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STRATEGY FOR NEW SUPERCONDUCTING P O L W I D E  PHASES 

JACK M. WILLIAMS, PETER C. W e  LEUNG, THOMAS J. EMGE 
HAU H. WANG, AND MARK A. BEN0 
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Argonne National Laboratory, Argonne, Illinois 60439, 
U.S.A. 

VACLAV PETRICEK AND PHILIP COPPENS 
Chemistry Department, State University of New York at 
Buffalo, Buffalo, New York 14214, U.S.A. 

Abstract The first ambient pressure S-based organic 
superconductor (BEDT-TTF)zIj, abbreviated (ET)2I3, exhi- 
bits a novel modulated structure below 200 K. At 125 K 
the ET molecules and 13- anions exhibit large 
displacements 0.124 (3) 8, and 0.281 (1) A ,  respectively, 
from their positions in the "average structure." New 
ambient pressure superconducting polyhalide derivatives 
such as (ET)2IBr2 are discussed with transition 
temperatures of 2.7 K, and in one sample, 4.2 K. 

INTRODUCTION 

With the very recent obser~ationl-~ of ambient pressure super- 
conductivity in (ET)213 [l is BEDT-TTF or "ET" = bis(ethy1ene- 

dithio)tetrathiafulvalene] a new era in organic superconductor 
* 

research appears certain. This 
suggestion is based on the find- H H 'x:x:x:x:x' H H ings that the Tc's are from 

1 * 0.3-3.0 K higher than those of 
a 

BEM-TTF or ET the (TMTSF)2X, X = (monovalent 
anion) materials, and also because the crystal structures of 
the (ETl2X materials exhibit greater variation than those of 
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348 I. M. WILLIAMS el d. 

the (TUTSF)2X systems. This latter observation is important in 
that it provides great latitude in the design of new 

materials. In this article ue focus on the crystal structures 
of (ETl2X, X = Br04-, Re04-, and 13- and especially the novel 
low temperature modulated structure of (ET)213. In a companion 
article , we discuss the electrical properties of the (ETl2I3 

phase (Vc - 855.9 A3, 298 K)2 with a Tc - 1.40 f 0.02 K. 

4 

THE STRUCTURES OF (ET)zX, X - Br04-, ReO4-, and 13- 

Very recently it has been pointed out5 that the (ET)2X systems, 
where X = [BrOb-, REO~']~, [ClO4-l6, and [L<I2B7  belong to a 
new structural class of organic conductors in which the 
interstack chalcogenide [ S - * * S ]  contacts are much shorter than 
the similar intrastack contacts. In general, the interstack 

S * - - S  contact distances are less than the van der Waals radius 
sum of 3.6 A while the intrastack separations usually exceed 

3.6 A. 

- 

1 
(In tllr @am) +& W O )  FIGURE 1 

The crystal habit exhibited by 
(ETl2I3 electrocrystallized from 
I,1,2-trichloroethane. 

0. (ow 
(hl Ih. @rM) 

"Dlat0rt.d Hrxagocl.' 

Kobayashi et a1.6 pointed this out in their prototypical study 
of solvsted (ET)2(C104)(C2H3C13)o.5. 

The Structure of at 298 K 
Crystals of (ETl2I3 were prepared in 1,1,2- 

trichloroethane2 (Figure 1). X-ray energy dispersive analysis 
of the (&-Bu4N)13 reveals exceedingly high purity with 
nondetectable Br content compared to standardized samples with 
<I-2 ppm Br. In (ET)2f3 the ET molecules form loosely 
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NOVEL LOW TEMPERATURE MODULATED STRUCTURE 349 

connected "s tacks"  approximately a long  t h e  c r y s t a l l o g r a p h i c  

[110] diagonal  a x i s  as i l l u s t r a t e d  i n  F igure  2. 

o-o-0 
- _ q  

FIGURE 2 

Packing of ET molecules  and 

l i n e a r  (centrosymmetr ic)  I3 

anions  i n  (ET)213. 

- 

The ET molecule and i n t e r s t a c k  S***S c o n t a c t  l a b e l i n g  scheme is 

given  i n  F igure  3. 

FIGURE 3 

The s h o r t  i n t e r s t a c k  S*-*S con- 

tacts (d (3.60 A) i n  (ETI2I3 at 

298 K. 

The c a t i o n  molecules are nonplanar  and two of t h e  p e r i p h e r a l  

carbon atoms are i n  c r y s t a l l o g r a p h i c  d i s o r d e r  ( a t  298 and 125 

K). The centrosymmetric and well-ordered 13- anions  [I-I = 

2.912(1) A ]  form r ibbons wi th  a r e l a t i v e l y  s h o r t  i n t e r m o l e c u l a r  

I**-I d i s t a n c e  of 4.211(1) A. The i n t r a s t a c k  S**-S d i s t a n c e s  

(298 K) exceed 3.60 A ( s h o r t e s t  d i s t a n c e  3.759(1) A )  whi le  t h e  

f o u r  s h o r t e s t  i n t e r s t a c k  d l s t a n c e s  range from 3.574 (1) t o  

3.600 (1) 8. [S2***S5 = 3.574(2) 8 ;  S6***S8 = 3.593(2) A ;  
S7***S8 = 3.598(2) a; S5**'S6 = 3.600(2) A]. 

S u r p r i s i n g  s t r u c t u r a l  changes occur  when (ETl2I3 is cooled 

below - 200 K, i.e., p a i r s  of s a t e l l i t e  r e f l e c t i o n s  surround 

each  Bragg r e f l e c t i o n  which i s  an i n d i c a t i o n  of a d i s p l a c i v e  

s t r u c t u r a l  modulation ( v i d e  i n f r a ) .  
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350 I. M.  WILLIAMS et of. 

The Incommensurate Structural Modulation in (ET)PI3 at 125 K 
In the (TMTSF)2X systems below the anion-ordering phase 

transitions the superlattices are commensurate with those st 

high temperature. However, in (ET),13 symmetrically placed, 
but incommensurate, satellite reflections develop with iq = 

0.08a* + 0.27b* + 0.205ct. The transition at 200 K is quite 
sharp and does not depend on the thermal cycling rate. The 
nonequivalent satellite peak intensities can be less, or 

greater, than the fundamental peak indicating a displacive 
structural modulation occurs. The satellite data were analyzed 
using a new program (JANA) which allom the intensities to be 

described in terms of one or more sinusoidal displacement waves 
with associated phases. We have assumed that the 13- and ET 

moieties behave as rigid bodies with respect to the modulation 
waves and that the center of symmetry is preserved in the four- 

dimensional super-space group. In the least-squares analysis 
the positional and temperature parameters within the rigidly 
displaced bodies were varied for all non-hydrogen atoms. Low 

temperature data were collected well below the structural 
transition temperature of - 200 K, using graphite-monochroma- 
tized MoKa radiation and a Syntex P21 diffractometer. A total 
of 3767 main Bragg and 7045 satellite reflection intensities 
were measured and 3346/1041, respectively, were used in the 
data analysis [RF (Bragg + satellite) = 0.060). The triclinic 

crystal (Pl, 2 = 1) has cell dimensions (125 K) of: 5 = 

6.561(1) A ,  b -  9.010(2) A ,  c = 15.173(2) A ,  a = 95.09(1)', 6 = 

8 

- 

95.95(1)', 'I - 110.27(1)O, V, = 829.4(2) 173. 

The average crystal structure at 125 K differs mainly from 

that at 298 K in that the intermolecular S * * * S  distances are 
contracted by about 2% as shown in Table I. 
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NOVEL LOW TEMPERATURE MODULATED STRUCTURE 35 I 

TMLE 1. Interntack S...S Mstances (A )  i n  ( B E ~ J T - T T F ) ~ I ~ "  

298 K 125 K 
Average' Range 

3.5?8(2) 

3.556(2) 

3.548( 2) 
3.532(2) 

3.547(2) 
3.625(2) 

3.553(2) 

4.204(1) 

3.527 - 3.633 

3.503 - 3.613 

3.505 - 3.589 

3.493 - 3.575 
3.542 - 3.550 

3.553 - 3.698 

3.474 - 3.636 

4.189 - 4.275 
*Only the S * . * S  interaction. whose average distance. a t  125 K 
are lean than tho Van der Wash n u  of 3.6 A are show. All 
such dinranees are of the interstack type. 

' ~ t e  average ntructure refers to  ttte refined atomic parwtcrn  
using both fundawntdl and s a t e l l i t e  ref lect ions.  These atorlc  
distances are affected by tha alnunoidal d u l a t i o n  reaulting 
i n  a renge of dintancan which are calculated by w e  of equation I 
(see text) .  

Even after lattice shrinkage (298 + 125 K) all but one of the 

intrastack S***S distances exceeds 3.60 A. A significant 
finding is that the I3 anion and ET molecule displacement 
vectors are of different directions and magnitudes. The former 

is large [0.281(1) A ]  and directed along the z-axis [components 
in fractional coordinates are: 0.0428(2), 0.0008(2), 
-0.0022(1)], while the latter is somewhat smaller [0.124(3) A; 
0.0151(3), -0.0047(3), 0.0022(1)] and directed almost exactly 

along one of the inertial axes of the ET molecule as 
illustrated in Figures 4 and 5 .  

- 

FIGURE 4 

- The ET cation column in (ET)*I-j including only 

the framework S-atoms of each ET molecule. 

Arrows indicate the allowed modulation 
displacement vectors of each molecule whose 
length is approximately 5 times the magnitude 
of the observed displacements. 
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352 J .  M. WILLIAMS et ul. 

FIGURE 5 

Crystal packing of the I3 anions on the 2-L - 

cell translations on the plane. Pairs of 

arrows illustrate the allowed modulated 
displacements of I3 

plane. All 1; anions are related by unit 

- 
as described in Figure 4. 

The local displacement (AX) of each individual anion and ET 
molecule is described completely by the relation 

is the displacement 
vector, 5 is the center-of-mass of a molecule relative to an 
origin, and 0 is the phase angle. The phase angles are 0' and 

13.8(9)' for the I3 

h 

4 = u, sin (2r9*r_ - 4) (eq. 1) in which 2 

- 
and ET species, respectively. 

The derived intermolecular contact distances resulting 

from the displacive structural modulations are crucially 

dependent on the phase angles in eq. 1. Since the ET molecule 
displacement, vector is parallel to the molecular plane, local 
variations can occur in molecular stacking and in the 
intermolecular overlap integrals. Thus, the interstack S * * * S  

distances fluctuate by as much as 0.16 A in different unit 

cells (Table I ) vith a local shortening of up to 0.08 A. For 

the 13- columns the modulations have a larger magnitude, but 
are directed such that the I3 anions slip relative to each 
other and the shortest intermolecular I**-I distances change by 
as much as 0.07 A. Finally, the local fluctuations of the 
interatomic distances are very significant and, therefore, any 
theoretical treatment of the transport properties of (ETI2I3 
below 200 K must include these local variations in geometry. 
Neutron scattering data taken at 10 K confirm the 
incommensurate modulation exists at that temperature. 

- 

9 
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NOVEL LOW TEMPERATURE MODULATED STRUCTURE 

The S * * * S  Networks in (ET)zX Conductors 

It is especially noteworthy that the short interstack 
S***S interactions (d < 3.60 A )  that occur in (ET)2X, 

X = [Br04 , Re04-],5[13-],2 form an extensive "corrugated 
- 

2 sheet" network (see Figure 6). The network Is 

FIGURE 6 
Stereoviews of the "corrugated sheet" network of 

interstack (d < 3.60 A)  S-**S interactions in (ETI2X, X - 
Br04 and Re04 (top, 125 K) and (ETl2I3 (bottom, 

125 K). Note that the network is much more highly 

developed in (ETl2I3. 

- - 

quite different from that observed" in (TMTSF)2X materials. 

At low temperature (125 K), the network of ET molecules becomes 
truly 2-dimensional as all the cation sheets are connected by 

short S***S contacts. Since the S***S network provides the 

pathway for electrical conduction it is not surprising that 

these materials exhibit highly two-dimensional electrical 
conductivity. 
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354 J.  M. WILLlAMS a nl. 

The 13-  Anion Ehvironrnent In (ET)2I3 And A Stra tegy  For New 

Mater ia l s  Design 

As i l l u s t r a t e d  i n  Figure 7 

H I M 2  
H l O R I  

@ H82 

I 
HE2 HIORl 

HI082 

FIGURE 7 

The hydrogen atoms surrounding the  l3 anion 

i n  (ETJ2I3. The anion r e s ides  i n  a cav i ty  

c rea ted  by the  -CH2 groups of ET and can be 

replaced by similar polyhalide spec ies .  

Disordered H-atoms a r e  HA and HB. 

- 

t he  immediate environment of the  l i n e a r  (1-1-1)- anion 

comprises %atoms from the -CH2 groups of ET. By analogy with 

the  cor re la t ions"  developed f o r  t he  (TMTSF)2X systems, the  

S * * * S  i n t e r s t a c k  d is tances ,  and the e l e c t r i c a l  p rope r t i e s  of 

(ET)zX ma te r i a l s ,  can be a l t e r e d  by i n s e r t i n g  d i f f e r e n t  

t r i a tomic  polyhalide anions i n  the (ET)2X framework cavi ty .  

For example, using X = IBr2-, IzBr-, or IClZ- ,  we have prepared 

many new (ET)y% phases. 2,11 For the  IBr2 anion, purposely 

chosen because i t  is - 5% shor t e r  than 13-, we have seve ra l  

phases which are ambient pressure  superconductors ( r f  

pene t ra t ion  depth measurements) with Tc's of 2.7 K and, i n  one 

sample, 4.2 K. These TC1s  a r e  the  h ighes t  y e t  reported fo r  any 

organic superconductor. 

- 
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