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We have investigated the effect of pressure on the temperature of the superconducting transition 
and the second critical field of the organic superconductor (ET),Hg,,,, Br,. We observed a 
maximum in the pressure dependence of the critical parameters at the pressurep - 6 kbar. This 
maximum is probably associated with a phase transition. Another metal-insulator phase 
transition occurs in the pressure rangep - 23 kbar, and the temperature of the transition into the 
insulator state increases rapidly with pressure. 

The family of salts based on ET (ET = bis-(ethylene 
dithio)tetrathiofulvalene) with mercuric halide anions oc- 
cupies a special place among organic superconductors, of 
which there are now more than 35. This is because these salts 
contain two incommensurate sublattices.' This feature of 
the structure of the salt (ET),Hg, ,, Br, is probably respon- 
sible for a number of properties which are unusual for or- 
ganic metals, for example, significant exceeding of the para- 
magnetic limit,* failure of Korringa's law, dependence of the 
spin-lattice relaxation rate on the frequency of the NMR 
~ i g n a l , ~  and positive pressure derivative dT, /dp.4x5 In the 
present work we investigated the combined effect of a mag- 
netic field and high pressures on the critical parameters of 
the organic superconductor (ET),Hg,.,, Br,. 

Orthorhombic single crystals were obtained by electro- 
chemical oxidation of a solution of ET in trichloroethane 
using the electrolyte k(n-Bu,NHgBr, + HgBr,). The tem- 
perature measurements were performed under hydrostatic 
pressure on two different setups: 1)  using a four-contact 
method on dc current and pressures up to 34 kbar (Ref. 6) 
and 2)  using an inductive method at modulation frequencies 
of 330-100 kHz and pressures up to 16 kbar.' In the second 
case a magnetic field of up to 20 kOe was applied to the 
sample. The modulation and external fields were parallel to 
one another and perpendicular to the conducting plane ab of 
the crystal. The superconducting transition temperature 
was determined from T(onset) on the curve of the real part 
of the magnetic susceptibility versus the temperature. Ac- 
cording to inductive measurements, the width of the super- 
conducting transition was equal to AT, -0.7 K and, within 
the limits of accuracy of measurement, was independent of 
the pressure. 

The temperature dependence of the upper critical field 
H,, , presented in Fig. 1, has a positive slope in the entire 
range of temperatures and pressures studied. It is obvious 
that weak fields (H < 1 kOe) easily destroy the supercon- 
ducting state. As noted previously,2 this is probably associat- 
ed with the breaking of weak links between volume elements 
having higher values of T,. The rapid growth of the critical 
field at lower temperatures corresponds to destruction of 
superconductivity in most of the volume of the crystal. The 
derivative - dHc2 /dT, determined on the part of the tem- 
perature dependence Hc2 (T) corresponding to the highest 

fields, is equal to - 33 kOe/K and, within the accuracy of 
the measurements, it is independent of the pressure. 

Investigation of the dependence of the superconducting 
transition temperatures in a magnetic field, T f  (for H = 5 
kOe), on the modulation frequency (Fig. 2) showed that TB 
increases with the frequency, and the T:(lnJ) dependence 
has the largest positive slope. This nature of the TfCf) de- 
pendence agrees qualitatively with the behavior of high-T, 
superconductors with weak pinning.8 Under pressure the 
T r ( l n f )  curves are displaced practically parallel with an 
insignificant change in the slope. 

Figure 3a shows the pressure dependence of the super- 
conducting transition temperature. As one can see from the 
figure, the T, (p) curve for the salt (ET),Hg,,,,Br, has a 
quite unusual form. After rising rapidly, the curve has a 
maximum at a pressure of 6 kbar,after which T, decreases 
almost linearly. This increase in T, with pressure495 is not 
characteristic of organic superconductors of the family ET. 
For many salts in this family it has been shown that the 
derivative dT,/dp is, as a rule, large and negative., 

We note that the behavior of the Tc (p)  curves in the 
presence of magnetic fields (H > 2 kOe) differs significantly 
from the behavior of T, (p) in the absence of a field: At pres- 
sures p> 8 kbar the pressure derivative at H = 0 is quite 
large, dT,/dp = - 0.4 K/kbar, and at H = 5 and 10 kOe 

FIG. 1. H,, ( T )  curves for different pressures p = 3.4 kbar ( 1 ) ,  p = 6.1 
kbar ( 2 ) ,  andp = 13.2 kbar ( 3 ) .  
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FIG. 2. Superconducting transition temperature in a constant field FIG. 3. Pressure dependence of the critical parameters: a )  superconduct- 
( H  = 5 kOe) versus the frequency Cf, kHz): p = 6.1 kbar (1).  p = 8.4 ing transition temperature [ H  = 0(  I ) ,  H = 5 (2) ,  and H = 10 kOe ( 3 ) ]  
kbar (2) ,  andp = 9.3 kbar (3) .  and b) second critical field [ T =  1.8 K ( 1 )  and T =  2.0 K (2)] .  

dTc /dp is equal to - 0.12 and - 0.1 K/kbar, respectively. 
There are several reasons for such a significant difference in 
the pressure derivatives: First, several superconducting 
phases, whose high-pressure behavior in weak and strong 
magnetic fields can be different, can c o e ~ i s t ' ~  and, second, 
weak links, which are easily destroyed by a magnetic field 
and by the motion of vortices (Ref. 8) ,  can probably affect 
the pressure dependence T, (p).  If several superconducting 
phases, which react differently to a magnetic field, do indeed 
exist, then for this superconductor a very unusual situation 
can, in principle, arise: suppression of superconductivity by 
high pressure in the absence of a magnetic field and restora- 
tion of superconductivity by application of a magnetic field. 

The region of such behavior is obtained by extrapolating the 
curves Tc (p) in different fields to the abscissa axis (Fig. 3a, 
hatched part). In order to reach this region experimentally, 
temperatures T < 1 K and pressuresp > 20 kbar are required. 

The Hc2 (p) curves at fixed temperatures were con- 
structed on the basis of the Hc2 ( T) temperature dependence 
obtained at different pressures (Fig. 3b). The Hc, (p) curves 
also have a maximum at p-6-7 kbar. The form of the 
Hc2 (p) curve is somewhat different from that of the Tf(p)  
curves: The maximum in them is somewhat more pro- 
nounced. As the pressure is increased (p > 9 kbar) the de- 
pendence becomes close to linear. An estimate of the pres- 
sure derivative of the second critical field (for p > 9 kbar) 

FIG. 4. Temperature dependence of the resistance of the single 
crystal (ET),Hg,.,, Br, at different pressures (inset: same at low 
temperatures): 1-1 bar (O), 2 4  kbar (O), 3-7 kbar ( A ) ,  
4-13 kbar (O ) ,  5-23 kbar ( X  ), 6 3 0  kbar ( + ), and 7-34 
kbar (*). 
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structural with it" superconductivity is realized in the com- 

P, kbar 

FIG. 5. T-p phase diagram for (ET),Hg, ,, Br,. 

gives dHc2 /dp = - 0.9 kOe/kbar ( T = 2 K )  and - 1.9 
kOe/kbar ( T =  1.8 K) .  

For a large number of organic superconductors belong- 
ing to the ET family the Tc (p) dependence is described by a 
linear function9 and, for this reason, by extrapolating T, ( p )  
at H = 0 to the abscissa axis (Fig. 3a) we find that supercon- 
ductivity in (ET),Hg,,,, Br, should be suppressed a t p  = 21 
kbar. 

Figure 4 shows the temperature dependence of the re- 
sistance at pressures up to 34 kbar. These measurements 
were performed on a different setup using a four-contact 
method and dc current. It is evident from the inset in the 
figure (low-temperature range) that Tc increases with pres- 
sure up to Tc = 6.8 K at pressures of 5-7 kbar and then 
decreases to zero at pressures of 21-23 kbar. Increasing the 
pressure further results in rapid dielectrization of the salt 
(ET),Hg,.,,Br,. Figure 5 shows the T-p phase diagram for 
the organic superconductor (ET),Hg,,,, Br, at pressures up 
to 34 kbar. The increase in Tc with increasing pressure con- 
firms the fact that in this salt and in the chlorine salt iso- 

pound itself and not along the mercury in the interior or on 
the surface of the crystal. The maximum value Tc = 6.8 K at 
5-7 kbar is quite high for organic superconductors. High 
values of T, have been obtained only forDH - (ET) ,I, (8 K) ,  
(ET),Cu(NCS), ( 10.4 K) ,  and (ET),Cu[N(CN),] Br 
( 11.6 K )  . I 2  The existence of a maximum in the Tc (p)  curve 
probably indicates a phase transition in this pressure range;5 

different transitioi (metal-insulator) oc&rs at pressures 
near 23 kbar. 

We (RBL) thank S .  I. Pesotskii for helpful discussions. 

'' Institute of High-Pressure Physics of the Academy of Sciences of the 
USSR, Troitsk. 

'R. N. Lyubovskaya, E. I. Zhilyaeva, S. I. Pesotskii et al., Pis'ma Zh. 
Eksp. Teor. Fiz. 46, 149 (1987) [JETP Lett. 46, 188 (1987)l. 

2R. N. Lyubovskaya, R. B. Lyubovskii, M. K. Makova, and S I. Pesotskii, 
Pis'ma Zh. Eksv. Teor. Fiz. 51, 317 (1990) [JETP Lett. 51, 361 
(1990)l. 

'A. V. Skri~ov. A. P. Ste~anov. V. A. Merzhanov etal., Pis'ma Zh. Eksv. 
Teor. ~iz. '49,229 (198;) [JETP Lett. 49,265 (1989)l. 

4R. N. Lyubovskaya, R. B. Lyubovskii, M. K. Makova, and S. I. Pesots- 
kii, Proceedings of the 3rd European Conference on Low Dim. Cond. 
and Supercond., Zagreb, September 3-8, 1989, Vol. 21, JETP p. 7 
(1989). 

5J. E. Shirber, D. L. Overmyer, E. L. Venturini et al., Physica C 161,412 
(1989). 

'R. B. Lyubovskii, R. N. Lyubovskaya, and N. V. Kapustin, Zh. Eksp. 
Teor. Fiz. 93, 1863 (1987) [Sov. Phys. JETP 66(5),  1063 (1987)l. 

'S. L. Bud'ko, A. G. Gapotchenko, and E. S. Itskevitch, Solid State Com- 
mun. 69, 387 ( 1989). 

'A. P. Malozemoff, T. K. Worthington, Y.  Yeshurun, and F. Holtzberg, 
Phys. Rev. B 69, 387 (1988). 

9J. E. Shirber, E. L. Venturini, A. M. Kini et al., Physica C 152, 157 
(1988). 

'OR. N. Lyubovskaya, E. I. Zhilyaeva, A. V. Zvarykina et al., Pis'ma Zh. 
Eksp. tor. Fiz. 45,416 (1987) [JETP Lett. 45, 530 (1987)l. 

" R. N. Lyubovskaya, R. B. Lyubovskii, R. P. Shibaeva et al., Pis'ma Zh. 
Eksp. Teor. Fiz. 42, 380 (1985) [JETP Lett. 42,468 (1985)l. 

I2A. M. Kini, U. Geiser, A. A. Wangetal., Inorg. Chem. 29,2555 (1990). 

Translated by M. E. Alferieff 

985 Sov. Phys. JETP 74 (6). June 1992 Bud'ko etal. 985 


