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It is shown that the organic isostructural metals/?- (ET),X where X = I,, IBr, and AuI,, can 
undergo plastic deformation by twinning. An increase in the superconducting transition 
temperature T, is then observed which can reach 30% of T, for the original specimen, while in 
the/?-(ET) ,I, compound with T, =: 1.3 K the formation and stabilization of the high pressure 
phase with T, -- 8 K takes place at normal pressure. 

Organic superconductors based on bis(ethy1ene dithio- 
1o)tetrathiofulvalene (ET)  are of considerable interest. 
During the last four years it has been possible to raise the 
superconducting transition temperature ( T, ) of these com- 
pounds from 1.4 K for /?-(ET),)I, (Ref. 1)  to 10.5 K for 
(ET),Cu(SCN), (Ref. 2 ) .  The complex (ET),13 occupies a 
special place as it can crystallize in four (a,/?,$, and K )  
polymorphic modifications, three of which (/?,$, and K )  are 
supercond~ctors ,~-~ with the /? phase being able to exist in 
two superconducting states: with T,. -- 1.4 K (8, phase) at 
normal pressure' and T, ~ 7 . 5  K (/?,, phase) at elevated 
pressure.' The existence of a step in the region of T = 7-8 K 
on curves of the temperature dependence of the resistance 
R ( T) indi~ated' .~ the existence of a superconducting state 
with T,. =: 8 K at normal pressure in some crystals of the /?, 
type obtained by the electrocrystallization method. X-ray 
diffraction studies of such crystals then showed in general 
the existence of twins in them. Specimens of the /? phase 
obtained as a result of a solid-state conversion from E phase 
crystals have a complete superconducting transition with 
T, = 6-7.5 K at normal pressure, which is stable at room 
and higher temperatures and are mosaic twins." 

One of the possible reasons for the appearance at nor- 
mal pressure of a state with high T, can be stabilizations of 
the/?H produced by internal local strains which arise 

on the formation of twins. But it is also not impossible, for 
example, that localized superconductivity arises near twin- 
ning planes."' For large concentrations of twin boundaries 
such superconductivity can have a bulk nature. 

In this connection it is interesting to elucidate the role 
of twins in the raising of T, for organic superconductors. 
For this purpose we have studied the influence of twinning 
on T, for both the compounds /?-(ET),I, and for /?- 
(ET),IB, and/?-(ET),AuI, which are isostructural with/?- 
(ET),I,, but in them there is no phase transition to a new 
superconducting state under pressure. 

Crystals of/?-(ET),I, with T, =: 1.4 K were obtained by 
oxidizing ET with elementary iodine in a solution of nitro- 
benzene with a molar ratio ET:12 = 1:0.5. They were sepa- 
rated from the reaction mixture by slow cooling from 80 "C 
to room temperature at a rate of 1.5 or 0.5 deg.hP' .  The 
yield was then 81.5%. Crystals of/?-(ET),IBr2 with T, ~2 
K were obtained both by the electrocrystallization method' ' 
and by chemical oxidation of ET in a chlorobenzene solu- 
tion. Crystals of /?-(ET),AuI, were obtained by electro- 
chemical oxidation of ET in TCE in the presence of n- 
(But-,N)AuI, for a current density I = 0.5 pA'cm-'  (Ref. 
12). 

Single-crystals of these compounds were subjected to 
plastic deformation by twinning on non-uniform compres- 

FIG. 1. Microphotograph of the ab plane of a 
specimen of /3-(ET),I, deformed by uniaxial 
compression along the a axis at T = 295 K. 
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sion which was both uniaxial (along the a axis) and all-sided 
but not hydrostatic, and was carried out up to a pressure of 
several tens of kbar at T-295 and 78 K .  After this the pres- 
sure was totally removed, the chamber with the specimens 
was warmed up to room temperature, the crystals were ex- 
tracted, washed and fixed onto a four-terminal module for 
measuring the conductivity at constant current. Such a de- 
formation was accompanied by the appearance on the sur- 
faces of the crystal of a banded structure characteristic of 
twinning (Fig. l ) ,  with different orientations and band den- 
sity for the various compounds and twinning conditions. 
The existence of twins was confirmed by x-ray diffraction. 
Uniaxial deformation of single crystals with typical dimen- 
sions 1 X 0.4 X 0.2 mm was carried out under a microscope 
only at room temperature using a specially constructed ma- 
nipulator. All-sided non-hydrostatic compression was car- 
ried out in the high-pressure chamber under conditions such 
that the pressure-transmitting liquid GKZh-94 solidified on 
cooling to 78 K or as a result of applying a sufficiently high 
pressure ( - 50-60 kbar) at room temperature. A "piston- 
cylinder" or "toroid" type of chamber was used to obtain the 
pressure. 

It turned out surprisingly that fl-(ET),I, crystals de- 
formed easily by twinning without fracturing both at room 
and at low temperatures. At the same time twinning was not 
observed in B-(ET),IBr2 and /3- (ET)  2 A ~ 1 2  crystals on un- 
iaxial compression up to appreciable forces which even led to 
fracture of the specimens. It was only possible to produce 
twins in them, with the formation of the characteristic band- 
ed picture on the surfaces, at low temperatures ( -78 K) .  

Typical curves of the transition to the superconducting 
state for fl-(ET)21, crystals are shown in Fig. 2 before and 
after various treatment with non-uniform pressure. It can be 
seen that for a specimen with the usual superconducting 
transition at T, -- 1.3 K in the initial, state (curve I ) ,  a step 
appears in the region of 6-7 K after uniaxial compression 
(curve 2) .  As the specimen becomes saturated with twins 
the step becomes more marked and shifts in the direction of 
high temperatures while the fraction of the DL phase de- 
creases (curve 3) .  Finally, after deformation at large pres- 

FIG. 3. Temperature dependence of the upper critical field for a fl- 
(ET)J, crystal deformed at Pz50 kbar and T =  295 K :  1-H/lc*; 2- 
Hllb'. 

sures ( =: 50 kbar) specimens are obtained with a very high 
concentration of twins of different orientation and a com- 
plete superconducting transition at T,. =: 8 K (curve 4 ) .  

It should be pointed out that the two-dimensional na- 
ture of the properties ~ f f l - ( E T ) ~ x  crystals is preserved on 
twinning. The temperature dependences of the upper critical 
magnetic fields H,, are shown in Fig. 3 for H((c* and H((b' 
(b' is a vector lying in the ab plane and perpendicular to the a 
axis; c* is a vector perpendicular to the ab plane), corre- 
sponding to the center of the resistive transition, for a fl- 
(ET),I, crystal deformed under a pressure of -50 kbar. 
The characteristic anisotropy in H,, is clearly visible, with 
Hi;'> H I;*'. The values of the derivative (dH,2/dT)  ,, for 
the b' and c* directions are equal to 20 and 2.7 k 0 e . K - '  
respectively and their ratio is equal to ~ 7 . 4 .  The values of 
T, and (dH,., /dT) ,< and also the observed positive curva- 
ture of the H,, (T) dependence for both field directions are 
thus close to the analogous characteristics both for the fi 
phase specimens obtained as a result of the solid phase E$ 

transformationy and for the fl,, phase.'.' From this it can be 
proposed that the increase in the transition temperature 
from 1.3 to - 8  K in the present fl-(ET),I, specimens is 
connected with the fact that at least part of the specimen, 
deformed in the way described above, is in the same state as 
that which has T,. -7.5 K and only arises on raising the 
pressure." We note that in the case of uniform gas pressure 
only Pz 300 bar is necessary" for the formation of the fl,, 

FIG. 2. Temperature dependence of the resistance of initial and deformed 
specimens 0 f / 3 - ( E T ) ~ 1 ~  in the region of the superconducting transition: 
I-undeformed specimen; 2-after uniaxial compression at T = 295 K; 
3-after non-uniform deformation at Pz 15 kbar and T = 78 K; 4-after 
non-uniform deformat~on at P z  50 kbar and T = 295 K. 

FIG. 4. Superconducting transitions for a P ( E T ) ? A u I Z  specimen: 1- 
initial crystal, 2-after deformation at 78 K; 3-after repeat deformation 
at 78 K; 4-thecrystal annealed at 120 "C for 7 h after the repeat deforma- 
tion. 
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R, relative units 

J 

FIG. 5. Dependence of the resistance of a &(ET)2Au12 
crystal on the angle between the c* axis and the magnetic 
field direction Hla ( H  = 26 kOe) in the initial (dashed 
line) and deformed (full line) states. The crystal was ro- 
tated around the a axis. The proposed twinning plane is 
shown shaded, since in the given crystal the bands which 
appear on the ab plane as a result of twinning were gener- 
ally parallel to the a axis. 

phase with T, ~ 7 . 5  K. It  is therefore difficult infl-(ET)217 
crystals to separate the effects in the raising of T, produced 
by twinning and by the appearance of the B ,  phase. 

The effect of twinning on T, can be followed for fl- 
(ET)  ,IBr2 and 8-( ET) 2Au12 crystals which, as mentioned 
above, are isostructural with 8-(ET),I ,  crystals but do  not 
have a phase transition into a new superconducting state 
under pressure. Figure 4 shows curves of the superconduct- 
ing transitions of&(ET),Au12 crystals before and after de- 
formation, as a result of which various kinds of defects arise 
in the crystal, including twins. The deformation of this crys- 
tal was carried out under a pressure of 10-20 kbar at T= 78 
K. After the first deformation cycle the superconducting 
transition shifted to higher temperatures (curve 2) .  After 
the second similar cycle T,., on the contrary, decreased 
(curve 3) ,  but after annealing this crystal at 120 "C for 7 
hours the superconducting transition temperature again in- 
creased (curve 4 )  with the final increase in T,. amounting to 
about 30% of T, for the initial specimen. Similar results 
were obtained forfl-(ET),IBr2 crystals. 

The results given point to an appreciable influence of 
mechanical defects on T, of organic superconductors of the 
fl-(ET),X series. In general the defects of themselves can 
both raise and lower the superconducting parameters while 
it is a lowering of T, which is characteristic for organic su- 
perconductors on introducing all kinds of impurities and de- 
fects. I s  It can thus be suggested that some reduction in T,. on 
repeated deformation of af l - (ET)?AuIZ crystal (curve 3 in 
Fig. 4 )  is associated with a growth in the concentration of, 
for example, dislocations. The annealing of deformed crys- 
tals leads to a partial relaxation of internal strains and re- 
duces the concentration of slip defects while the number of 
twins, as is well known, is then preserved and can even in- 
crease.Ih The rise in T, on annealing deformed specimens 
thus gives evidence of the significant role of twinning. 

The results of resistance measurements in a magnetic 
field also point to the influence of twinning on superconduc- 
tivity. Since two-dimensional anisotropy of the properties is 
characteristic for the organic /3-(ET)2X superconductors, 
as noted above, then on rotating such specimens around the 
a or b' axis in a magnetic field, H l a  or Hlb' respectively, 
where H I.,"' - H !.: " > H > H !,:*' (see Fig. 3 ) ,  we usually ob- 

tain the dependence of the resistance on the angle 0 between 
the c* axis and the direction of the field H with one clearly 
marked minimum in the resistance (Fig. 5, dashed curve). 
On the similar dependence of a deformed fl-(ET)2Au12 
specimen (the crystal is rotated around the a axis H l a ) ,  in 
addition to the sharp minimum corresponding to the field 
along b' with a maximum value for H , ,  , an additional mini- 
mum is observed (Fig. 5, full curve), most likely due to sys- 
tems of mutually parallel twinning planes arising, one of 
which is shown schematically as shaded in the inset to Fig. 5. 

On mechanical twinning, T, of fl-(ET),I, thus rises 
from 1.3 to ~8 K at the same time that for the isostructural 
crystals&(ET) ?Au12 andfl- ( E T )  ?IBrI the increase in T, is 
20-30%, roughly the same as in Nb (Ref. 17). 

It can be concluded from everything that has been said 
above that twins evidently directly play the chief part in the 
raising of T, on plastic deformation 0ffl-(ET)~1Br? and fl- 
( E T )  ?AuI, crystals. As regards the compound fl- (ET)  J,, 
the sharp increase in T, here is associated with thefl,, phase 
arising and stabilizing thanks to local strains which arise on 
plastic deformation. Mechanical twins, which already arise 
in the fl,, phase on deformation, lead to an increase in the 
temperature of the start of the superconducting transition 
for the fl,, phase from 8 to -- 9 K. 
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