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The structure and physical properties of tetramethyl-
tetrathiofulvaléne (TMTTF) salts are reviewed. New
results are given about (IMITF), PFg, (TMITF)y CRO,
and the selenium analog (TMTSF), CL0,. An experimen-
tal relationship is shown between the electrical and
magnetic properties and the closest contacts S-S or
Se—Se of neighbouringstacks.

I - INTRODUCTION

Few years ago we were investigating a new series of ca-
tion radical salts based on tetramethyltetrathiofulvale-
nium (TMITF) (1).The electrical properties of these salts
were not very high and they did not behave as truly metal-
lic compounds. However they present some special features
mainly a non-regular stacking of TMITF* radical cations
with an alternate overlapping.
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The discovery of a metallic behaviour in Selenium analogs
(2) (TMTSF) with a phase transition towards a supercon—"
ducting state under pressure at low temperature (3) in-
cited us to pursue this work. As sulfur and Selenium ap-
peared to be isostoichiometric and isomorphous a compa-—
rative study should be done to understand the difference
observed for the physical properties and to find the re-
levant experimental parameters connected with the occu-
rence of a superconducting state.

In this paper we will briefly review the structure and the
properties of TMITF salts, giving new results specially
on TMITF,-PF., TMTTF,-CL0; and TMTSFy-CR0,. Finally we

) 6 2" X . o2 .
will show that a relationship exists between the descri—.
bed electrical and magnetic properties and the closest
contacts S-S or Se-Se of neighbouring stacks.

IT - CRYSTAL STRUCTURES OF TMTTF SALTS

The crystal structures are known for the salts with the
following counterions : BF,”, SCN™, Br~, I~ (4), CRO4™
and NO,~ (5). All compounds are triclinic (space group
P1) with parallel stacks of TMITF molecules. The struc-—
ture of (TMITF) is shown as the last known example
in figures 1 anﬁ 2 w1th projection along b and a axis
respectively.

A common feature of the series is the zig-zag configura-
tion of the molecular stacks. This leaves cavities in
which the counterions are located. Moreover the stacks
are not regular, in the sense that there are two diffe-
rent distances (d; and dj, fig.l) between consecutive
molecules in the same stack : the TMTTF molecules form
diads.

Figure 3 shows the molecular overlap of classical type
for TTF family. It is seen that the TMTTF stacks form
sheets parallel to (x0y) plane, with the counterions in
between. The interaction between consecutive stacks in
the sheets must be particularly effective through the
nearest sulfur atoms. Each TMTTF molecule has two sulfur
atoms which are in close contact with a sulfur atom of
the neighbouring stacks. In Table 1 are given these S-S
distances,which are different from one salt to another
but always longer than the Van der Waals distance (3.70 &)
except for the bromine derivative. In table | are also
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FIGURE | Crystal structure of (TMTTF)ZPF6 : projection
along b-axis.

FIGURE 2 Crystal structure of (TMTTF)ZPF6 : projection

along a-axis.
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given the intrastack distances d; and d, : the diadic
character, as measured by the difference § = dy-dp is
more or less pronounced according to the counterion wi-
thout any obvious rule.

Table 1 : Interstack and intrastack distances of TMITF salts

SCN~ CRO,” PF,” BF, I NO. Br

4 6 4 3

closest S-S
interstacko 4.01 3.99 3.99 3.88 3.80 3.79 3.73
distance (A)

Intrastack
dist§nces :

d; (&) 3.56 3.59 3.62 3.56 3.54 3.56 3.53
dz(ﬁ) 3.49 3.52 3.52 3,54 3.50 3.50 3.50

6=d]—d2 (g) 0.07 0.07 0.10 0.02 0.04 0.06 0.03

IIT - PHYSICAL PROPERTIES OF TMITF SALTS.

The electrical conduct1v1ty at room temperature is of the
order of 40 to 100 Q lcm™ l, except for the bromlne salt
which presents the highest conductivity 0,,.=260 Qlem!
(1). The temperature dependences generally exhibit a flat
maximum and the compounds become insulating at low tempe-
rature. However, due to the brittleness of the crystals
by cooling, the transport properties have to be studied
very carefully; they will be presented elsewhere (6).

Static properties such as magnetic susceptibility
are not sensitive to the brittleness. The paramagnetic sus-
ceptibility of TMITF,~PF¢ is shown in figure 3 as a func-
tion of temperature. As for every compound of the series
the room temperature value is around 6 107% e m u/mole,

a rather high value which could be due to electronic cor-
relations (7). With decreasing temperature, the paramagne-
tism decreases slightly, then drops sharply and increases
again at helium temperatures. The sudden drop indicates a
phase transition. We have found the critical temperatures
T = 15 K for (TMTTF)2 PF6’ 41 K for (TMTTFZ)BF4 and 75 K
for TMITF, CL0

2 4°

These phase transitions are responsible for an
anomaly on the specific heat Cp = f(T) curves (figure 4)
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FIGURE 3 Paramagnetic susceptibility of (TMTTF)2 PF6.
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FIGURE 4 Specific heat C, of TMITF salts.
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in the case of the BF, and C20, salts but not for (TMTTF)
PF,. The nature of the phase transition must be different
for the PF, salt. It should be related to the symmetry

of the anion : PF,~ has a center of symmetry unlike BF,
and C204_which are tetrahedral. From X-Ray diffuse scat-
tering experiments, it has been shown that the metal-in-
sulator transition in CR0, derivative is driven by the
ordering of C204‘ anions, whereas (TMITF), PFg exhibits

a 1-D precursor scattering characteristic of a Peierls
transition (8).

The phase transitions do not seem to affect the EPR
linewidth and the g-factor value. In figure 5 are given
the EPR results for PFg and CL0, salts, obtained with the
static magnetic field parallel to the stacking axis. As
usual for one chain compounds, the linewidth decreases
almost linearly with decreasing temperature, whereas the
g-factor 1s quasi independent on temperature. At agbout
20 K a maximum of linewidth appears on the curve corres-—
ponding to perchlorate compound. This anomaly could be
due to the ordering of methyl groups.
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FIGURE 5 Linewidth and g-factor of TMITF salts

The overall analysis of these results (6) shows that
two kinds of situation occur :
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- with the non-centrosymmetrical anions : an order~dis-
order transition of these anions exist at a higher tem-
perature than the phase transition which could occur on
the TMITF stacks. It results an opening of the energy
gap at the Fermi level.

- With the centrosymmetrical anions : The order-disorder
transition does not exist and the "intrinsic" metal-insu-
lator transition appears at a low enough temperature,
below 20 K generally : (TMTTF)2 Br is a typical case

(T. = 19 K).

IV - COMPARISON WITH TMISF SALTS

The crystal structures of three TMISF salts (with €04,
), PF¢™ (10) and AsFg (I1) anions) are known at room
temperature.These salts are isomorphous of TMTTF salts with
a similar diadic character although less pronounced. The
inter and intrastack distances are given in Table 2.

Table 2 Interstack and intrastack distances of TMTSF
salts.

CfLO4 PF6 ASF6
Closest Se-Se
Interstack distance 3.77 3.88 3.90
&)
intrastagk distances :
d1 (A) 3.63 3.66 3.65
d, (&) 3.62 3.63 3.62
§ = d]—d2 0.01 0.03 0.03

The Se-Se distances are shorter than the Van der Waals
distance (4.0 A), in particular for the perchlorate salt,
which displays a superconducting state at ambient pres-—
sure, the two others being superconducting under a pres—
sure of several kilobars. The compactness along the stac-
king axis is also higher in TMTSF salts than in sulfur
derivatives, as referred to the Se-Se or S-S Van der
Waals distances respectively.
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We have recently measured the temperature dependence
of the g-factor and EPR linewidth of (TMTSF)2 €20, , from
room temperature down to 4 K (12). The data are shown in
figure 6. One component of the g-factor has a special
behavior : constant down to 45 K, it increases regularly
with a further temperature decrease. This increase might
be related to the presence of 1 d superconducting fluc-
tuations. The linewidth does not show any particularity :
it decreases quasi linearly as for TMITF salts with a
change in the slope around 100 K.
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FIGURE 6 Linewidth and g-factor of (TMTSF)2 C104.
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Its value is much larger than for the sulfur analogs
(compare figures 5 and 6) due mainly to the difference in
spin-orbit couplings of sulfur and selenium atoms.

For the purpose of comparison the spin-lattice rela-
xation mechanism has to be involved. In these one-chain
compounds which exhibit a temperature dependence similar
with those observed in natural metals the principal rela-
xation mechanism is the modulation of the spin-orbit cou-

pling by the phonons (12). In that case, where the ELLIOIT's

relation is valid two independent parameters have to be
considered (13)

- The g-factor shift which depends also on the spin-orbit
coupling.

- The dimensionality of the electronic system; in the ca-
se of a pure Id electronic gas ang relaxation process is
forbidden; when the electronic system is less and less 1 d
the relaxation mechanism through the phonons is more and
more efficient (7). Experimentally the observed linewidth
is more and more broadened.

To take account of the first parameter it is neces-
sary to normalize the experimental linewidth. In the case
of atoms it is known that the mean value of the g-factor
anisotropy Ag°VvZ",where Zis the atomic number. In table 3
are given the anisotropies for the diagonal terms of the
g-factor tensor in the case of the perchlorate and hexa-
fluorophosphate salts. The calculated ratio of &g’ for
selenium and sulfur compounds is very close to the atomic
ratio (Zse/ZS) = 20.39. This result means that most of

Table 3 Anisotropy of g-values at room temperature.

2
N2 Ag
Compounds Agxx Agyy Agzz Ag ie
Ags
(TMITF) \PF ~0.0003 0.0088 0.0067 0.408x10
(IMISF),PF,  -0.0123 0.0377 0.0300 8.24 x1074 20.2
(TMTTF),C20,  -0.0001 0.0087 0.0067 0.402x10™% 19.3

(TMISF),CR0,  ~0.0123 0.0367 0.0287 7.74 x10~%
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the spin density lies on the S or Se atoms. It is possi-
ble therefore to use Ag2 as a measure of the spin-orbit
coupling strength for these compounds; for a comparison
between sulfur and selenium derivatives we will use the
reduced linewidth (8/Ag?). In figure 7 these room tempe-
rature linewidths are plotted against the interstack S-S
or Se—Se distances normalized with respect to the Van der
Waals distances (see tables 1 and 2). A unique correla-
tion is observed for both series of compounds which shows
an increase of the linewidth with the interchain coupling.
A similar relationship is observed for the room tempera-
ture conductivity (figure 7) : the absolute value at room
temperature increases whereas the temperature of the con-
ductivity maximum is going down. These experimental re-
lationships show the importance of the transverse cou-
plings along b-axis and the tendency toward a 2d electro-
nic system.

AHurpyrp, ¢ 295k (gauss)
Olgg (' em™) 7 Tea (K) \\c| o TMTSeF,- X’
orl TMTTR-X’
1000F PFs cigft* S 10F \
Clggo—~ 0 Ay 2 ) s A
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Bro, // \
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// & 85"\ Pr,
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Figure 7 : Experimental relationships between the line-
width, the conductivity, the temperature of the maximum
conductivity and the interstack S-S or Se-Se distances
normalized to the Van der Waals disctance.

V - CONCLUSION

This work clearly shows that the close contacts between
sulfur or selenium atoms belonging to neighbouring stacks
influence drastically the physical properties of the com—
pounds in the series. It is striking to notice that the
less one-dimensional compound TMTSF2 - CR,O4 is also the
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only one which displays a superconducting state at am-
bient pressure. Furthermore, the bromine derivative of
TMTTF which becomes superconducting around 4 K under
25 kbar (14) is also the less one dimensional compound
in the TMITF series.

A second crucial parameter is the nature of the coun-
terion. The instabilities which occur in these compounds
depend on the symmetry and on the size of the counterion
(6). This analysis might help to orientate the synthesis
of new superconducting organic materials.

REFERENCES

1. P.Delhaes, C.Coulon, J.Amiell, S.Flandrois, E.Torreil-
les, J.M. Fabre and L.Giral, Mol.Cryst. and Liquid.
Cryst., 50, 43 (1979).

2. K.Bechgaard, C.S. Jacobsen, K.Mortensen, H.J. Peder-
sen and N,Thorup, Sol.St.Comm., 33, 1119 (1980).

3. D.Jérome, Chemica Scripta, 17, 13 (1981).

4, J.L.Galigné, S.Peytavin, B.Liautard, G.Brun,M.Maurin,
J.M. Fabre, E.Torreilles and L.Giral, Acta Cryst.

B35, 2609 (1979).

5. B.Liautard, S.Peytavin and G.Brun (private communica-
tion; to be published).

6. C.Coulon, P.Delhaes, S.Flandrois, R.Lagnier, E.Bonjour
nd J.M. Fabre (to be published in Journal de Physi-
que).

7. P.Delhaes, C.Coulon, S.Flandrois, D.Chasseau, J.M.
Fabre and L.Giral (to be published in Journal de
Physique,colloques. Proceedings of the Société Fran-
gaise de Physique, Congrés de Clermont-Ferrand) (1981).

8. J.P.Pouget, R.Comes, K.Bechgaard, J.M. Fabre et L.
Giral (These proceedings).

9. N.Thorup, G.Rindorf, H.Soling and K.Bechgaard, Acta
Cryst. To appear.

10, K.Bechgaard, K.Carneiro, F.B.Rasmussen, M. Olsen,
G.Rindorf, C.S. Jacobsen, H.J. Pedersen and J.C.Scott,
Jacs, 103, 2440 (1981).

11. F. Wudl (to be published in Phys.Rev.Letters).

12. P.Delhaes, J.Amiell, J.P.Manceau, G.Keryer, S.Flan-
drois, J.M. Fabre and L.Giral (C.R.A.S., Paris to
appear) .



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

318/674) S. FLANDROIS et al.

13. Y.Tomkiewicz, E.M. Engler and T.D. Schultz, Phys.
Rev.Letters, 36, 456 (1975).
14. S.S.P. Parkin (These proceedings).



