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1211 Geneva 4, Switzerland
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Abstract. We report the observation of superconductivity in the spin-Peierls Fabre salt (TMTTF)2PF6

from pressure dependent electrical transport measurements above a threshold of 4.35 GPa. The data
complete the sequence of ground states of this compound in the temperature and pressure plane adducing
an empirical basis to the universal character of the phase diagram of the Fabre salts and their selenide
analogues, the Bechgaard salts. The structure of the phase diagram at the approach of the crossover
between spin-density wave and superconducting states is compared with the results of scaling theory of
the interplay between both electronic instabilities under pressure. The comparison supports the view that
magnetism and superconductivity in these compounds have a common electronic origin.

PACS. 67.55.Hc Transport properties – 71.10.Pm Fermions in reduced dimensions (anyons, composite
fermions, Luttinger liquid, etc.) – 74.20.Mn Nonconventional mechanisms (spin fluctuations, polarons and
bipolarons, resonating valence bond model, anyon mechanism, marginal Fermi liquid, Luttinger liquid,
etc.) – 62.50.+p High-pressure and shock-wave effects in solids and liquids

1 Introduction

In the course of the last two decades that have followed the
discovery of organic superconductivity in the Bechgaard
salts (TMTSF)2X series [1], the study of the sulfur ana-
log compounds − the Fabre salts (TMTTF)2X series −
proved to be of equal importance in the complex task of
explaining the origin of various electronic states in quasi-
1D organic metals [2]. The striking complementarity and
unity shown by these compounds when either hydrostatic
or chemical pressure (S/Se atom or anion X = PF6, AsF6,
Br, . . . , substitutions) is applied, indicated from the start
that their electronic and structural properties can nat-
urally merge into a universal phase diagram [3–7]. Its
content and structure came out from a cumulative ex-
perimental evidence in favour of a characteristic sequence
of ground states enabling compounds of both series to
be linked one to another [8–18]. In this way, Mott in-
sulating and charge-ordered sulfur compounds like e.g.,
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(TMTTF)2PF6 or (TMTTF)2AsF6 were found to develop
a lattice distorted spin-Peierls (SP) state which is sup-
pressed under moderate pressure and replaced by an an-
tiferromagnetic (AF) Néel state similar to the one found
in the (TMTTF)2Br salt at normal conditions; the Mott
state becomes in its turn suppressed under pressure and
antiferromagnetism of sulfur compounds then acquires an
itinerant character analog to the spin-density wave (SDW)
state of the (TMTSF)2X series at low pressure. Around
some critical pressure pc, the SDW state is then removed
as the dominant ordering and forms a common boundary
with superconductivity which closes the sequence as the
far end ordered state.

Although important pieces of the sequence has re-
ceived sound experimental backing so far, the observa-
tion of the whole spectrum of states within a single
compound like (TMTTF)2PF6 remained until now con-
jectural. Putting this amazing possibility on empirical
grounds is not only a clear-cut objective from the exper-
imental point of view [11,17], but it is also of primary
concern from the standpoint of their description since it
allows to broaden the follow-up of various instabilities for
both electron and phonon systems which is essential in the
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determination of the conditions leading to unconventional
pairing in these organic materials.

The efforts undertaken in this work aimed at establish-
ing the conditions that lead to superconductivity in the
spin-Peierls compound (TMTTF)2PF6 under the light of
both experiment and theory. On the experimental ground,
we studied the longitudinal electrical resistivity ρa as
a function of temperature (T ) and pressure by using a
piston-cylinder clamped cell and a Bridgman pressure cell.
At a pressure of 4.35 GPa, we observed superconduc-
tivity at Tc = 1.8 K [19,20]. Above that threshold, the
pressure profile of Tc is similar to other compounds like
(TMTSF)2PF6 and (TMTSF)2AsF6 above 0.9 GPa [1]
and 1.2 GPa [9], respectively, or (TMTTF)2Br above
2.6 GPa [13], establishing in this way the genuine uni-
versality of the phase diagram of the (TM)2X family.

The point at issue for the theoretical description
mainly concerns the influence exerted by the precursors of
the transition on the emergence and the nature of super-
conducting pairing. The data indicate at the outset that
strong SDW correlations are still tied to the onset of su-
perconductivity in (TMTTF)2PF6 and expand far into the
normal phase − a finding consistent with the pronounced
enhancement of the NMR spin-lattice relaxation rate seen
above the superconducting phase of (TMTSF)2X [12]. The
close proximity of antiferromagnetism to superconductiv-
ity together with a normal phase dominated by spin fluc-
tuations not only indicates that Coulomb repulsion plays
a predominant role among interactions but also that both
instabilities of the normal state cannot be considered as
independent and interfere with each other. Owing to the
pronounced metallic character of these compounds near
pc, the interference can be seen to originate in the in-
terdependence of scattering events between electrons and
holes, namely those that make up the elementary Cooper
and Peierls (staggered density-wave) pairings close to the
Fermi surface. In this work we will adopt a purely elec-
tronic standpoint in the description of interference call-
ing on a recent application of scaling concepts for that
problem [21]. The comparison of theory with experimen-
tal findings in (TMTTF)2PF6 near pc confirms that su-
perconducting pairing occurs between electrons on neigh-
bouring stacks [4,22,23] and supports the idea that both
SDW and superconductivity phenomena in such systems
have a common origin.

This paper is organized as follows: in Section 2 the
experimental results of the electrical transport investiga-
tion on (TMTTF)2PF6 under pressure and the phase di-
agram are presented. Section 3 is devoted to a qualitative
comparison between scaling theory and experiments. The
possibility of reentrant superconductivity in the crossover
region and the limitations of the conventional electron-
phonon mechanism are discussed. We conclude this work
in Section 4.

2 Experimental results

The electrical transport measurements on (TMTTF)2PF6

were performed either with a piston-cylinder clamped cell
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Fig. 1. Temperature dependence of the longitudinal resistivity
ρa of (TMTTF)2PF6 obtained in the piston-cylinder clamped
cell, inset: pressure dependence of TSDW (see text).

(pmax ≈ 4 GPa) or a Bridgman anvil cell (pmax ≈ 10 GPa).
Technical details of the latter device can be found in ref-
erence [24] and a thorough presentation of the results is
given in reference [19]. Here additional aspects of the ex-
periments not mentioned in reference [19] are given. The
longitudinal electrical resistivity ρa(T ) studied with the
piston-cylinder clamped cell is shown in Figure 1. As a
function of temperature ρa decreases monotonously upon
cooling to temperatures of the order of 10 K. In this
temperature regime, ρa passes through a minimum at
Tmin and the upturn in ρa(T ) is related to a transition
into an insulating state, attributed to the onset of itiner-
ant antiferromagnetism at TSDW [17,24]. Pressure rapidly
suppresses TSDW (inset Fig. 1) and the extrapolation of
TSDW(p) for T → 0 predicts the formation of a metal-
lic state for 4.5± 0.1 GPa. Access to this pressure region
is provided by the Bridgman anvil cell. The resistivity
ρ(T ) of a single crystal from the same batch measured at
3.7 GPa showed a similar low temperature behaviour as
the sample used in the piston-cylinder clamped cell. Thus,
we are confident that the combination of the results of the
two experiments is on firm grounds. The strong increase of
ρ(T ) below 20 K is disrupted by the onset of a sharp drop
in resistivity at Tc = 1.8 K (p = 4.35 GPa) as shown in
the inset of Figure 2. The drop in resistivity is more pro-
nounced at slightly higher pressure (main part of Fig. 2).
At 4.73 GPa the resistivity starts to decline at Tc = 2.2 K
and has decreased by one order of magnitude at 1 K. Upon
pressure increase Tc as well as the magnitude of the drop
in resistivity decrease further. Beyond 7 GPa no evidence
of a drop in resistivity was found. A strong argument to
identify Tc as a superconducting transition temperature
is provided by the influence of an external magnetic field
applied along the c-axis [19].

The resistivity data obtained in the two pressure de-
vices differ in two points. Firstly, in the Bridgman anvil
cell the metallic coherence is much less developed at low
temperature, and secondly a maximum occurred in the
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Fig. 2. Electrical resistivity ρ(T ) of (TMTTF)2PF6 at various
pressures and low temperature, obtained using the Bridgman
anvil cell. Inset: ρ(T ) below 300 K at p = 4.35 GPa in a semilog-
arithmic scale.

high temperature domain of ρ(T ) in the vicinity of 200 K
(inset Fig. 2). Such a maximum was not observed using the
piston-cylinder clamped cell (Fig. 1) nor in several previ-
ous experiments performed with the Bridgman anvil cell.
We attribute these discrepancies to the peculiar pressure
conditions in the Bridgman anvil cell: In the latter tech-
nique steatite, a soft mineral, is used as pressure transmit-
ting medium [19]. Since (TMTTF)2PF6 is mechanically
weak and extremely brittle the sample cracks easily and
may rearrange slightly during the initial pressurization.
As a result a transverse resistivity component ρ⊥, which
is about two orders of magnitude larger than ρa [17] in-
fluences the results in a non-negligible manner, explain-
ing qualitatively the observations, notably the maximum
in ρ(T ) at about 200 K. Despite these differences, we are
convinced that these features do not interfere significantly
with the low temperature properties and the conclusions
drawn in this article.

Figure 3 comprises the low and high pressure results
of (TMTTF)2PF6 and establishes the generic character
of the phase diagram [19]. Here we would like to em-
phasize that the reentrance of superconductivity below
the SDW ordering appears to be a general behaviour
among (TM)2X superconductors. It has also been identi-
fied with a finite resistivity in the “superconducting” state
in (TMTSF)2AsF6 [25,26].

The behaviour of the magnetoresistivity up to 8 T
at 500 mK did not reveal any sign of field-induced spin-
density wave (FISDW) phases, which has been observed
in all Se-X compounds [27]. The existence of a non-zero
threshold field Ht for the stabilisation of FISDW phases
is the result of bad nesting properties of the Fermi sur-
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Fig. 3. (T, p) phase diagram of (TMTTF)2PF6. The spin-
density wave (SDW) state is suppressed and a superconducting
(SC) phase emerges above 4 GPa. Over a wide pressure range
AF fluctuations (emphasized region in the M state) are present.
A Mott-Hubbard (M-H I) insulating and a metallic (M) state
are present at high temperature, SP denotes the spin-Peierls
state. Open symbols represent data taken from reference [17].

face along the c-direction. It is defined by the relation
t′c = TFISDW(Ht) [28], where t′c is the transverse cou-
pling between next-nearest neighbour stacks related to
the deviation of perfect nesting along c and TFISDW(H) is
the definition of the FISDW transition temperature of the
2D electron gas. For all selenide based (TM)2X conduc-
tors the ambient pressure SDW state is suppressed under
rather modest pressures of about 1 GPa in (TMTSF)2PF6,
(TMTSF)2ReO4 and even at ambient pressure in the re-
laxed state of (TMTSF)2ClO4 [29]. The calculated cou-
pling between neighbouring stacks along the c-direction
is small, tc = 2 meV (t′c � tc) and independent of the
nature of the organic molecule, i.e., TMTTF or its se-
lenide analogue TMTSF [13,30]. Therefore, we can infer
that a pressure of 4.5 GPa might be large enough to sig-
nificantly raise the value of t′c above its ambient pres-
sure value (t′c = 0.043 meV) [29]. Hence, the condition
t′c = TFISDW(Ht) could no longer be fulfilled at fields
H lower than 8 T. Also in (TMTTF)2Br, which becomes
superconducting at 2.6 GPa [13], no FISDW could be de-
tected below 8 T (although a threshold field may be lo-
cated around 13 T) [31]. Therefore, the higher pressure
necessary to induce superconductivity in (TMTTF)2PF6

is consistent with the situation encountered previously
in (TMTTF)2Br, namely the onset field might be larger
than 8 T.

3 Theory and experiment

This section gives a brief account of the contribution of
scaling theory to the problem of interplay between SDW
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and superconducting correlations in quasi-1D metals. Car-
ried out in the framework of a quasi-1D electron gas
model, scaling theory is at the outset a weak coupling
approach that points out the qualitative features of this
complex issue, but which may throw light on what does
occur in systems like (TMTTF)2PF6 at high pressure.

3.1 Scaling theory

We assume in the following that the mutual interaction be-
tween itinerant antiferromagnetism and superconductiv-
ity in metallic systems like (TMTTF)2X and (TMTSF)2X
at high and moderate pressure, respectively, has a purely
electronic origin and that phonons are not involved (see
Sect. 3.3). We thus focus our attention on those interacting
quasi-particles close to the Fermi surface whose warping is
supposed to describe coherent electronic motion along two
spatial directions below some characteristic energy scale.
As for the influence of higher energy states appertaining
to the 1D non-Fermi-liquid physics, it can be accounted
for by the renormalization group method. This procedure
is carried out in the 1D energy domain by integrating out
electron and hole states from the band edge of isolated
chains down to the energy ±Ex/2 from the Fermi surface,
which marks the onset of inter-chain coherent motion [32].
The effective low-energy Hamiltonian then takes the form

H∗ =
∑
r,σ

∑
{k}∗

E∗r (k) a†r,k,σar,k,σ +H∗I , (1)

where

E∗r (k) = vF(rk − k0
F) − 2t∗b cos(k⊥d⊥) − 2t∗b2 cos(2k⊥d⊥)

is the quasi-particle spectrum for right (r = +) and left
(r = −) moving carriers along the chains, vF is the longi-
tudinal Fermi velocity, and d⊥ is the inter-chain distance,
whereas t∗b and t∗b2 are the effective inter-chain hopping to
first- and second-nearest neighbour chains, respectively.
The latter acts as a small perturbation which will serve to
parametrize nesting deviations of the Fermi surface [33].
The inter-chain hopping t∗b , which is directly related to
the amplitude of the warping of the Fermi surface, then
fixes the cut-off energy scale for inter-chain coherence,
namely Ex ≈ t∗b . The essential contributions to the ef-
fective electron-electron interaction that defines H∗I at Ex
are found to be

H∗I =
πvF

LN⊥

∑
µ

∑
{k,k′,Q}∗

∑
αβγδ

Jµ(q⊥)
(
a†+,α(k + Q)σαβµ a−,β(k)

)
×
(
a†−,γ(k′ −Q)σγδµ a+,δ(k′)

)
, (2)

which is expressed as a sum of products of electron-hole
pair fields describing the contributions of coupling con-
stants to charge-density wave (CDW) (µ = 0) and SDW
(µ = 1, 2, 3) correlations. Here σ0 = 1, σµ=1,2,3 are the
Pauli matrices, Q = (2k0

F + q, q⊥), and N⊥ is the number

of chains of length L. From the 1D theory, the correspond-
ing couplings (expressed in πvF units) at Ex are

Jµ(q⊥) = −g∗µ + j⊥µ cos(q⊥d⊥). (3)

These contain a local repulsive part g∗µ and an inter-chain
contribution j⊥µ > 0, which favours out of phase inter-
chain CDW or SDW correlations at the best nesting vector
Q0 = (2k0

F, π/d⊥) of the spectrum E∗(k) at low energy.
For repulsive bare interactions, the results of the 1D scal-
ing theory tell us that among the scattering amplitudes,
Jµ6=0 is by far the largest indicating that short-range SDW
correlations are present atEx. Their strengthening contin-
ues at lower energy and is governed in part by the electron-
hole pairing response of the system enhanced by nesting.
However, the same electron and hole degrees of freedom
can be connected through another singular electronic re-
sponse which is related to electron-electron (hole-hole)
pairing involved in superconductivity. This crossed pair-
ing also called interference between Cooper and Peierls
channels is well known to be maximum in the 1D non-
Fermi-liquid state at T � Ex/2, but is usually neglected
at much lower temperature [3,4,22,23,34–39]. Actually,
far from being irrelevant in the latter conditions, its influ-
ence became unevenly distributed along the Fermi surface,
which has in turn a striking impact on the nature of long-
range ordering at low temperature.

The effect of interference below Ex has recently been
worked out using the renormalization group method and
the main results [21] will be sketched out here. Follow-
ing an infinitesimal scaling of the bandwidth Ex(`) →
Ex(` + d`) = Ex(`)e−d`, the Hamiltonian undergoes the
transformation Rd`[H∗` ] → H∗`+d`, which leads to the
renormalization or flow of its parameters. By combining
both types of pairing at the one-loop level, the flow of in-
teractions has been shown to be governed by the equations

d
d`
Jµ(q⊥ − k⊥, k⊥; `) =

(N⊥)−1
∑
µ̄,k′⊥

cµ,µ̄Wµ̄(q⊥ − k⊥, k′⊥; `)Wµ̄(k′⊥, k⊥; `)IC(`)

− Jµ(q⊥ − k⊥, k⊥; `) (N⊥)−1

×
∑
k′⊥

Jµ(q⊥ − k′⊥, k′⊥; `) IP(q⊥, k′⊥; `), (4)

for CDW (µ = 0) and SDW (µ 6= 0) channels. The first
term in the right-hand-side comes from the Cooper chan-
nel with the combinations of couplings Wµ̄=0 = − 1

2J0 +
3
2Jµ6=0 for singlet (SS) and Wµ̄=1,2,3 = 1

2J0 + 1
2Jµ6=0 for

triplet (TS) pairings and the constants c0,0 = −1/2,
c0,µ̄6=0 = 1/2 and cµ6=0,0 = 1/2, cµ6=0,µ̄ 6=0 = 1/6. In the
expression (4), IC(`) = tanh[βEx(`)/4] is the derivative of
the non interacting Cooper pairing response (πvFdχ

0
C/d`)

evaluated in the static limit and at zero pair momentum.
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The Peierls counterpart is given by

IP(q⊥, k′⊥, `) =
Ex(`)

4

×
∑
r=±

tanh β
4Ex(`) + tanh β

2 [Ex(`)/2 + rA(k′⊥, q⊥)]
Ex(`) + rA(k′⊥, q⊥)

,

which locally defines the derivative of the electron-hole
pairing response at the wavevector (2k0

F, q⊥) for an elec-
tron (or a hole) at k′⊥ on constant energy surface at±Ex/2
from the Fermi edge. Deviations from perfect nesting are

A(k′⊥, q⊥) = 2t∗b [cos(k′⊥d⊥) + cos(k′⊥d⊥ + q⊥d⊥)]

+ 2t∗b2[cos(2k′⊥d⊥) + cos(2k′⊥d⊥ + 2q⊥d⊥)].

The influence exerted by Cooper pairing terms in (4) is
responsible for the emergence of a k⊥ dependence in the
scattering amplitudes, a dependence that was not present
in Jµ at the start. Interference thus introduces non uni-
form electron-hole pairing which affects the properties
of the SDW state as we will see. The numerical inte-
gration of (4) for repulsive couplings g∗µ6=0 > g∗µ=0 and
j⊥µ6=0 > j⊥µ=0 leads to a singularity of Jµ6=0 in the SDW
channel at finite ` and q⊥ = π/d⊥. Scaling to strong cou-
pling signals an instability of the normal state towards
the formation of bound electron-hole pairs. Although a
true phase transition is impossible in a strictly 2D sys-
tem at finite temperature, the one-loop temperature scale
TSDW = Ex(`SDW)/2 for strong coupling is nevertheless
indicative of the temperature domain for the onset of long-
range order if for example a small but finite hopping in
the third spatial direction is introduced.

The SDW temperature thus obtained is the high-
est when nesting deviations are absent, which occurs at
t∗⊥2 = 0. On practical level, if one feeds (4) by the cou-
plings Jµ6=0 ' 0.85 (Jµ=0 ' 0.17) using Ex = 120 K
as the bandwidth cut-off of the low energy theory, we
find TSDW ' 13 K, which falls in the range of observed
SDW critical temperatures when pronounced metallic con-
ditions prevail in the normal state. Although there is of
course some arbitrariness in the selection of various pa-
rameters that can lead to this temperature scale, our
choice is nevertheless compatible with the expected range
of band parameters and coupling constants [6,12]. Besides
differences in numbers, the qualitative features shown by
the model at low-energy are rather generic in the repulsive
sector of bare interactions.

As one approaches `SDW, the variation of the scatter-
ing amplitude Jµ6=0(π/d⊥− k⊥, k⊥; `) with k⊥ reveals the
existence of cold and hot spots centered at k⊥ = ±π/(2d⊥)
and k⊥ = ±π/d⊥, 0, respectively, along constant energy
surface from the Fermi edge±kF(k⊥), parametrized by the
transverse wavevector k⊥. By cold spots, we mean regions
of significantly reduced scattering intensity. This uneven
amplitude of electron-hole pairing above TSDW will also
be present in the variation of the SDW order parameter
or the gap ∆µ6=0(k⊥) along the Fermi surface below TSDW.

In order to simulate the impact of pressure on the
above SDW instability of the normal state, we will assume
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Fig. 4. Diagram of normal state instabilities calculated from
the renormalization group method at the one-loop level (see
text for the value of parameters used). The shaded area corre-
sponds to the crossover region where both SDW and SS cou-
plings scale to strong couplings.

that its influence on the crystallographic structure modi-
fies the band parameters and in their turn the strength
of electronic correlations at low energy. In the follow-
ing we will adopt the simple picture where the latter ef-
fect can be entirely parametrized by t∗b2 which controls
the growth of nesting deviations in the Peierls channel.
In this way, by taking an increase of the effective cut-
off dEx/dt∗b2 = 5 and a decrease of the strength of the
couplings dg∗µ6=0(j⊥µ6=0)/dt∗b2 = −4%/K (−4%/K) and
dg∗µ=0(j⊥µ=0)/dt∗b2 = −6%/K(−8%/K) [40], TSDW first
gradually decreases and ultimately drops rapidly (Fig. 4).
The variation of Jµ6=0 with k⊥ magnifies along this drop
entailing a similar variation of the amplitude of the SDW
gap along the Fermi surface in the condensed phase. When
t∗b2 is further increased, the critical line presents an inflec-
tion point at t∗cb2 (t∗cb2 ≈ 9.8 K, using the above set of pa-
rameters) where the structure of Jµ(k′⊥, k⊥; `) is altered
and shows a singular modulation as a function of k⊥ and
k′⊥ at a value denoted `c (Tc = Ex(`c)/2 is the corre-
sponding temperature scale). This marks the occurrence
of a strong coupling regime which involves the supercon-
ducting channel. The connection with superconductivity
can be seen by rewriting the effective interaction as

H∗I (`) = − πvF

LN⊥

∑
µ̄

∑
{k,k′,Qc}∗

∑
αβγδ

Wµ̄(k⊥, k′⊥; `)

×
(
αa†+,α(k + Qc)σαβµ̄ a†−,β(k)

)
× (γ a−,γ(k′ −Qc)σ

γδ
µ̄ a+,δ(k′)

)
, (5)

which is expressed in terms of products of Cooper
pair fields ∼ a

(†)
∓,α σ

αβ
µ̄ a

(†)
±,β. The even modulation in

k⊥, k′⊥ that appears at the threshold t∗cb2 is domi-
nated by the first Fourier harmonic in the SS channel,
namely Wµ̄=0(k⊥, k′⊥; `) ≈ a0(`) cos(k⊥d⊥) cos(k′⊥d⊥),
which gives rise to strong coupling for SS pairing be-
tween electrons on first-nearest-neighbour chains. Given
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the relation Wµ̄=0 = − 1
2J0 + 3

2Jµ6=0, the Cooper pair-
ing is induced by SDW correlations, that is, the singu-
larity in the Fourier coefficient a0(`c) at `c is governed
by Jµ6=0 in the k⊥, k′⊥ plane. At t∗cb2, both SDW and SS
scattering amplitudes show strong coupling behaviour and
accordingly, this yields the onset of critical correlations
in both channels. As t∗b2 is further increased above the
threshold, Tc gradually decreases while SDW correlations,
albeit large in amplitude, see their critical behaviour sup-
pressed so that only the SS channel remains singular. Ow-
ing to the separation of variables in W0(k⊥, k′⊥; `) men-
tioned above, the instability will lead to a singlet gap
∆(k⊥) = |∆0| cos(k⊥d⊥) with nodes located at the cold
spots k⊥ = ±π/(2d⊥). The signature of an inter-chain SS
instability can also be seen through the profile of electron-
hole pairing Jµ6=0(π/d⊥− k⊥, k⊥) along the Fermi surface
which varies as cos2(k⊥d⊥) for t∗b2 sufficiently above t∗cb2 as
a result of interference.

The case of (TMTTF)2PF6 offers an interesting exper-
imental backing to the previous theoretical description.
Our data provide the missing information enabling the
(p, T ) phase diagram of (TMTTF)2PF6 presented in Fig-
ure 3 to be constructed and establish its truly universal
character: The SP phase [16,41] precedes the AF (Néel
and SDW) ground states which are stable up to about
4 GPa [17] and then a superconducting region extends to
almost 7 GPa with Tc = 2.2 K at 4.73 GPa. Over a large
pressure range AF spin fluctuations are present, indicated
in Figure 3 by the emphasized area in the M state. The
boundaries of this region, where the upturn in ρ(T ) is ob-
served, are defined by Tmin and either TSDW or Tc. The
width in temperature of this interval increases with de-
creasing pressure and is largest where Tc(p) reaches its
optimum value. Thus, Tmin appears to be closely linked
to the critical temperature Tc. Critical AF fluctuations
seem to be enhanced when the SDW ground state is ap-
proached from high pressure, i.e., when the system is close
to the border of the SDW and superconducting phases.
At slightly lower pressure the decrease of Tc is clearly re-
lated to the occurrence of the SDW phase at a higher
temperature. A similar behaviour is encountered in the
competition between CDW and superconducting instabil-
ities in layered conductors [42]. The correlation between
the fall of TSDW and the rise in Tc reflects the suppres-
sion of the SDW gap with pressure. These features are in
qualitative agreement with the scaling results which show
a variation of the temperature scale for the instability of
the normal state with t∗b2 that simulates fairly well the
actual behaviour seen under pressure.

3.2 Reentrant superconductivity and crossover region

The above scaling results show the existence of a finite in-
terval in t∗b2 where scaling to strong coupling for both SS
and SDW pairings is found (shaded region in Fig. 4). Al-
though definite predictions as to the structure of the phase
diagram in this crossover region cannot be made within
the present weak coupling framework, one can infer from
the available information that superconductivity is likely

to be the most stable state. Consider the case where the
SDW instability first occurs as the temperature is lowered.
According to the ansatz where the SDW gap ∆µ6=0(k⊥) =
|∆SDW|d(k⊥) will show a variation d(k⊥) similar to the
scattering amplitude Jµ6=0(π/d⊥− k⊥, k⊥; `SDW) ∝ d(k⊥)
along the Fermi surface, the SDW condensation energy
will then be strongly reduced. The system has then the
possibility to compete with a superconducting ordered
state having a lower Tc but a gap ∆(k⊥) = |∆0| cos(k⊥d⊥)
that is more developed along the Fermi surface. This pos-
sibility can be illustrated by expanding the condensation
energy for each ordered state in lowest order in the gap
function [21]. In the zero temperature limit, one finds for
the ratio of condensation energies

δESDW

δESS
≈ T 2

SDW

T 2
c

2
N⊥

∑
k⊥

d2(k⊥), (6)

which can become smaller than unity if TSDW is close to Tc

and d(k⊥) is sufficiently small compared to | cos(k⊥d⊥)|.
It turns out that both conditions are essentially met in
the crossover region. As pointed out by Yamaji [43], such
a crossing of condensation energies would give rise to a
first-order transition from SDW to SS states. According
to the phase diagram of Figure 3 the reentrant line below
TSDW would correspond to an equilibrium curve with pos-
itive dT/dp and emission of latent heat when the system
enters in the SS state. In this scenario the critical pres-
sure (pc, Tc) is likely to terminate the first-order line as a
second-order order critical point.

An alternative scenario can be considered if the ratio
of condensation energies are so close to one another that
no true SDW ordered state is stabilized in the crossover
region and the only phase transition to occur would be a
superconducting one. Since both SS and SDW couplings
scale to strong coupling in that region, superconductivity
will then come out from a background of critical SDW
correlations. The latter will affect the properties of the
normal state, especially those related to electrical trans-
port. These features may be equated as well with reen-
trant superconductivity found in (TMTTF)2PF6 (Fig. 2)
and (TM)2X in general near pc [25]. Now since SDW cor-
relations become essentially ‘soft’ in this sector, strong
coupling competes with dynamical (retardation) effects in
the exchange of SDW correlations and may be responsible
for a maximum in Tc at pc − a similar situation is found
in conventional superconductors where there is a maxi-
mum attainable Tc in the large electron-phonon coupling
limit [44].

3.3 Digression on the electron-phonon coupling

The stabilization of superconductivity from a SP state
in (TMTTF)2PF6 at high pressure provides an interest-
ing opportunity to estimate the strength of the electron-
phonon coupling in the sector of the phase diagram where
Cooper pairing becomes favourable. The SP phase transi-
tion in (TMTTF)2PF6 is found to occur at TSP ≈ 19 K
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at ambient pressure [10,41], and it is preceded by 1D pre-
cursors (lattice softening) up to about 60 K, as borne out
by X-ray diffuse scattering data [10]. The SP character
ascribed to both the lattice softening and the ordered
state comes from the fact that at higher temperature,
namely below Tρ ≈ 220 K [8] (Fig. 3), (TMTTF)2PF6

presents a Mott insulating behaviour and that the pseudo-
gap (resp. true gap) in the spin sector occurs only below
T 0

SP ≈ 40 K� Tρ (resp. TSP) − as shown by spin suscepti-
bility and NMR data [12,41,45]. T 0

SP then marks the onset
of strong coupling between ‘bond’ CDW correlations and
acoustic phonons of wavevector 2k0

F. In the framework of
scaling theory [6,46,47], both temperatures T 0

SP and Tρ
are connected through the static electron-electron inter-
action induced by the exchange of 2k0

F acoustic phonons,
which is denoted gph in the expression

T 0
SP = c | gph | Tρ, (7)

where c is a constant of the order of unity. Given the em-
pirical values for T 0

SP and Tρ, one finds gph ≈ −0.15 (in
πvF units) as the bare interaction induced by phonons in
(TMTTF)2PF6 at ambient pressure. Thus, a small ratio
for T 0

SP/Tρ is congruent with an electron-phonon interac-
tion that is weak in comparison to the Coulomb repulsion
as it can be extracted from NMR data or quantum chem-
istry calculations ( |gph| � gµ) [12,48].

The relation (7) is also useful to understand another
key experimental finding: the suppression of the spin
pseudo-gap after a sizable decrease of Tρ (Fig. 3) − as
shown by NMR in (TMTTF)2PF6 at 1.5 GPa (Tρ ≈
75 K) and (TMTTF)2Br at ambient pressure (Tρ ≈
100 K) [12,41]. Assuming an increase of the Debye fre-
quency ωD under pressure that overcomes the one of vF

(or ta) in gph ∝ ta/ω
2
D by taking the reasonable varia-

tions (1/ta)dta/dp ∼ (1/ωD)dωD/dp ≈ 15%/GPa [25] we
arrive at |gph| ∼ 0.05 for (TMTTF)2PF6 at 4.5 GPa,
a coupling that is weakly enhanced by CDW correla-
tions according to X-ray experiments in selenide com-
pounds [10]. If this coupling is singled out in perturba-
tion theory an instability of the normal state towards
a s-wave superconducting ordering will occur at best at
Tc ∼ ωD exp(−1/|gph|) ∼ 100 exp(−20) K, which is van-
ishingly small. The prognostication is even worse for inter-
chain pairing induced by phonons since the relevant cou-
pling g⊥ph ∼ (t⊥/ta)2gph is reduced by a factor 100.

Arguments against the participation of phonons in su-
perconductivity can be further sharpened if we consider
that in the temperature domain below ωD (∼ 100 K) [49],
exchange of phonons leads to essentially unretarded at-
tractive interaction gph between electrons which simply
adds to the Coulomb repulsion [gµ(`ωD) → g∗µ(`ωD) +
gph(`ωD)]. An overcome of g∗µ by gph would then show
up as a gradual freezing out of spin degrees of freedom
which is not corroborated by experiments even in the
close vicinity of Tc [50]. A similar argumentation also ap-
plies at much higher temperature when molecular phonons
(ωD ∼ 1000 K) are taken into account.

The coupling of electrons to 2kF acoustic phonons,
though singularly enhanced on the SP side by strong elec-

tronic correlations in the vertex part [46,47], becomes
quickly non singular as the sequence of states unfolds un-
der pressure − as confirmed by X-ray diffuse scattering
experiments showing very weak, nearly inexistent, lattice
precursors in the normal phase of (TMTSF)2X [10,51].
It is worthwhile to mention, however, that a recent re-
examination of the X-ray data revealed that CDW and
SDW ordering do coexist in few systems, (TMTSF)2PF6

being one example at ambient pressure [51–53]. Numer-
ical simulations on 1D models indicate that coupling of
electrons to phonons would be involved in this coexis-
tence [54,55], though purely electronic models have been
proposed [56]. On experimental grounds this CDW insta-
bility is apparently not the result of a soft mode mech-
anism that can lead to a strong renormalization of the
electron-phonon matrix element in the normal phase [51].

3.4 Discussion

A conventional electron-phonon mechanism seems not ap-
propriate to explain the pressure-induced superconduc-
tivity in (TMTTF)2PF6 at temperatures of the order of
2 K and therefore other approaches have to be consid-
ered. The correlation between the Tc-value and the width
in temperature of the (insulating) spin-fluctuation regime
is taken as a strong experimental argument in favour of
a pairing mechanism involving AF fluctuations. Further-
more, the maximum value of Tc is about twice as large in
(TMTTF)2PF6 as in the parent selenium compound [25]
which is in agreement with the larger AF fluctuation
regime observed in our investigation. This supports the
idea that AF fluctuations are involved in the microscopic
pairing mechanism similar to the scenario proposed for
Ce- and U-based strongly correlated electron multiband
systems [57,58].

SDW fluctuations have been considered by Emery [22]
as another possibility to form bound states of charge carri-
ers. This idea was worked out in the context of nearly AF
itinerant fermion systems [23]. As far as 1D organic con-
ductors are concerned, it was shown that the exchange
of SDW fluctuations between carriers belonging to the
same stack does not lead to attractive pairing and thus,
the development of a 1D attractive pairing appears to be
hopeless. Additionally, in 1D systems the electron-phonon
coupling is opposed to the Coulomb repulsion of carriers
moving in a restricted phase space.

In a conventional approach, using the spin fluctua-
tion exchange model in quasi-1D organic superconductors,
d-wave pairing in the vicinity of the SDW phase has been
predicted [39]. This theory, however, does not take fully
into account the entire temperature regime and in partic-
ular the non-Fermi-liquid features, observed in DC trans-
port [17,59] and optical conductivity [15] at high tempera-
ture, which persist down to low temperature. As explained
in detail in Section 3, an attractive inter-stack pairing can
be the outcome of the exchange of AF spin fluctuations be-
tween electrons located on neighbouring stacks [37]. This
would lead to an anisotropic superconducting gap. An in-
escapable prediction of scaling theory is that within the
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framework of the low-energy quasi-1D model given by the
effective Hamiltonian (1), singlet superconductivity is by
far the most stable pairing state SDW fluctuations can
stabilize giving in turn support for such an order parame-
ter. Triplet pairing − which has been recently considered
on both experimental and theoretical basis as a possible
candidate for the superconducting state in the Bechgaard
salts [50,60–65] − does exist in the present model be-
tween electrons on next to nearest-neighbour chains, but
its enhancement is vanishingly small compared to singlet
pairing [21]. In a model for superconductivity, based on
an inter-chain attractive pairing, the existence of lines of
nodes in the superconducting gap should be a natural out-
come. Consequently, low lying quasi-particle states would
govern the thermodynamical properties of the supercon-
ducting phase. Experiments such as thermal conductiv-
ity, sound attenuation or nuclear spin lattice relaxation
should be able to probe this assumption. These measure-
ments should however, be performed on a compound such
as (TMTSF)2PF6 in which no additional anion ordering
is likely to spoil the quasi-1D Fermi surface at low tem-
perature [2,61].

4 Conclusion

We have reported pressure-induced superconductivity in
(TMTTF)2PF6 in spite of its SP ground state at ambient
pressure. This important result establishes the universal-
ity of the (TM)2X phase diagram with a single compound
spanning all possible ground states of the (TM)2X se-
ries. Furthermore, the suppression of the SP ground state
makes a phonon-mediated Cooper-pair formation unlikely
to explain the existence of superconductivity at temper-
atures as high as Tc = 2.2 K at 4.73 GPa. The mani-
festation of critical SDW fluctuations above the onset of
superconductivity and the close connection between their
amplitude and the value of Tc speaks strongly in favour
of an inter-stack pairing mechanism mediated by the ex-
change of these fluctuations between neighbouring stacks.
Although the outcome of the phase diagram in the present
weak coupling scheme cannot pretend to be quantitative,
especially in the crossover region where strong coupling
and dynamical effects are expected, one-loop scaling the-
ory gives a fair account of many observed features and
provides significant weight to the hypothesis of interfering
channels in the emergence of superconductivity. Thus, our
findings supply an important input for theoretical mod-
els of magnetic coupling in quasi-1D conductors and may
even shed light on superconductivity in strongly corre-
lated electron systems including high-temperature super-
conductors.
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