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%e report high-pressure, lo~-temperature x-ray scattering measurements on the organic conduc-
tor (TMTSF)2Re04. The anion-ordering phase diagram has been established up to 17 kbar. In ad-
dition to the low-pressure phase characterized by the wave vector q=(~, Y,T), we have

discovered a new high-pressure phase with an unexpected wave vector q = (O, T,~). Coexistence
of these two types of ordering has been observed in an intermediate pressure range.

PACS numbers: 61.50.Ks, 64.60.Cn, 71.30.+h

The interest in the (TMTSF)2X organic supercon-
ductors (TMTSF is tetramethyltetraselenafulvalene
and X is one of various anions) resides for a large part
in the unusual interplay of electronic, magnetic, and
structural phenomena. ' Structural properties are dom-
inated by order-disorder transitions which involve the
anion orientation in (TMTSF)zX salts containing non-
centrosymmetric anions and which govern the nature
of the low-temperature ground states. Qrientational
ordering of these anions originates from symmetry
considerations. At room temperature the anions are
found to be at inversion centers in the triclinic Pl
space group. This symmetry is actually an average one
due to a random distribution of two inverse orienta-
tions. Upon cooling, anion-ordering (AO) transitions
occur, leading to superstructures with either identical
or alternate orientations of the anions along the three
crystallographic axes. These superstructures are com-
monly characterized by the wave vector q of the new
reflections which appear below TAo.

The AO transitions can induce contrasting low-
temperature behaviors as in the case of the tetrahedral
anions C104 and Re04 . In (TMTSF)2C104, AO with

qi = (0,—,', 0) is obtained by slow cooling through the
transition (TAo=24 K), leading to a superconduct-
ing state below 1.2 K,4 while fast cooling quenches the
anion disorder and a spin-density wave state is stabi-
lized below 6 K.5 In (TMTSF)zRe04 the AO transi-
tion at TAo —180 K with q2= ( —,', —,',—,

' ) 6 leads to an
insulating state (in a 10 band model of the conduct-
ing organic stacks the band is half filled; therefore
2kF=Il2a', where kF is the Fermi wave vector).
However, the insulating state is suppressed under
pressure above 12 kbar and superconductivity is
recovered below 1.3 K.a In an intermediate pressure
range 9-12 kbar) a complex situation is found with

different low-temperature states depending on both
thermal treatment and pressure. 9 This overall
behavior seems to be typical of salts that present q2-
type AO transitions at atmospheric pressure like
(TMTSF) 2FS03.'

In this Letter we report the first high-pressure, low-
temperature x-ray study of an organic superconductor,
(TMTSF)2Re04. We establish the (P, T) AQ phase di-
agram of this salt up to 17 kbar and discover a new
phase, stable above 12 kbar, with an unexpected wave
vector q3 = (0,—,', —,

' ).
The x-ray data were taken by use of a gasketed

diamond-anvil pressure cell of the Merrill-Bassett type
(as modified by Hazen and Finger" ). The tiny crystal
( —0.2x 0.15x0.03 mm3) was cut from a needle tak-
en from a batch grown by electrocrystallization and
used independently for transport measurements. It
was mounted in a 0.3-mm-diam hole in an Inconel
gasket with ethanol as a pressure medium and oriented
by eye so that the a axis was approximately normal to
the diamond faces. The high-pressure cell was at-
tached to the cold stage of a closed-cycle He refrigera-
tor (minimum temperature —10 K) installed on a
normal beam-lifting-detector type diffractometer. The
Mo Ko. x rays from a Rigaku 12-kW generator were
focused by a vertically bent graphite monochromator
and collimated to a cross section on the order of the
gasket hole. In situ pressure determination by use of
the measured cell parameters of NaCl powder added to
the sample failed for technical reasons. The pressure
was therefore estimated from measurement of the
unit-cell dimensions of the (TMTSF)zRe04 crystal by
comparison with the available pressure data on
(TMTSF)zPF6, '2 on the assumption of similar equa-
tions of state for the two salts. With this procedure we
estimate an accuracy of +0.5 kbar. The triclinic crys-
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FIG. 1. Temperature-pressure anion-ordering phase dia-
gram of (TMTSF)&Re04. Note that the q2 and q3 phase
boundaries overlap at P = 9.5, 10, and 11 ( +0.5) kbar and
that they have opposite slopes.

tal was found to be twinned with a major component
(more than 90'/o of the volume) which was used for
the study.

The construction of the temperature-pressure phase
diagram was achieved by the study of the characteristic
superstructure reflections for different temperature cy-
cles at several pressure values. The first problem at
stake was the nature of the AO in the high-pressure
conducting phase (above 12 kbar). We verified the
absence of the q2= ( —,', —,', —,

' ) type reflections which
are present in the low-pressure insulating phase and
we searched for supplementary reflections at low tem-
perature with reduced wave vectors of the form q
= (0,n/2, m/2) ( n, m = 0 or 1). Actually, rather
strong expectations were in favor of the qt = (0,—,', 0)
type of AO because its stabilization conditions the su-
perconducting state in (TMTSF)2C104. However, no
such reflections were observed while a set of reflec-
tions with q3=(0, —,', —,') were detected. The phase
boundaries of this high-pressure phase and of the
low-pressure one were derived from the intensity
versus temperature dependence of selected q3- and
q2-type reflections, respectively, thus resulting in the
phase diagram of Fig. l.

In the low-pressure region (P & 9 kbar), results
at 4.5 and 8.5 kbar together with the known
atmospheric-pressure AO temperature ( T„o—180 K)
show that TAo decreases with pressure. The phase
boundary is in good agreement with that obtained for
the metal-insulator transition. However, no signifi-

FIG. 2. Temperature dependence of the peak intensity of
a q2-type reflection at P —4.5 kbar. Under slow cooling and
heating rates (0.5 K/min) the transition shows no hysteresis.

cant hysteresis is observed, contrary to previous resis-
tivity data, s and Fig. 2 shows a reversible intensity-
versus-temperature behavior for a typical reflection for
slow cooling and heating rates (0.5 deg/min).

The boundary of the q3 phase presents, in contrast,
a positive dT,/dP slope ( —10 K/kbar), reaching 240
K at 17 kbar. We note that there was no evidence for
this phase boundary in transport properties, s'3 while
some puzzling conductivity anomalies had been ob-
served at much lower temperatures. '3'4 The transi-
tion appears to be continuous, as seen from Fig. 3 (we
recall that the peak intensity is proportional to the
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FIG. 3. Temperature dependence of the peak intensity of
a q3-type reflection at P —17 kbar. Its profile (inset) is
sharp and limited by experimental resolution.
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FIG. 4. Temperature dependence of the peak intensities
of two typical q2 (2.5,3.5,1.5) and q3 (2, 1.5, 1.5) reflections
in the intermediate-pressure range. At 10 kbar, (a), the q3-
type reflection shows a weak anomaly corresponding to the
incomplete q2 AO below T —95 K but at 9.5 kbar, (b), the
q3-type refIection disappears below T- 75 K awhile reorder-
ing with q2 appears to be almost complete. Note the region
of coexistence ( —75—125 K) of the iwo AO's at P=9.5
kbar.

square of the order parameter). Note also that the
width of the q3-type reflection is the same as that of
the basic reflections indicating long-range order (Fig.
3, inset). Furthermore, the intensity of these reflec-
tions is, on the average, of the same order of magni-
tude as that of the q2-type reflections, which supports
our assignment of the q3 superstructure to AO,
although no structure refinement has been made.

Of particular interest is the intermediate-pressure
range where the two phase boundaries overlap. Mea-
surements have been made at three different pres-
sures, 9.5, 10, and 11 (+0.5) kbar in this region.
Similar behaviors are found at 10 and 11 kbar, and Fig.
4(a) shows the results at P = 10 kbar. As the tempera-
ture decreases, the q3-type reflection appears first at
T-172 K and grows in intensity; then the q2-type re-
flection appears below T- 98 K but its intensity satu-
rates at a low value of 2.7 countslsec below about 85
K. This indicates that the corresponding q2 order
parameter does not develop completely. Note that the
q2 transition produces a dip in the intensity of the q3-
type reflection. The origin of these effects will be
better understood after we look at the results obtained
at P = 9.5 kbar for the same reflections fFig. 4(b)l. In
this case the intensity of the q2-type reflection appears
at T —130 K and reaches a much higher low-
temperature value than at 10 kbar (about 11
counts/sec). Correspondingly the intensity of the q3-

type reflection, after reaching a maximum at T- 130
K, starts decreasing and it eventually vanishes below
75 K. This apparent "exchange" of intensity between
the two types of reflections is the signature of a
transformation of the AO from q3 into q2 as the tem-
perature is lowered. We also note that the effects of
Fig. 4(b) are fully reversible in temperature and that
profiles of the q2- and q3-type reflections measured at
T= 112 K are sharp and resolution limited. The tran-
sition between the q2 and q3 AO should be first order
because there is no group-subgroup relation between
the two superstructures. Therefore we suggest that the
coexistence region corresponds to a mixture of q2- and
q3-type domains and that the AO switches between the
two types as the temperature is varied, in a reversible
process.

The results of Fig. 4(a) (P= 10 kbar) can now be
interpreted in terms of a partial transformation of the
q3 AO into q2 AO as the temperature is reduced, as
evidenced by the incomplete development of the q2
order parameter. This phenomenon is also responsible
for the small loss of intensity of the q3-type reflection
at T- 80 K, which is reminiscent of the correspond-
ing disappearance observed at P = 9.5 kbar. The origin
of this incomplete q2 AQ can be attributed to a freez-
ing of the anion orientation below about Tf =85 K,
thus preventing a full reorientation from q3 to q2 AQ.
Such an effect with a freezing temperature Tf -60 K
at 12 kbar was suggested previously by Tomic, Jerome,
and Bechgaard~ from the analysis of resistivity data.
Our results confirm this effect, although it is observed
at higher temperatures, all the more so since Tf should
increase with pressure. On the other hand, at P = 9.5
kbar the q3 q2 transition takes place at a tempera-
ture high enough for the q2 AO to be completed just
above T~.

The most intriguing result of this study is the q3 AO
observed in the high-pressure region, as it raises ques-
tions about the relation between AO and superconduc-
tivity. First it is obvious that the potential associated
with the q3 AO does not open a 2kF gap at the Fermi
level since the a' component of q3 is 0 and not —,'.
This property also holds for the qi AO in
(TMTSF)2C104. However, if one considers the cou-
pling between the anions and the conducting organic
stacks, then the influence of the qi and q3 AO's can be
distinguished, as first suggested by Emery. '5 In the
case of the qi AO the inversion centers which relate
the TMTSF molecules along the chains are preserved.
Thus the molecules experience the same potential and
the 4kF dimerization gap as well as the closely related
electron-electron umklapp-scattering coupling constant
g3 should not vary. ' On the other hand, the q3 AO
removes the inversion centers on the stacks and the
molecules see different potentials. The 4kF dimeriza-
tion gap and the g3 coupling should be enhanced. In
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this case a spin-density-wave rather than supercon-
ducting ground state has been predicted to be fa-
vored. '5 (TMTTF)2SCN'7 follows this model with a
q3 AO transition at 160 K corresponding to a 4k„ lo-
calization and a magnetic state below 7 K.'s In con-
trast, the present results show that in the high-
pressure phase of (TMTSF)zRe04 the same q3 AO
keeps the metallic state and leads to superconductivity.
This may indicate that the g3 coupling is not pertinent
in the TMTSF series. The nature and the strength of
the electron-anion interaction is also an important
parameter which is still poorly assessed. Information
on this coupling may be gained by the determination
of possible structural distortions associated with the
AO. A preliminary analysis of the superstructure re-
flection intensities in (TMTSF)2Re04 at 17 kbar indi-
cates that such distortions probably occur with signifi-
cant displacements along the stacking axis a.

The knowledge of the AO phase diagram allows us
to understand more clearly the anomalous resistivity
behavior of (TMTSF)2ReOq in the intermediate-
pressure region. 8 9'3 Cooling-rate effects are particu-
larly dramatic in the low-pressure part of this region
(just above 9 kbar) leading to either an insulating or a
superconducting low-temperature state. Although our
results were obtained with slow cooling or heating
rates ( —0.5 K/min), the partial q3-q2 AQ transforma-
tion observed at 10 and 11 kbar and the peculiar broad
coexistence region at 9.5 kbar strongly support a high
sensitivity of the AO to the thermal treatment. It is
therefore very likely that the q3 qz AO transition,
which appears to be complete at P=9.S kbar under
slow cooling, can be quenched by fast cooling, thus
preserving a conducting behavior at low temperature.

Finally we mention that recent magnetoresistance
measurements at about 11 kbar have shown Shub-
nikov-de Haas oscillations which indicate the ex-
istence of a magnetic-field-induced transition. '9 This
should be analyzed in the light of the mixed q2 and q3
AO state that we have observed below 90 K under the
same pressure.

In conclusion, the present study provides the first
direct experimental evidence of a pressure-induced
change of the orientational anion ordering in the
(TMTSF)2X series. Moreover, the construction of the
phase diagram up to P = 17 kbar reveals a competition
between the q2 ( —,', —,', —,') order and the q3 (0,—, , —, )
unexpected one with a coexistence of both orders in an
intermediate pressure region. Theoretical models
should be extended to account for these results.

%e would like to acknowledge stimulating discus-
sions with S. Barisic, L. Brossard, V. J. Emery,
C. Noguera, and S. Tomic. Thanks are due to B. Gal-
lois for making available his pressure data prior to pub-

lication. We are also grateful to J. M. Besson, A. Poli-
an, and I. Ranoux for their expert advice on the use of
diamond-anvil pressure cells and to D. Dalle, for his
technical assistance. Laboratoire de Physique des
Solides is a laboratoire associe au Centre National de la
Recherche Scientifique.

&For recent reviews see D. Jerome and H. J. Schulz, Adv.
Phys. 31, 299 (1982); L. P. Gor'kov, Usp. Fiz. Nauk 144,
381 (1984) [Sov. Phys. Usp. 27, 809 (1984)]; A. I. Buzdin
and L. N. Bulaevskii, Usp. Fiz. Nauk 144, 415 (1984) [Sov.
Phys. Usp. 27, 830 (1984)].

2R. Moret, J. P. Pouget, R. Comes, and K. Bechgaard, J.
Phys. (Paris), Colloq. 44, C3-957 (1983).

3J. P. Pouget, G. Shirane, K. Bechgaard, and J. M. Fabre,
Phys. Rev. B 27, 5203 (1983).

"K. Bechgaard, K. Carneiro, M. Olsen, F. Rasmussen, and
C. S. Jacobsen, Phys. Rev. Lett. 46, 852 (1981).

5T. Takahashi, D. Jerome, and K. Bechgaard, J. Phys.
(Paris), Lett. 43, L565 (1982).

6R. Moret, J. P. Pouget, R. Comes, and K. Bechgaard,
Phys. Rev. Lett. 49, 1008 (1982).

7C. S. Jacobsen, H. J. Pedersen, K. Mortensen, G. Rin-
dorf, N. Thorup, J. B. Torrance, and K. Bechgaard, J. Phys.
C 15, 2651 (1982).

8S. S. P. Parkin, D. Jerome, and K. Bechgaard, Mol. Cryst.
Liq. Cryst. 79, 213 (1981).

9S. Tomic, D. Jerome, and K. Bechgaard, J. Phys. C 17,
Ll I (1984).

&OR. C. Lacoe, P. M. Chaikin, F. Audi, and E. Aharon-
Shalom, J. Phys. (Paris), Colloq. 44, C3-767 (1983).

j&R. M. Hazen and L. W. Finger, in Comparative Crystal
Chemistry, (Wiley, New York, 1982).

&28. Morosin, J. E. Schirber, R. L. Greene, and E. M.
Engier, Phys. Rev. B 26, 2660 (1982); B. Gallois, J. Gaul-
tier, A. Filhol, and C. Vettier, to be published; B. Gallois,
J. Gaultier, C. Hauw, T. Lamcharfi, and A. Filhol, to be
published; B. Gallois, J. Gaultier, C. Hauw, D. Chasseau,
A. Meresse, A. Filhol, and K. Bechgaard, Mol. Cryst. Liq.
Cryst. 119, 225 (1985).

I3S. Tomic, D. Jerome, and K. Bechgaard, Mol. Cryst. Liq.
Cryst. 119, 59 (1985).

~ However, a conductivity anomaly at P —14 kbar and
T —200 K was observed very recently and it can be attribut-
ed to the onset of the q3 AO (L. Brossard, private communi-
cation).

i5V. J. Emery, J. Phys. (Paris), Colloq. 44, C3-977 (1983).
&6S. Barisic and S. Brazovskii, in Recent Developments in

Condensed Matter Physics, edited by J. P. Devreese (Plenum,
New York, 1981) Vol. 1, p. 327.

~7TMTTF is tetramethyltetrathiafulvalene, the sulfur ana-
log of TMTSF.

~BC. Coulon, A. Maaroufi, J. Amiell, E. Dupart, S. Flan-
drois, P. Delhaes, R. Moret, J. P. Pouget, and J. P. Morand,
Phys. Rev. B 26, 6322 (1982).

&9M. Schwenk, S. S. P. Parkin, R. Schumaker, R. L.
Greene, and D. Schweitzer, Phys. Rev. B 56, 667 (1986).


