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We report pressure dependent studies of the a-axis
resistivity as a function of temperature for several
members of the isostructural families of organmic charge
transfer salts, (TMISF),X and (TMITF),X. For a typical
(TMTSF)2X material the %ow temperature metal-insulator
transitlon seen at 1 bar is suppressed above some criti-
cal pressure, P , where a superconducting transition is
observed near 1°K. We find a correlation between P _ and
the ambient pressure ¢ lattice parameter which reflécts
the anion size. The (TMTIF),X salts exhibit very diff-
erert ambient pressure behaviour but we find that with
the application of sufficiently high pressures (v30 kbar)
their behaviour resembles that seen in the (TMISF),X
family but at lower pressures. In particular we fiInd
evidence of a possible superconducting transition near

4 K in (TMTTF),Br at 25 kbar. At this pressure the
conductivity neéar 4 K }s extremely high with a value
approaching 109 (Qcm)™' and the resistivity ratio is
about 400.

1 Permanent address: Cavendish Laboratory, Madingley Road,
Cambridge, England.
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INTRODUCTION

Recently there has been much interest in the family of organic
charge transfer salts (TMISF), X which become superconducting
under pressurel_s. However t%ere exists a second family of
organic salts of the form, (IMITF), X, which are isostructural
with the (TMISF),X materials®®7. %he only chemical difference
between these families lies in the organic molecular building
block: TMISF contains selenium atoms which in TMTTF are re-
placed by sulphur atoms but otherwise these molecules are
identical. Moreover the charge transfer in these salts is de-
termined by the valence state of the anion, X, and the ratio of.
two organic molecules per anion, so that, assuming perfect
stoichiometry and for singly charged anions (which are the only
ones of interest here) the conduction band is half-filled in’
both groups of materials.

The similar chemical and crystallographic structure of the
IMISF and TMTTF families would suggest similar electrical
properties. However at ambient pressure the electrical be-
haviour of these families are very different® ? 1In particular
the (TMISF)_.X salts have higher room temperature conductivities
(0(300 K) v"500 (Qcm)~1 as compared with o(300 K) ~ 50- 300

(Qem)~! for the (TMTTF) ,X salts), much larger resistivity
ratios ( v 102 -10° as cOmpared with v 1) and typically much
lower metal-insulator transition temperatures in those mater-
ials in which no anion ordering takes place ( < 20 K as against
v 100-200 K).

We have carried out a pressure-dependent study of the
temperature dependence of the resistivity for various members
of the (TMTSF),X and (TMITF),X families for pressures up to
30 kbar. The measurements on the (TMTTF),X salts were made so
as to attempt to rationalise the apparent%y inconsistent
ambient pressure behaviour of these isostructural families.

We find that the electrical properties of the (TMTTF),X salts
are very sensitive to pres-ure and that at sufficientiy high
pressures the salts shrw similar behaviour to that shown by
the (TMTSF)ZX salts at much lower pressures.

THE (TMTSF)ZX FAMILY

The properties of the (TMTSF). X materials can be classified
according to the symmetry of %he anion as shown in table 1.

The octahedral anion salts form an antiferromagnetic insulating
state at low temperature at low pressures®’!? With increasing
pressure the metal-insulator (M-I) transition temperature falls
and above a certain critical pressure, P_, a superconducting

state is observed near 1 K!”%, Measureménts for a typical salt
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FIGURE 1 Resistivity curves for (TMTSF) TaF at 12,5 kbar

indicating a superconducting transition near
resistance falls to zero within experimental accuracy.
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TABLE 1 The (TMTSF)ZX Family

-
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PF." Ferromagnetic®’!? Superconducting
6 _ for P > P 1=s
_AsF6
-
ClOA E
Tetrahedral ReO4
BF4— Anion?
- Ordering“"13
g -
Planar N03

810w temperature insulating state at | bar.

(TMISF) TaF,, are shown in figures 1 and 2. Observation of the
supercofiducting transition from resistivity measurements for a
pressure above P_ is shown in figure 1. Resistivity curves for
several pressure§ are shown in figure 2, so defining P . We
observe similar behaviour in (TMTSF).,SbF, with a criti€al
pressure just below that for the TaF, salt®’" and the phase
diagrams of (TMISF),PF, and (TMTSF)2 sF6 have the same form!®!"
but with still loweTr critical pressures.

With the exception of (TMISF),Cl0, the salts of TMTSF con-
taining lower symmetry anions show at ambient pressure phase
transitions at much higher temperatures than those seen in the
octahedral anion complexes. A metal-insulator transition is
observed 1n the BF, and ReO, salts at V40 K and V130 K re-
spectively® and a weak anomaly in the resistivity of (TMTSF) NO.
at V40 K signatures a phase transition®. These transitions are
associated with orderlng of the anions'l. Under pressure the
M~1 transitions in (TMTSF),Re0, and (TMTSF).B are suppressed
above critical pressures o% 3 5 kbar and % 4 5 kbar
respectlvely but whereas 1n the former a superconducting tran-
sition is seen near 1.2 K!'*for pressures just above P_ no such
transition is found in (TMTSF) BF for temperatures cdown to
1.2 K!3, Both materials show %arge hysteretic anomalies in
resistivity for a narrow pressure range just above Pc, with the
possibility of increasing the resistivity of the low temper-
ature state by several orders of magnitude through temperature
cycling!2*13,  This behaviour has been interpreted as indi-
cating a freezing of the anions as temperature is decreased in
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a metastable state at high pressureslz. The anomalous be-
haviour of (TMTSF),Cl0, with respect to the other tetrahedral
anion complexes in"that it is superconducting at ambient
pressure with no anion ordering can be rationalised in the
above model as discussed in reference 12. One supposes that
the intrinsic ordering temperature for the Cl0, anion array
which will be determined by the effective interaction between
the anions is less than E, /k, where E, is the energy barrier
between the two possible “symmetry related orientations of the
non-centrosymmetric Cl0, anion within its centrosymmetric cage.
Then at ambient pressure the Cl0, anions may be frozen in a
disordered state at low temperatures even though the ordered
state may be favoured enerpetically but which is inaccessible.
It is interesting to compare this behaviour with that of the
isostructural salt, (TMTTF)ZCIO , in which an ordering of the
anions is observed at ambiefit pressure below 75 K'!'*7. We
find that this transition is rapidly suppressed under pressure
giving way to a low-temperature insulating state not associated
with anion ordering!® and it is clear that the absence of
superconductivity in (TMITF),Cl0, at ambient pressure has
nothing to do with the order=disorder transition of the C104
anions, as will be discussed further below.

For the (IMTSF),X salts which are superconducting (see
table 1) we find an empirical correlation between the critical
pressure above which the materials are superconducting and the
ambient pressure c lattice parameter’, as shown in figure 3.

c characterises the separation of the two-dimensional sheets
of TMTSF stacks!® and is determined by the anion size. With-
out detailed structural measurements on each compound it is
not possible to be sure that the correlation of P_ with this
particular parameter is the most significant. Itcmight, for
example, reflect more subtle changes in the crystal structure.
However we find no systematic variation in the a or b lattice
parameters as the anion is varied".

Such a correlation might suggest a critical interstack
coupling strength above which the superconducting state is sta-
bilised with respect to the antiferromagnetic instability. We
would then postulate a universal P-T phase diagram for all
these materials with pressure replaced by some parameter
describing the interstack coupling. The various (TMISF),X
salts would then lie at various points along this axis and the
application of pressure would through changes in the inter-
stack coupling make the different compounds look alike. Such
a description is not inconsistent with theoretical models in
which the interchain overlap integral plays an important role
in determining the stapility of the various instabilities of
the electron gas'’~'®., The"coexistence"of the SDW and SC
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FIGURE 3 Variation of P with the ambient pressure room
temperature c lattice pargmetet for the superconducting mem-
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phases for pressures near P_ is theoretically possible23 and
. . 2 c. . :

there is some indirect experimental evidence with, for example
the observation of an upturn in resistivity above T in
(TMTSF) ,PF,2° at 6.5 kbar and in (TMTSF),C10,°’“at ©1.5 kbar.

The above correlation between Pc ang c suggests that the
superconducting properties of these materials are associated
primarily with the TMTSF stack and that the anions play a
subsidiary role once any possible ordering is frozen out. In
particular note that for the compounds (TMISF),NO, and
(TMISF),BF,, for which the c lattice parameter is smaller than
that for the Cl0, salt, negative critical pressures are implied
by this empirica{ relationship; since there is evidence in the
PF, and Cl0, salts that T falls rapidly with increasing
pressure above PCZO’ZI’“ &nd assuming similar behaviour in the
other TMTSF salts the absence of superconductivty in the BF
salt for pressures above P_ (for temperatures down to 1.2 K?la
and in (TMISF) NO3 at 12 kbar (for temperatures down to 100mK)
would be consistent with such 'negative" Pc'
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THE (TMTTF) 2X FAMILY

At ambient pressure the conductivity of all the (TMTTF) X salts
exhibits a broad maximum near 100-250 K5°7, together with
additional features in for example (TMTTF),C10, (a weak
hysteretic anomaly near 75 K, associated with anion orderlng )
(TMTTF) ,SCN (a sharp metal-insulator transition at 160 K,
whose behaviour under pressure indicates it is related to an
anion orderingzu) and (TMTTF),.Br (a M-I tramnsition near 19 K).
Anomalies in other physical pTroperties, for example suscepti-
bility and EPR measurements indicate well- deflned phase
transitions at lower temperatures (v10-20 K) and it has been
postulated that the broad conduct1v1t¥ maximum may be
associated with electron localisation’, suggesting these com-—
pounds are more one-dimensional in their electronic properties
than the (TMISF)_ X materials. The low temperature state in
the (TMTTF) X sa%ts may have a complex character. X-ray
meauurements indicate the low temperature state at 1 bar in
(TMTTF) PF is a lattice distorsion!l.However measurcments on
the sys%em ((TMTSF) (TMTTF) ) ClO4 show that, for small x
(>17) ,an 1nsu1at1ng state is seen at low temperatures, whose
character changes from being magnetic (SDW) at low X to non~
magnetic at hl%h x (CDW) with at intermediate values a more
complex nature Recent NMR measurements on (TMTTF),Br at
1 bar suggest the character of the low-temperature state
corresponds to that seen in the ClO4 alloy system at inter-
mediate x values?®.

For (TMTTF) PF6 and (TMTTF) ClO4 we find that under
pressure the conductivity maxima seen near 230 K at | bar’
are quickly suppressed and at 30 kbar we find M-I transitions
near 10 K and 30 K respectively with metallic behaviour above
these temperatures. Note that as mentioned above the order-
disorder transition in (TMTTF),C10, at 75 K at 1 bar 1is
quickly frozen out under pressure. The effect of pressure on
(TMTTF) ,Br for which at 1 bar the conductivity maximum is at
only 100 K, a relatively low temperature with respect to other
members of this family’, is more dramatic. At 22 kbar a
metallic state is stabilised to V10 K with for the sample
shown in figure 4 a resistance ratio of 16. Figure 5 shows
results on the same sample at 25 kbar , indicating a possible
superconducting transition near 4 K, a transition which is
suppressed with a transverse magnetic field. The sample has
clearly deteriorated between the consecutive pressure runs
at 22 and 25 kbar, as indicated by the lower resistance
ratio at the higher pressure. We have however observed
similar falls in resistivity near 4K in several other samples,
some of which had higher resistance ratios.
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FIGURE 4 Normalised resistance versus temperature for
(TMTTF)ZBr at 22 kbar
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FIGURE 5 Normalised resistance yersus temperature for
(TMTTF) ,Br at 25 kbar for the same sample shown in figure 4
on a sugsequent run. The inset shows the result of the appli-
cation of a magnetic field (at 25, 50 and 70 kG) along some
arbitrary direction perpendicular to the a axis.
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The measurements shown in figures 4 and 5 correspond to
work on crystals grown by J.M. Fabre. We have also studied
crystals grown by K. Bechgaard using a slightly different
technique. We have made measurements on more than 50 samples
of (TMTTF).Br from these two different batches and we find
significan% differences between these batches although crystals
from the same batch show similar behaviour. 1In particular we
have observed results such as those shown in figure 5 only on
the samples grovn by Fabre. At the same pressure the crystals
grown by Bechgaard (KB) exhibit metallic behaviour for temp-
eratures down to 2 K with saturation of the resistivity below

4 K. At a slightly lower pressure,for these samples,we
observe metallic behaviour to low temperatures but with a
very weak upturn in resistivity similar to that observed in
some of the TMISF salts near P, as mentioned above. These
results suggest a slightly higher critical pressure for the
KB samples as compared with the JMF samples, and perhaps
might explain the different behaviour found at 25 kbar.
Previously different critical pressures have been reported
for (TMTSF)ZPF as shown in figure 3.

For the Kg samples at 25 kbar we have measured a
resistance ratio of up to 400 indicating a conductivity at low
temperatures of some 5 x 10° - 10° (Qcm)-l, an extraordinarily
high conductivity, comparable to that measured in the most
conducting of the (TMISF),X salts at ambient pressure5 and
much higher than values of conductivity previously reported
in the (TMTSF)._X materials under pressure. Further deatils
of these measurements will be published elsewhere!®.

CONCLUSION

Pressure dependent studies of the resistivity of several
(TMTTF) . X salts have shown that this family exhibits similar
behaviour at high pressures to that shown by the (TMTSF)_X
family at lower pressures. In particular a metallic state
is stabilised in (IMITF).Br to low temperatures with a
remarkably high conductiVity approaching 10° (Qem)”!, a value
comparable or greater to that seem in the most highly con-
ducting (TMISF).X salts. We find some evidence for a possible
superconducting transition near 4 K in (TMTTF),Br at 25 kbar.
We find an empirical correlation between "P_ and the c
lattice parameter for the (TMTSF),X salts. The %esults on the
(TMTTF)ZX salts (X= Br, 0104, PF6 suggest a similar behaviour
in these materials also,with a lower critical pressure in the
Br salt as compared with the Cl0, and PF_ salts, and the Br
anion is considerably smaller than the latter anions.



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:38 21 February 2013

258/[614] S. S. P. PARKIN er al.

ACKNOWLEDGMENTS

We thank C. Coulon for a preprint and useful discussions
and C. Andrzejewski and A. Andrieux for skilful technical
assistance.

REFERENCES

i0.
11,

12.
13.

14,
15,
16.

17.
18,

19.

20,

D. Jérome, A. Mazaud, M. Ribault and K. Bechgaard, J.
Physique Lett., 41, L95 (1980).

M. Ribault, G. Benedek, D. Jérome and K. Bechgaard, J.
Physique Lett., 41, L397 (1980).

$.S8.P. Parkin, M. Ribault, D. Jérome and K. Bechgaard,

J. Phys. C:Solid State Phys., 14, L445 (1981).

S.S.P. Parkin, M. Ribault, D. Jérome and K. Bechgaard,

J. Phys. C:Solid State Phys., in press.

K. Bechgaard, K. Carneiro, F.B. Rasmussen, M. Olsen, G.
Rindorf, C.S. Jacobsen, H.J. Pedersen and J.C. Scott,

J. Am. Chem. Soc., 103, 2442 (1981).

P. Delhaes, C. Coulon, J. Amiell, S. Flandrois, E.
Toreilles, J.M. Fabre and L. Giral, Mol. Cryst. Liq. Cryst.
50, 43 (1979).

C. Coulon, P. Delhaes, S. Flandrois, R. Lagnier, E.
Bonjour and J.M. Fabre, J. Physique, submitted.

K. Bechgaard, C.S. Jacobsen, K. Mortensen, H.J. Pedersen
and N. Thorup, Solid State Commun., 33, 1119 (1980).

K. Mortensen, Y. Tomkiewicz, T.D. Schultz and E.M. Engler,
Phys. Rev. Lett., 46, 1234 (1981).

A. Andrieux, D. Jérome and K. Bechgaard, J. Physique Lett.
42, 187 (1981).

J.P. Pouget, R. Moret, R. Comés, K. Bechgaard, J.M. Fabre
and L. Giral, this conference.

S.S.P. Parkin, D, Jé&rome and K. Bechgaard, this conference.
S.S.P. Parkin, F. Creuzet, D. Jérome and K. Bechgaard, to
be submitted.

R. Brusetti, D. Jérome and K. Bechgaard, J. Physique Lett.
submitted.

S.S.P. Parkin, F. Creuzet, D. Jérome, K. Bechgaard and
J.M. Fabre, to be submitted

N. Thorup, G. Rindors, H. Soling and K. Bechgaard, Acta.
Cryst. B37, 1236 (1981).

A.I. Larkin and J. Sak, Phys. Rev. Lett. 18, 6053 (1978).
Y. Suzumura and H. Fukuyama, J. Low Temp. Phys. 31, 273
(1978)

V.N. Prygodin and Yu. A. Firsov, Sov. Phys. JETP,49, 813
(1879).

R.L. Greene and E.M. Engler, Phys. Rev. Lett. 45, 1587



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:38 21 February 2013

SUPERCONDUCTIVITY IN (TMTSF);X AND (TMTTF)X  [615)/259

(1980)

21. K. Andres, F. Wudl, D.B. McWhan, G.A. Thomas, D. Nalawajek
and A.L. Stevens, Phys. Rev. Lett. 45, 1449 (1980).

22, F. Wudl, preprint,.

23. K. Machida, J. Phys. Soc. Japan, 50, 2195 (1981).

24, S$.S.P. Parkin and C. Coulon, to be submitted

25. C. Coulon et al., to be submitted.

26. T. Takahashi, A. Andrieux, F. Creuzet, D. Jérome and
J.M. Fabre, to be submitted



