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We present a study of the spin-Peierls(SP) transition in thesTMTTFd2PF6 organic conductor by elastic
neutron scattering. Thes 1

2 , 1
2 , 1

2
d superstructure reflection associated with the SP transition is clearly detected up

to 18 K. The intensity of the satellite reflection is particularly small compared to other similar organic systems.
Several explanations are proposed to account for the weakness of the three-dimensional SP amplitude of
distortion in thesTMTTFd2PF6 system.

DOI: 10.1103/PhysRevB.70.180405 PACS number(s): 71.27.1a

The isostructural series of 2:1 cation radical salts based
on monovalent anionsX such as PF6, AsF6, ReO4, NO3,
SCN, and Br, and deriving from tetramethyltetrathioful-
valene (TMTTF) and from tetramethyltetraselenofulvalene
(TMTSF), show remarkable quasi-one-dimensional(1D)
electronic properties. Indeed, these salts are made of slightly
dimerized zig-zag stacks of TMTTF or TMTSF running
along thea direction, which delimit cavities in which the
monovalent anionsX are located.1 From stoichiometry there
is one charge per dimer of organic molecules. This series
exhibit extremely rich physical phenomena which span from
Mott-Hubbard charge localization phenomena in
sTMTTFd2X, to metallic delocalization and superconductiv-
ity in sTMTSFd2X.2 This leads to quite a large number of
competing low-temperature ground states, ranging from an-
tiferromagnetism(AF) and spin-Peierls(SP) pairing in the
localized limit, to spin-density wave(SDW) in the metallic
limit. In addition, when the anions such as ReO4, NO3, and
SCN are noncentrosymmetric, the salt undergoes an anion
ordering (AO) transition below room temperature, which
leads to the orientational ordering of the anions in their cavi-
ties, generally accompanied by a charge-density wave
(CDW) or bond order wave(BOW) stack distortion.1

At present, all the information concerning the AF or the
SDW modulation comes from NMR investigations, since no
neutron-diffraction study could be performed due to the
fairly small values<0.1mBd of the magnetic moment and due
to the small crystal volume. NMR measurements indicate
that the AF modulation is commensurate insTMTTFd2Br and
SCN,3 and that the SDW is incommensurate in
sTMTSFd2PF6.

4 More recently, an x-ray diffuse scattering
investigation has shown that the ground state of
sTMTSFd2PF6 presents an unexpected mix of spin and
charge-density wave-like character.5

Very little is known on the SP transition ofsTMTTFd2PF6,
even though its signature was found by the observation of
very weak superlattice reflections at 10 K more than 20 years
ago.6 In sTMTTFd2PF6, the SP instability leads to the pairing
of localized spins1

2 (one spin per dimer of TMTTF mol-
ecules) into nonmagnetic singlets,S=0, via a tetramerization
of the organic stacks(i.e., cell doubling alonga, correspond-
ing to the 1

2a* component of the superlattice wave vector

qSP). The formation of nonmagnetic singlets is identified by a
drop in the spin susceptibility as observed by EPR(Refs.
7–9) and NMR(Ref. 9) belowTSP<19 K in sTMTTFd2PF6.
However, no accurate study of the structural counterpart of
the SP transition could be performed because of the extreme
sensitivity of the TMTTF molecule to x-ray irradiation dam-
ages, which irreversibly lead to the destruction of the SP
transition.

Likewise, a SP transition occurs atTSP<13 K in
sTMTTFd2AsF6 (Refs. 10 and 11) and in the isostructural
2:1 cation radical seriessBCPTTFd2PF6 and AsF6 (BCPTTF
stands for benzocylopentyltetrathiafulvalene). This latter se-
ries has been studied more extensively because BCPTTF is
less sensitive to x-ray irradiation.12 In the BCPTTF’s, the SP
transition occurs at higher critical temperatures than in the
TMTTF’s (TSP=36 and 32.5 K for the PF6 and AsF6 salts,
respectively). The SP instability, also observed in 2:1 anion
radical organic salts, such as MEMsTCNQd2, and in the in-
organic compound CuGeO3, is a quantum cooperative phe-
nomena of current interest(see, for example, Ref. 13). In the
case of thesTMTTFd2X, the situation is all the more inter-
esting since this series undergoes a high-temperature charge
disproportionation transition(occuring at 70 and 105 K in
the PF6 and AsF6 salts,14 respectively) which corresponds to
a 4kF charge ordering on the molecular sites, usually denoted
as 4kF-CDW (kF= 1

4a* is the Fermi wave vector of the non-
interacting 1D electron gas associated with these salts). This
4kF-CDW phenomena seems to provide a subtle contol over
the SP and AF instabilities of thesTMTTFd2X.15,16

In the present paper, we report a structural study of the SP
transition ofsTMTTFd2PF6 using elastic neutron scattering.
This study was made possible thanks to the outstandingly
large single crystals elaborated in Orsay.17 The experiment
was conducted on the triple axis spectrometer 4F2 of the
reactor Orphée at the Laboratoire Leon Brillouin. The ex-
perimental conditions were:ki =2.662 Å−1, 608 collimations
on each side of the analyzer, and graphite filters onki andkf.
The sample was fixed with silver glue onto the cold finger of
a cryogenerator, which was able to cool down to 11 K. Two
sa* ,b* ,−c*d and thesa* ,b* , +c*d scattering planes were ex-
plored. The lattice parameters were taken from a previous
determination of the average structure ofsTMTTFd2PF6 at
4 K.18
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The sample studied had a volume of 17 mm3, with a twin-
ning ratio of 7:1 as determined from the ratio of intensities
of the s−2,0,0d reflection of the two twins. At room tem-
perature, the intensity of Bragg reflections of the main twin
was 9600 cps for thes0,−1,−1d, and 4100 cps for the
s−2,0,0d. Upon cooling, due to the constraint of the fixing
procedure, the main twin was found to split into three
componentssa small component and two large ones sepa-
rated by an angle of about1.4°d. At 11 K, the intensity of
the Bragg reflections of the component used for the mea-
surements was of7000 cps for thes0,−1,−1d, 2000 cps for
the s−2,0,0d, 1200 cps for thes−2,−1,−1d, and 1100 cps
for the s−4,0,0d, leading to an average Bragg intensity of
about3000 cps. Atthis temperature, a survey of about 20
reciprocal positions expected for theqSP superlattice re-
flections was performed with a counting time of
645 s/point, in each of thesa* ,b* ,−c*d and sa* ,b* , +c*d
reciprocal planes. Due to the presence of a large back-
ground of 3–5 cps from the incoherent scattering of the
hydrogen atoms present in the TMTTF molecule, only two
very weak superlattice reflections were detected in the
sa* ,b* ,−c*d reciprocal plane; one ats−4,1,−2d+qSP and
one at s−3,1,−2d+qSP reciprocal lattice positions, where
qSP= s 1

2 , 1
2 , 1

2
d, and both with intensities of about 1/10th of

the background. No superlattice reflection could be de-
tected in thesa* ,b* , +c*d scattering plane.

Figure 1 shows a rocking curve(v scan) and a longitudi-
nal (j scan) around thes−7

2 , 3
2 ,−3

2
d reciprocal lattice position,

which confirm that the observed scattering is a well-defined
Bragg reflection. In order to check that this peak was not the
contribution of thes−7,3,−3d Bragg reflection with the sec-
ond harmonic of the incoming beam, we removed one graph-
ite filter whose transmission for the second harmonic is about
5310−3. The only change was an increase in intensity cor-
responding to the absorption of the filter for the first har-
monic. This shows that the reduced component of the SP
reflection isqSP= s 1

2 , 1
2 , 1

2
d. The profile displayed in Fig. 1 is

resolution limited, which proves the presence of a three-
dimensional(3D) long-range SP order(i.e., .1000 Å). Fig-

ure 1 shows also that the peak intensity of this superlattice
reflection amounts to 220 counts in 645 s(i.e., 0.35 cps;
monitor 25 000 in Figs. 1 and 2). This reflection has about
10−4 times the intensity of an average Bragg reflection. The
weakness of the SP reflections explains why they could not
be detected in previous neutron-scattering investigations of
sTMTTFd2PF6 at 4 K.18 Finally, Fig. 2 shows that the super-
lattice intensity vanishes upon heating above about 18±1 K.
This corresponds to the critical temperatureTSP, where a gap
opens in the spin susceptibility,7,8 and where the derivative of
the thermal expansion(a quantity proportional to the specific
heat) exhibits al-type anomaly.19

First, it is interesting to compare the SP transition of
sTMTTFd2PF6 with that of the isostructural salts
sBCPTTFd2X (with X=PF6 and AsF6).12 In spite of the in-
crease ofTSP by a factor of 2, a sizeable difference in the
intensity of the superlattice reflections exists between the
BCPTTF series(IS/ IB=1/30 for the AsF6 salt20) and the
TMTTF series(IS/ IB=10−4 for the PF6 salt). The intensity of
the SP superlattice reflections of the BCPTTF salts is com-
parable to that observed at the AO transition of

FIG. 1. Transverse(v scan) and longitudinal
scans( j scan) through thes−7

2 , 3
2 ,−3

2
d superstruc-

ture reflection, atT=11 K. The dashed line gives
the background intensity.

FIG. 2. Temperature dependence of thes−7
2 , 3

2 ,−3
2

d peak inten-
sity. The dashed line gives the background intensity.
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sTMTSFd2ReO4 sIS/ IB=10−1d, which stabilizes a superstruc-
ture at the same critical wave vectors 1

2 , 1
2 , 1

2
d as the SP tran-

sition of the TMTTF’s and the BCPTTF’s.21 Structural re-
finement of thesTMTSFd2ReO4 superstructure shows that
the AO transition(in addition to the orientational ordering of
the ReO4) consists of a tetramerization of the organic stacks
(usually denoted as 2kF BOW) with a molecular displace-
ment of <3310−2 Å (mostly in the long direction of the
molecule), and of a concomitant shift of the ReO4 by about
5310−2 Å from the center of the organic cavities where they
are located.21 The SP transition ofsBCPTTFd2AsF6 and
sTMTTFd2PF6 also involves a tetramerization of the organic
stack. With similar ratios of IS/ IB, one would expect a dis-
tortion of the molecular stack insBCPTTFd2AsF6 and in
sTMTSFd2ReO4 to be of similar amplitudes. As the superlat-
tice reflection intensity is proportional to the square of the
long-range(i.e., 3D averaged) atomic displacement, it can be
inferred that the organic stack insTMTTFd2PF6 undergoes an
amplitude of distortion,u3D, one order of magnitude smaller
than in sBCPTTFd2AsF6. In MEMsTCNQd2 and CuGeO3,
the SP superlattice reflections are three orders of magnitude
less intensesIS/ IB=10−3d than the main Bragg reflections.22

The refinement of their superstructure shows that the SP dis-
tortion consists of a displacement in the TCNQ molecule of
10−2 Å for MEM sTCNQd2,

23 and displacement in Cu of 7
310−3 Å for CuGeO3.

24,25 With an order-of-magnitude
smaller ratio of IS/ IB in sTMTTFd2PF6, one would expect the
TMTTF shift to be three times smaller:u3D,3310−3 Å, a
value consistent with the previous estimate.

According to these estimates, however, the 3D-SP distor-
tion appears to be particularly weak insTMTTFd2PF6. A size-
able reduction of the amplitude of the SP distortion is ex-
pected in the presence of strong quantum fluctuations in the
vicinity of the critical point separating the SP dimerized
phase from the nondimerized spin-fluid(magnetic)
phase.27,28This last effect is probably not important at ambi-
ent pressure insTMTTFd2PF6 since the crossover from the
SP to the AF ground states takes place under pressures as
large as 1 GPa.29,30

The SP ground state ofsTMTTFd2PF6 is unusual because
the organic stack stabilizes a 4kF charge ordering at 70 K.14

The reason is that the 4kF-CDW creates an heteropolar
charge distribution which weakens the 2kF BOW response,
as shown by numerical calculations16 and experimental stud-
ies of the TMTTF-TMTSF ReO4 alloy.26 As the 2kF BOW
response governs the SP dimerization, one would expect a
SP distortion of smaller amplitude insTMTTFd2PF6.

However, the strong reduction in amplitudeu3D, when
going from the BCPTTF family to the TMTTF family, does
not scale with the small reduction ofTSP and the value of the
spin gapDs, which governs the singlet-triplet excitations of
the SP ground state. InsBCPTTFd2PF6, Ds=97 K (Ref. 31)
is only slightly larger thanDs=70 K (Ref. 9)–90 K (Ref. 8)
in sTMTTFd2PF6. The amount of(intrachain) dimerization(
d defined below) can be obtained from the spin gap valueDs

given the value of the near-neighbor exchange interactionJ
of theS= 1

2 AF Heisenberg chain undergoing the SP instabil-
ity. More explicitly, if for small atomic intrachain displace-
mentsu1D (i.e., 1D), the dimerization leads to the staggered

exchange interactionsJs1±dd, it is possible to deduce the
following: d=2fd lnsJd /dugu1D=2fd lnsJd /d lnsudg from the
Ds /J ratio. Using the numerical calculations of Ref. 32, one
gets d=4.5% in sTMTTFd2PF6, where J=420 K,8 and d
=8% in sBCPTTFd2PF6, whereJ=330 K.12 The d value of
sTMTTFd2PF6 is only two times smaller thand in
sBCPTTFd2PF6. In those two isostructural salts,d (or more
likely the total energy of the dimerized chain; see Fig. 17 in
Ref. 32), which is proportional tou1D, scales withTSP, and
not with the estimate ofu3D above.

The main question is thatd does not scale with the am-
plitude su3Dd of the 3D-SP distortion. One explanation is that
the 3D-averaged amplitude of distortion,u3D (whose square
is proportional to the satellite intensity), should be much
smaller than the intrachain one,u1D (proportional tod), due
to the existence of an interchain disorder as a result of the
difficulty in achieving the optimalp phasing between the SP
distortion on neighboring chains. In the presently considered
salts, theqb=qc= 1

2 components ofqSP do not lead to a per-
fect interchainp phasing because of the triclinic arrange-
ment of the organic chains. In this respect, since the triclinic
angles deviate further from 90° insTMTTFd2PF6 than in
sBCPTTFd2PF6, one expects greater difficulty in setting an
optimal 3D coupling between the individual SP distortions in
the case of the TMTTF family.

A second possibility is thatd lnsJd /du could be larger in
sTMTTFd2PF6 than in sBCPTTFd2PF6. As the TMTTF and
BCPTTF stacks are very similar, this could be due to the
stabilization of a different mode of displacement. For ex-
ample, insBCPTTFd2PF6, the SP displacement could be di-
rected along the long direction of the BCPTTF molecule, as
for the stack distortion at the AO transition of
sTMTSFd2ReO4,

21 while in sTMTTFd2PF6, it could occur
along the short direction of the TMTTF molecule. This last
statement agrees with the observation of strongest SP reflec-
tions in thesa* ,b* ,−c*d reciprocal plane nearly perpendicular
to the long direction of the TMTTF molecules. In addition,
the SP distortion of the organic sublattice should deform the
cavities where the anionsX are located. This certainly leads
to a shift of the anion, as suggested by the observation of a
critical divergence of the NMR relaxation rateT1

−1 of the
75As nucleus at the SP transition ofsTMTTFd2AsF6.

11 With
stack distortions of different polarization and amplitude, the
direction of the anionic shift should also be different in the
TMTTF’s and the BCPTTF’s. All these speculations of
course need to be confirmed by a structural refinement of the
SP superstructure ofsTMTTFd2PF6. When using neutron
scattering, such a structural determination requires the col-
lection of a large number of reflections on large deuterated
single crystals, where the incoherent scattering is expected to
be one order of magnitude smaller. With such samples it
should also be interesting to study the lattice dynamics(and
especially the presence of a soft mode) associated with the
1D-SP pretransitional fluctuations which have been detected
up to about 60 K by x-ray diffuse scattering,6 and the cou-
pling of these structural fluctuations with the magnetic ones
which can also be probed by neutron scattering.

In conclusion, the SP superlattice reflections of
sTMTTFd2PF6 have been observed by elastic neutron scatter-
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ing. However, the amplitude of the SP stack distortion ap-
pears to be much smaller in the TMTTF’s compared to the
ones observed in other SP systems studied to date. Another
result of this study is to show that from a deuterated sample
of the same volume as the hydrogenated one used here, it
should be possible by neutron scattering to detect superlat-

tice reflections of about 10−5 the intensity of an average
Bragg reflection. Such an intensity ratio is the one expected
for magnetic reflections of an antiferromagnet with a stag-
gered magnetization of about 0.1mB. This opens the possibil-
ity of studying the AF and SDW modulations in the
sTMTTFd2X and sTMTSFd2X salts, respectively.

1J. P. Pouget and S. Ravy, J. Phys. I6, 1501(1996).
2C. Bourbonnais and D. Jérome, inAdvanced in Synthetic Metals,

Twenty Years of Progress in Science and Technology, edited by
P. Bernier, S. Lefrant, and G. Bilan(Elsevier, New York, 1999),
p. 206.

3T. Nakamura, T. Nobutoki, Y. Kobayashi, T. Takahashi, and G.
Saito, Synth. Met.70, 1293(1995); T. Nakamura, R. Kinami, T.
Takahashi, and G. Saito, Synth. Met.86, 2053(1997).

4J. M. Delrieu, M. Roger, Z. Toffano, A. Moradpour, and K. Bech-
gaard, J. Phys.(France) 47, 839 (1986); T. Takahashi, Y.
Maniwa, H. Kawamura, and G. Saito, J. Phys. Soc. Jpn.55,
1364 (1986).

5J-P. Pouget and S. Ravy, Synth. Met.85, 1523 (1997); S. Ka-
goshima, Y. Sas, M. Muesato, R. Kondo, and T. Husegama,
Solid State Commun.110, 479 (1999).

6J-P. Pouget, R. Moret, R. Comès, K. Bechgaard, J. M. Fabre, and
L. Giral, Mol. Cryst. Liq. Cryst.79, 129 (1982).

7C. Coulon, P. Delhaes, S. Flandrois, R. Lagnier, E. Bonjour, and
J.-M. Fabre, J. Phys.(France) Lett. 43, 1059(1982).

8M. Dumm, A. Loidl, B. W. Fravel, K. P. Starkey, L. K. Mont-
gomery, and M. Dressel, Phys. Rev. B61, 511 (2000).

9F. Creuset, C. Bourbonnais, L. G. Caron, D. Jérome, and K. Bech-
gaard, Synth. Met.19, 289 (1987).

10C. Coulon, J. Phys. IV114, 15 (2004).
11F. Zamborszky, W. Yu, W. Raas, S. E. Brown, B. Alavi, C. A.

Merlic, A. Baur, S. Lefevre, and P. Wzietek, J. Phys. IV12, 139
(2002).

12Q. Liu, S. Ravy, J-P. Pouget, C. Coulon, and C. Bourbonnais,
Synth. Met. 56, 1840(1993); B. Dumoulin, C. Bourbonnais, S.
Ravy, J.-P. Pouget, and C. Coulon, Phys. Rev. Lett.76, 1360
(1996).

13J. P. Pouget, Eur. Phys. J. B20, 321 (2001); 24, 415(E) (2001).
14F. Nad, P. Monceau, C. Carcel, and J.-M. Fabre, Phys. Rev. B62,

1753 (2000); P. Monceau, F. Ya. Nad, and S. Brazovskii, Phys.
Rev. Lett. 86, 4080 (2001); D. S. Chow, F. Zamborszky, B.
Alavi, D. J. Tantillo, A. Baur, C. A. Merlic, and S. E. Brown,
ibid. 85, 1698(2000).

15P. Foury-Leylekian, S. Ravy, and J. P. Pouget, Physica A312,

574 (2002).
16J. Riera and D. Poilblanc, Phys. Rev. B63, 241102(R) (2001).
17TMTTF was synthesized according to literature methods and

sTMTTFd2PF6 single crystals were elaborated by electrocrystal-
lization from THF (the procedure yielding large single crystals
will be published in the forthcoming full account of this work).

18B. Gallois, Ph.D. Thesis, Université de Bordeaux I, 1987.
19M. Lang, J. Muller, F. Steglich, A. Bruhl, B. Wolf, and M. Drus-

sel, J. Phys. IV114, 111 (2004).
20Q. Liu, Ph.D. Thesis, Université de Paris-Sud, 1992.
21R. Moret, S. Ravy, J.-P. Pouget, R. Comès, and K. Bechgaard,

Phys. Rev. Lett.57, 1915(1986).
22J. P. Pouget, L. P. Regnault, M. Ain, B. Hennion, J. P. Renard, P.

Veillet, G. Dhalenne, and A. Revcolevschi, Phys. Rev. Lett.72,
4037 (1994).

23R. J. J. Visser, S. Oostra, C. Vettier, and J. Voiron, Phys. Rev. B
28, 2074(1983).

24M. Braden, G. Wilkendorf, J. Lorenzana, M. Aïn, G. J. McIntyre,
M. Behruzi, G. Heger, G. Dhalenne, and A. Revcolevschi, Phys.
Rev. B 54, 1105(1996).

25K. Hirota, D. E. Cox, J. E. Lorenzo, G. Shirane, J. M. Tranquada,
M. Hase, K. Uchinokura, H. Kojima, Y. Shibuya, and I. Tanaka,
Phys. Rev. Lett.73, 736 (1994).

26V. Ilakovac, S. Ravy, J. P. Pouget, C. Lenoir, K. Boubekem, P.
Batail, S. Dolanski Babic, N. Bishup, B. Korin-Hamzic, S.
Tomic, and C. Bourdonnais, Phys. Rev. B50, 7136(1994).

27L. G. Caron and S. Moukouri, Phys. Rev. Lett.76, 4050(1996).
28R. Bursill, R. H. McKenzie, and C. J. Hamer, Phys. Rev. Lett.83,

408 (1999).
29T. Adachi, E. Ojima, K. Kato, H. Kobayashi, T. Miyazaki, M.

Tokumoto, and A. Kobauashi, J. Am. Chem. Soc.122, 3238
(2000).

30H. Wilhelm, D. Jaccard, R. Duprat, C. Bourbonnais, D. Jérome, J.
Moser, C. Carcel, and J.-M. Fabre, Eur. Phys. J. B21, 175
(2001).

31C. Coulon(private communication).
32H. Yokoyama and Y. Saiga, J. Phys. Soc. Jpn.66, 3617(1997).

FOURY-LEYLEKIAN et al. PHYSICAL REVIEW B 70, 180405(R) (2004)

RAPID COMMUNICATIONS

180405-4


