f f u s e  
s c a t t e r i n g ,  t h e  semiconducting behavior  and t h e  l ack  
of superconducting t r a n s i t i o n  found i n  Ta(SS15Se.85)3 
a r e  i n t e r p r e t e d  i n  terms of t h e  formation of charge- 
den s i t y  wave. 

1 )  INTRODUCTION 

I n  the  group of t h e  t r ans i t i on -me ta l  t r i cha lcogen ides  
M X 3 ,  TaSjl-3) and NbSe34,5) have been found t o  e x h i b i t  t h e  
charge-density wave (CDW) t r a n s i t i o n .  On t h e  o t h e r  hand, 
TaSej is a superconductor wi th  a Tc of ( 2  f 0.5)  K and shows 
no anomalies a s soc ia t ed  with low dimensional phase t r a n s i -  
t i o n .  I t  is  the re fo re  i n t e r e s t i n g  t o  i n v e s t i g a t e  systemat- 
i c a l l y  t h e  e l e c t r i c a l  p r o p e r t i e s  i n  t h e  TaSe3 - TaS3 system. 
I t  i s  known6) t h a t  Ta(S.04Se.96)3 i s  a m e t a l l i c  b u t  t h e  
r e s i d u a l  r e s i s t i v i t y  r a t i o  i s  very low (-2) compared with 
t h a t  of TaSej ( 6 0 - 7 0 ) ,  and Ta(S.06Sesg4)3 is  a non-metall ic 
w i t h  a minimum a t  40 K and a maximum a t  150 K i n  t h e  temper- 
a t u r e  dependence of t h e  e l e c t r i c a l  r e s i s t i v i t y .  Both 
samples a l s o  are found t o  b e  no evidence f o r  superconductiv- 
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I34/[852] K. YAMAYA and Y. ABE 

i t y  down t o  1.2 K. These experimental r e s u l t s  suggest t h a t  
Ta(SxSel-x)3 with higher concentration of su l fu r  shows the  
semiconducting behavior and undergoes the CDW t r a n s i t i o n  
a t  low temperatures. 

Ta(S. 15Se.85)3, by electron d i f f r a c t i o n  above 150 K and the 
temperature va r i a t ion  of the e l e c t r i c a l  r e s i s t i v i t y .  

In t h i s  paper w e  r epor t  t h e  f i r s t  existence of CDW i n  

2 )  EXPERIMENTS 

Ta(SxSel-x)3 was synthesized by d i r e c t  reaction of Ta, 
S,  and Se i n  stoichiometric proportions. The mixture was 
sealed i n  quartz under vacuum of 1 x Torr and heated 
t o  650°C €or 3 weeks before cooling. The heating tempera- 
t u re  was kept t o  be .lower than t h a t  of TaSe3 (700'C). The 
c r y s t a l s  a r e  or iented along the b-axis and the  dimensions 
of sample were approximately 0.1 x 0.03 mm2 i n  the cross  
sections and 2 c m  i n  t he  length which were smaller than 
those of TaSe3. X-ray d i f f r a c t i o n  by the powder method 
confirmed the reported s t ruc tu re7 )  . 
method along the b-axis with a cu r ren t  of 5.OrrA. Elect- 
r i c a l  contact  w a s  made by evapolating Te and Au successively 
and painting s i l v e r  paste  onto the evapolated area.  Ohmic 
conductivity was confirmed f o r  current  between 1 .O F A  and 
5 0 p A  a t  the temperatures of 295 K,  77  K and 4 .2  K,  respec- 
t i ve ly .  Temperatures of sample were determined by the G e -  
and Pt-resistance thermometer. Superconductivity was 
detected by a res is tance measurement with a current  of 

DC e l e c t r i c a l  r e s i s t i v i t y  was measured by a four-probe 

1.opA. 
Electron d i f f r a c t i o n  of Ta(SxSel-,)3 was performed with 

the accelerat ion voltage of 200 kV. The sample holder w a s  
kept a t  150 K. But the temperature of the individual crys- 
t a l  may be s l i g h t l y  higher a s  a r e s u l t  of i r r a d i a t i o n  by 
the electron beam, though a heat  l i n k  t o  t he  sample holder 
would release some of the heat.  

3 )  RESULT AND DISCUSSION 

I n  Fig. 1 is  shown the temperature dependence of the 
e l e c t r i c a l  r e s i s t i v i t y  i n  Ta (S, 15Se ,85) where the concent- 
ra t ion of su l fu r  i s  nominal value. The value of t he  resis- 
t i v i t y  i n  MX3 is  typ ica l ly  (5 f 2 )  x 
temperature and includes a l a rge  uncertainty because of the 
very small cross  sect ion.  The value of the r e s i s t i v i t y  i n  

Ohm-cm a t  room 
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ELECTRICAL PROPERTIES OF Ta(S$el-& [853]/135 

Ta ( S .  15Se.85) 3 t h e r e f o r e  i s  normalized t o  5.0 x 
a t  room temperature.  As shown i n  Fig.  1, t h e  temperature  
dependence of t h e  r e s i s t i v i t y  v a r i e s  from c r y s t a l  t o  c r y s t a l  
even i n  samples obtained from t h e  same batch.  This  sugges ts  
t h a t  a s  t h e  r e a l  concent ra t ion  of s u l f u r  is d i f f e r e n t  from 
c r y s t a l  t o  c r y s t a l  it must be determined f o r  t h e  ind iv idua l  
c r y s t a l .  The a n a l y s i s  of t h e  chemical composition f o r  t h e  
ind iv idua l  c r y s t a l  is  now progress .  

One of them i s  t h e  group with #4a- and 4b-crys ta l ,  i n  which 
the  r e s i s t i v i t y  behavior i s  very similar t o  t h a t  of #2- 
sample ( s u l f u r  concent ra t ion  of 6%)  shown i n  F ig .  2 .  I n  
t h e  o t h e r  group of #4c- and 4d-crys ta l  t h e  semiconducting 
behavior  is  observed, though the  temperature dependence of 
t h e  r e s i s t i v i t y  can no t  be simply descr ibed  i n  t h e  exponen- 
t i a l  form. 

Ohm-cm 

Two groups f o r  r e s i s t i v i t y  behavior  are found i n  F i g . l .  

70C 

5i 
a W 

4oc 

I 1 

100 200 300 
T ( K )  

FIGURE 1 The electrical r e s i s t i v i t y  as a func t ion  of 
temperature i n  Ta(S.15Se.85)3 ( t h e  sample number is 8 4 ) .  
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FIGURE 2 The e l e c t r i c a l  r e s i s t i v i t y  as a function of 
temperature fo r  four samples in Ta(S,Sel-,)3. D
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ELECTRICAL PROPERTIES OF Ta(S.Se& [855]/137 

Fig. 2 shows the temperature va r i a t ion  of the e l ec t -  
r i c a l  r e s i s t i v i t y  i n  samples with d i f f e r e n t  concentration of 
su l fu r .  I t  i s  found t h a t  the temperature dependence of t he  
r e s i s t i v i t y  changes systematically from a metal l ic  t o  a 
semiconducting behavior as increasing of su l fu r  concentra- 
t i on .  In #1-, 2-, and 3-sample the temperature dependence 
of the r e s i s t i v i t y  is almost same among a l l  c r y s t a l s  mea- 
sured and t h e i r  chemical compositions have been determined 
by XMA6) .  Although the chemical compositions i n  c r y s t a l s  
of #4-sample have not y e t  been determined, the values of the 
compositions may be estimated from the experimental r e s u l t  
shown i n  Fig. 2. Since the e l e c t r i c a l  r e s i s t i v i t y  i n  #4a- 
and 4b-crystal shown Fig. 1 is  very s imi l a r  t o  t h a t  of #3- 
sample (x=0.06) , t h e i r  su l fu r  concentrations a r e  expected 
t o  be about 6%,  and those i n  #4c- and 4d-crystal may be 
above 6%, because the semiconducting behavior has been 
observed i n  the temperature dependence of the r e s i s t i v i t y .  
I t  seems t h a t  the su l fu r  concentration i n  the c r y s t a l s  
increases successively from #4a- t o  #4d-crystal. 

has been observed i n  the electron d i f f r a c t i o n  p a t t e r n s  of 
#1-, 2-, and 3-sample above 150 K. Fig. 3 shows the r ec i -  
procal l a t t i c e  above 150 K i n  Ta(S.15Se.85)3. The anomaly 
i n  d i f fuse  sca t t e r ing  can be c l ea r ly  seen  t o  be one-dimen- 
s ional .  The posi t ion of t h i s  one-dimensional anomaly along 
the b*-axis is  (0.283 i 0.007)b*, which is  constant over 
the c r y s t a l s  within experimental e r r o r s  and l a rge r  than the 
commensurate value of 0.25b*. This incommensurate s t r eaks  
correspond t o  the Kohn anomaly couped with CDW. 

the s a t e l l i t e  spots  caused by the 
existence of CDW could not be observed above 150 K ( t he  
l imi t a t ion  of our cooling apparatus) .  Even i f  the tempera- 
t u re  of c r y s t a l s  could be s u f f i c i e n t l y  cooled down, it 
would be d i f f i c u l t  t o  observe the s a t e l l i t e  spots  , because 
a s  the c r y s t a l s  a r e  a l l o i e s  the long range order of CDW 
is hardly establ ished i n  the disorder system. W e  therefore  
t r y  t o  estimate the approximate value of the CDW t r a n s i t i o n  
temperature from the temperature dependence of the resis- 
t i v i t y  shown i n  Fig. 1. Since the r e s i s t i v i t y  i n  #4a- and 
4b-crystal i s  very s imilar  t o  t h a t  of Ta(S.06Ses94)3 with 
no anomaly i n  d i f fuse  sca t t e r ing ,  t he  CDW t r a n s i t i o n  may be 
not discovered i n  #4a- and 4b-crystal. 
c r y s t a l  an anomaly i n  the r e s i s t i v i t y  which may be associ-  
a ted with the CDW t r a n s i t i o n  is found around 70 K, where 
the large change i n  the temperature c o e f f i c i e n t  of the 
r e s i s t i v i t y  is  observed. The samples which show the 
semiconducting behavior a r e  expected to undergo the  CDW 

N o  evidence associated with per iodic  l a t t i c e  d i s t o r t i o n  

In Ta (S .15Se 85) 

In #4c- and 4d- 
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138/[856] K. YAMAYA and Y. ABE 

FIGURE 3 
above 150 K, showing one-dimensional anomaly in diffuse 
scattering (marked by arrows). 

Electron diffraction pattern of Ta(S-15Se.85)3 

transition around 70 K. Thus our electron diffraction 
experiments and measurements of the temperature dependence 
of the electrical resistivity suggest that the existence of 
CDW in Ta(S.15Se.85)3. 

Comparing the other MX3 materials which undergo the 
CDW transition, the following points are worth noting: 

(1) The low-temperature phase of TaS3, NbSe3 and 
Ta(S-i~Se.85)~ which are the monoclinic crystal structure 
have the incommensurate superperiod, while it is commensu- 
rate in only orthorhombic TaS3. 

(ii) The period of the one-dimensional modulation o 
Ta(S.15Se.85)3 is larger than those of orthorhombic TaS3 
monoclinic TaS33) and NbSe3*t5). This suggests that the 
Fermi surface of Ta(S 15Se-85)3 is the high relative posi- 
tion in the Brillouin'zone compared with those of TaS3 and 
NbSe3. 

f,2, , 

This is consistent with the prediction by Willson8) 
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ELECTRICAL PROPERTIES OF Ta(S.Sel-.), [857]/ 139 

t h a t  t h e  c a r r i e r  concent ra t ion  of TaSe3 i s  l a r g e r  than t h a t  
of NbSe3. 

(iii) TaSe3 i s  a m e t a l l i c  and t h e  Fermi su r face  i s  
known t o  be nonplanar with both  e l e c t r o n s  and holes’) ,  while 
Ta(S-15Se.85)3 i s  a semiconducting a t  low temperatures .  
The Fermi su r face  of Ta(S.15Se.85)3 may be p lane- l ike  
su r face .  

a l s o  have components perpendicular  t o  t h e  cha in  a x i s ,  while  
i n  monoclinic TaS3 only t h e  component a long t h e  cha in  axis 
was observed. I t  is  be very i n t e r e s t i n g  f o r  
Ta ( S .  15Se.85) 3 t o  determine whether t h e  pe r iod ic  l a t t i c e  
d i s t o r t i o n  has  components perpendicular  t o  t h e  cha in  a x i s .  

I n  order  t o  i n v e s t i g a t e  t h e  change i n  t h e  pe r iod  of 
t h e  l a t t i c e  d i s t o r t i o n  i n  Ta(SxSel-x)3,  t h e  s tudy f o r  sam- 
p l e s  with h igher  concent ra t ions  of s u l f u r  is  now i n  progress .  

( i v )  I n  NbSe3 and orthorhombic TaSj the s a t e l l i t e  s p o t s  
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