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The e f f e c t s  of pu r i ty  and c rys t a l  perfect ion on the 
propert ies  o f  (TMTSF)2C104 a re  examined via SEM's and 
t r ans i t i on  temperatures. Careful electrochemical 
techniques using gradient sublimed TMTSF s t a r t i n g  
material  and shor t  term oxidation r e s u l t  i n  high 
qua l i t y  c r y s t a l s .  
PF6- and  AsF6- is a l so  reported. 

Preliminary work on HMTSF salts  of 
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146/[502] M. M. LEE d al. 

In studying the propert ies  of  conducting and super- 
conducting organic sa l t s ,  high q u a l i t y  s ing le -c rys t a l  
samples are  necessary f o r  meaningful experiments. In  
pa r t i cu la r ,  the presence of impuri t ies  and c r y s t a l  imper- 
fections can s i g n i f i c a n t l y  affect the behavior of most 
superconductors. We are concerned with t h e  e f f e c t s  of  
puri ty  and c r y s t a l  perfect ion on the e l e c t r i c a l  and mag- 
n e t i c  properties of  the zero pressure organic superconduc- 
tor ,  (TMTSF) $104. Our r e s u l t s  elsewhere describe 
(TMTSF)2C104 as a filamentary o r  layered superconductor 
near i ts  Tc, 1.0 K, and as an anisotropic  3 - D  superconduc- 
t o r  at  lower temperatures.' 
and crystal qua l i t y  were determined by t h e i r  t r a n s i t i o n  
temperatures and SEMIS. 
salts i s  also reported.  

under constant current  condltions using a method similar 
t o  the one described by Bechgaard, -- e t  a1.2 
obtained upon anodic oxidation of TMTSF M) i n  1 ,1 ,2 -  
tr ichloroethane containing 5.11 X 
The current density w a s  maintained a t  1.6 pamps/cm 
platinum electrodes.  (Figure 1) 

Experimental modifications included: (a) using m- 
sublimed, once and twice gradient sublimed neu t r a l  TMTSF, 
and (b) varying the  duration of  the oxidation process.  

res is tance measurements on (TMTSF) 2C104 samples show some 
correlat ion t o  the p u r i t y  o f  the s t a r t i n g  material, see 
Table 1. 
d i lu t ion  r e f r i g e r a t o r .  
c rys t a l s  cons i s t en t ly  having the lowest Tc values, 0.8 - 
0.82 K ,  where Tc is  defined as the midpoint of  the broad 
r e s i s t i v i t y  t r ans i t i on .  
sublimed materials, the Tc values were reasonably close 
although Tc f o r  the twice sublimed sample was s l i g h t l y  
lower (2X: 0.94 - 0.98 K;  1 X :  1.0 - 1.1 K) which suggests 
the p o s s i b i l i t y  t h a t  a second sublimation may be decompos- 
ing TMTSF and thereby introducing more impuri t ies .  

f o r  roughly 30% and 13% oxidation of the neutral  TMTSF. 
The 30% oxidation required 3 t o  4 days while the 13% oxi- 
dation was completed i n  about 40 hours. 
oxidation w a s  c a r r i e d  out  so t h a t  earliest formed c r y s t a l s  
could be used. 
c rys t a l  growth w a s  slow compared t o  diffusion.3 

A major obstacle i n  determining the temperature 
dependent r e s i s t i v i t y  was the appearance o f  random "jumps" 

Differences i n  sample p u r i t y  

Preliminary work on two HMTSF 

Samples of  (TMTSF) $lo4 were grown electrochemically 

Crystals were 

M of n-BuqNC104. 
using 

We have found t h a t  the Tc values obtained from 4-probe 

Resistance measurements were performed i n  a 
?he unsublimed TMTSF yielded 

I n  the case of the once and twice 

The length o f  the anodic oxidation was varied allowing 

This s h o r t  term 

The current  density w a s  kept low so t h a t  
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SALTS OF ORGANIC II-DONORS [503 ]/ 147 

NYLON BUSHIN8 
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I COPPER WIRE 

O-RINO COMPRESSION 

TEFLON PLUO 

PLATINUM WIRE I 
J W 

FIGURE 1 Electrochemical cel l  and i n s e t  

Table 1 Variation of C r i t i c a l  Temperature with Pur i ty  

S t a r t i n g  Puri ty  T, Of (TMTSF),ClOd 

Unsublimed TMTSF 0.8, 0.82 

Once sublimed TMTSF (short  run) 0.98 
Twice sublimed TMTSF 0.94, 0.98 

Once sublimed TMTSF 1.1, 1.0 

i n  the  data  beginning s l i g h t l y  below 200 K i n  most samples. 
These t'jumpslt consisted of sharp i r r e v e r s i b l e  increases  i n  
the measured resis tance as the temperature was lowered. 
The problem w a s  a l l ev ia t ed  somewhat by mounting the sample 
i n  such a way as t o  introduce it t o  as l i t t l e  s t r a i n  as 
possible .  
samples grown by shor t  term oxidation. This suggests t h a t  
the trjumps't may be a r e s u l t  of thermal s t r a i n  (which would 
be greater  i n  t h i s  sa l t  than i n  TTF-TCNQ due t o  the  

The Itj umpsl' disappeared al together  i n  those 
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148/[504] M. M. LEE rt at. 

FIGURE 2 
oxidation and once sublimed TMTSF 

Resistivity of (TMTSF)2C104 from short term 

difference i n  the thermal parameters) and lat t ice  defects 
inherent to the material. 
data from a crystal grown by short term oxidation. There 

Figure 2 i s  a typical s e t  o f  
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SALTS OF ORGANIC II-DONORS [505]/149 

A f ractured end of (TMTSF)2- 
C104 magnified 500 times times 

(TMTSF)2PF6 magnified 90 

(TMTSF) 2PF6 magnified 600 (HMTSF) 3 cPF6) 2 (CgH5C1) 3 
times magnified 230 times 

FIGURE 3 Scanning electron micrographs (SEMIS) 

are no v i s i b l e  jumps as the conductivity increases from a 
value of 600 (Qcm)-' a t  300 K t o  6 x lo5 (ncm)-l a t  4 .2  K .  

The external  crystal  morphology of (TMTSF) 2C104 w a s  
examined by SEM (Figure 3 ) .  
graphs reveal t h a t  (TMTSF) 2C104 s ing le  c rys t a l s  a r e  more 
compact and exh ib i t  a sheet- l ike appearance. 

Unlike (TMTSF)2PF6, the micro- 
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150/[506] M. M. LEE el u/. 

We have also begun preliminary work on salts  of t he  
HMTSF donor molecule. A so lu t ion  of HMTSF i n  PhCl contain- 
ing n-BU4NPF6 as the supporting e l e c t r o l y t e  w a s  e l ec t ro -  
chemically oxidized using P t  e l ec t rodes .  
of composition (HM'ISF) 3(PF6) 2(PhC1) 
black needles. 
needles of the AsF6- analog. 

monoclinic, space group CZ/c, a = 30.35(2)AY b = 11.106(6)AY 
c = 19.875(7)AY 6 = 109.16(3)0, V = 6328A3, Z = 4 .  
constants f o r  the isomorphous AsF6 sa l t  are: a = 30.55(1)AY 
b = 11.139(5)AY c = 19.948(5)AY 6 = 109.26(3)', V = 6409A3. 
Density measurements - via  the neu t r a l  buoyancy method proved 
troublesome, possibly because of solvent  exchange o r  su r -  
face e f f e c t s .  We have eliminated d i f f e r e n t  c r y s t a l  forms 
as an explanation by measuring the d i f f r ac t ion  pa t t e rn ,  
density and r e s i s t i v i t y  on fragments from t h e  same c r y s t a l  

s a l t  has been determined by 

Single c r y s t a l s  
were obtained as 

A similar procedure yielded dark-brown 

Crystallographic da t a  f o r  t he  PF6 sa l t  a re  as follows: 

Cell 

Of the PFg- Sal t .  - 
The s t r u c t u r e  of t h e  PFg 

s ing le  c r y s t a l  X-ray d i f f r a c t i o n  techniques (current  R 
value of 0.14 with a l l  atoms i s o t r o p i c a l l y  ref ined,  based 
on 2482 data) .  
( P F b ) ~ ( P h c l ) ~  is depicted i n  the  (001) project ion of 
Figure 4.  The s a l i e n t  f ea tu re  of t h e  c r y s t a l  s t ruc tu re  i s  
the  tr imerized stacking o f  HMTSF molecules along t h e  b 
axis. One HMTSF molecule i s  located a t  the o r i g i n  an3 
there a re  inversion-related molecules (through 0,1/2,0) 
centered a t  ca. (0.03, 0.35, 0.01) and (-0.03, 0.65, 
-0.01). The PF6- counterions and the PhCl solvent  mole- 
cules l i e  between s tacks of  HMTSF molecules so t h a t  t he re  
are no close intercolumnar contacts.  In t e re s t ing ly ,  one 
of t h e  PhCl molecules (located along a two-fold axis) i s  
very t i g h t l y  i n t e r c a l a t e d  between adjacent HMTSF columns. 
Intermolecular Se...C dis tances  range from 3.41A t o  3.83A 
(van der Waals sum = 3.75A). These contacts  are  i l l u s t r a -  
ted i n  Figure 5 along with t h e  weaker Se--.F(PF6) contact 
a t  3.35A (van der Waals sum = 3.35A). Thus, the s t r u c t u r e  
of (HMTSF) 3(PF6) 2(PhCl) i s  dominated by weakly i n t e r a c t i n g  
columns of HMTSF donors, and w e  expect t h i s  system t o  
behave more one-dimensionally than i t s  d i s t a n t  r e l a t i v e s  

The b a s i c  c r y s t a l l i n e  motif of (HMTSF)3- 

(TMTSF)zX(X = PFg-, ASF6-, c104-) .2,4 
Also, we present i n  Figure 6 a comparison of  the over- 

a l l  s tacking pa t t e rns  and individual overlap configurations 
f o r  the donor s tacks i n  the  conducting form of TMTSF-TCNQY6 
i n  (TMTSF) ~ A S F ~ , ~ ~  and i n  (HMTSF) 3(PF6) z(PhC1) 3. 
ingly,  the monomeric columns i n  TMTSF-TCNQ, the staggered 
dimeric columns i n  (TMTSF)zAsFg (and i t s  PFg and C104 

Surpris-  
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A B A  . .  

.49 .-. ,$=.r 4 _-.-. 
3.35 

A' 
"-89 

A 

FIGURE 5 I l l u s t r a t i o n s  f o r  the  p r i n c i p a l  in te rmolecular  
i n t e r a c t i o n s  i n  (HMTSF) 3(PF6) (PhC1) 

 congener^^^^) and the  s taggered  t r i m e r i c  columns i n  
(HMTSF),(PF6),(PhC1) a l l  e x h i b i t  in te rmolecular  overlap 
pa t t e rns  and i n t e r p l a n a r  spacings which a r e  v i r t u a l l y  
i d e n t i c a l .  

t e n t  with a Peier ls '  i n s t a b i l i t y 5  as  the  charge on the 
HMTSF molecule i s  f ixed  by s to ich iometry  (assuming f u l l  
charge on the  very e l ec t ronega t ive  PF6 molecule) a t  +2/3  e ,  
leading t o  a two-thirds  f i l l e d  donor band. However, the  
ac t iva t ion  energy f o r  t h i s  mater ia l  is  2300 K ,  too la rge  
t o  r e s u l t  from a simple modulation of t h e  bandwidth. 
Therefore, we suspec t  t h a t  t h e  p r i n c i p a l  source of the  
in su la t ing  gap i s  t h e  p o t e n t i a l  (with a per iod  t h r e e  times 
the b a s i c  donor spacing) due t o  t h e  PFb- anions and the  
PhCl molecules. 

In  conclusion, the p u r i t y  and c r y s t a l  pe r f ec t ion  o f  
(TMTSF)2C104 can be increased  by g rad ien t  subl imat ion of  
the TMTSF s t a r t i n g  mater ia l  and by s h o r t  term electrochem- 
i c a l  oxidat ion.  The syn thes i s  and s tudy  o f  HMTSF s a l t s  are 
underway and we repor t  r e s u l t s  f o r  (HMTSF) (PFg) (PhC1) 3. 

Trimerizat ion o f  t he  HMTSF donor columns i s  consis-  
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