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Nuclear resonance and relaxation in ditetramethyltetraselenafulvalenium salts
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NMR (60-MHz) T l and T2 data for tetramethyltetraselenafulvalenium salts,
(TMTSF)qC104 and (TMTSF)2FSO3, over the temperature range 75 —300 K, are presented

and discussed along with existing data for the isostructural hexafluorophosphate salt.
Molecular-motional assignments in (TMTSF)2PF6 are revised in the light of the new data
on the C104 and FSO3 salts. Tl minima in the (TMTSF)2PF6 salt within the tempera-

ture ranges 55 —80 and 18—24 K are considered to manifest behavior of two species of
methyl group, each with a characteristic barrier height to the onset of molecular motion.
The sensitivity of proton linewidth to sample orientation is demonstrated for the

(TMTSF)2X family of salts.

INTRODUCTION

An increasing amount of experimental evidence
attests to the remarkable properties of the di-
tetramethyltetraselenafulvalenium (TMTSF) salts
first synthesized by Bechgaard and others. '

Magnetic resonance techniques have been informa-
tive. ' ' ' "For example, NMR measurements on
the hexafluorophosphate salt (TMTSF)zPF& are be-

lieved to corroborate the presence of an antifer-
romagnetic order below the metal-insulator transi-
tion temperature TMI ——12.5 K. ' ' This tempera-
ture delineates markedly different NMR behavior
above and below the transition. The linewidth is in-

homogeneously broadened below TM~,
' the Se

resonance "vanishes, " and abrupt changes in T~ oc-
cur. ' ' Phenomena in the vicinity of TM& have
been interpreted in terms of the presence of a spin-

density wave in the salt. The Korringa-type
behavior, where Tj ~ T ' between 15 and 25 K, ob-
served by Andrieux et al. , does not figure in the
subsequent data of Scott et al. '

Nevald and co-workers' observed a change in the
'9F linewidth of (TMTSF)&PF6 at 70 K which has
been attributed to the onset of PF6 rotation. An-

drieux et al. , on the other hand, interpreted these
' F data in terms of a disordering of PF6 ions at
temperatures above 70 K. Some ordering is be-

lieved to set in below this temperature while still re-

taining free rotation. Structural measurements by
Bechgaard et al. ' have been interpreted in terms of
ordered PF6 ions at room temperature and they al-

ternatively suggest that the change in linewidth at
70 K may be due to a change in electronic states.
There is evidence that PF6 is disordered at room
temperature in our samples. This aspect of our
work will be reported in a planned future publica-
tion.

As well as the change in T& near 12.5 K, attribut-
ed to Auctuations in the spin density, there are two
additional minima in Tj versus temperature in the
PF6 salt. Typically, at 10.5 MHz, T& minima are
observed at -20 K and -58 K, respectively. '
The former is frequency dependent and is assigned
to methyl group motion; the latter is reported to be
frequency independent (within the range 10.5 —20.2
MHz) and is assigned to 'H-' F interactions with

the further suggestion of a structural phase transi-
tiori involving rearrangement of CH3 and PF6
groups. '

In this paper we report NMR T& and T2 data for
two isostructural members of the (TMTSF)2X fami-

ly of salts, namdy, X=FSO3 and C104 . The
aim of this work is twofold: First, to seek further
information on the transition at 86—89 K observed
in conductivity, magnetic susceptibility, and ther-
mopower measurements on (TMTSF)qFSO3 (Ref.
12), and second, to examine the molecular motional
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assignments of Scott et al.s' in (TMTSF)2PF6 in
the light of our data and the well-studied charac-
teristic behavior of methyl groups at low tempera-
tures. '4 26

EXPERIMENTAL

10
8
6

The crystals were grown by electrocrystallization'
in trichloroethane. The electrolyte was the tetrabu-
tylarnmoniurn salt of FSO3 or C104 . The latter
was grown from chlorobenzene as solvent. Crystal
growth was allowed to proceed over a period of
weeks at 9'C and 30—50 pA current using dry cells
as power sources. Harvesting of crystals was done
without special precautions other than the use of
purified methylene chloride to wash off the excess
electrolyte. The crystals were introduced into sam-

ple tubes suitable for NMR study, evacuated, and
sealed.

T~ and T2 proton resonances were recorded on a
modified Bruker spectrometer operating at 60 MHz
with a recovery time of -5 ps. A Commodore

PET computer was used to signal average the
weak resonances from the small quantities (50 mg)
of material available. The 90'-r-90' solid echo se-

quence, with r =9 ps, generated an approximation
to the complete free indu-ction decay (FID) from
which T2 was chosen as the time at which the sig-
nal decayed to 1/e of the initial observed intensity.
The 180'-~-90' sequence provided T&. Tempera-
ture stability was +1 K over the temperature range
73—300 K of our measurements.

RESULTS AND DISCUSSION

Proton T& and Tz data for the C104 and FSO3
salts are presented as a function of temperature in

Fig. l. It is first noted that our T2's are appreciably
longer than the linewidth data of Andrieux et al.
and Scott et al. ' for the PFs salt. Typically,
Scott et al. report a linewidth of 6 G and T2 ——11

ps between —12 K and room temperature, while
Andrieux et al. report a somewhat greater
linewidth. Preliminary measurements on the PF6
in our laboratory indicate proton T2's of —18 ps at
comparable temperatures. The discrepancy between
the two earlier sets of data has been attributed to
the different resonant frequencies of the two experi-
rnents. There may be alternative explanations. In
the past similar discrepancies have been associated
with the recovery time of the spectrometer: The
magnitude of short Tz's is sensitive when the latter
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FIG. 1. Tl and T2 data at 60 MHz for the two
(TMTSF)2X salts: For X=C104, T2 (Q) and Tl (L); for
X =FSO3 T2 (0) and T~ (o).

M2(A) Tg(B)

M2(B) T2(A)
=1.78 .

is determined from the FID following a single 90'
pulse rather than the solid echo sequence. It may
be noted too that the motion of the methyl groups
in the (TMTSF)2X crystals is spatially highly aniso-
tropic. Different linewidths will usually result from
samples of different morphology. Earlier measure-
rnents were performed on polycrystalline powder
samples (denoted case 2) while measurements re-
ported herein relate to needlelike crystals stacked al-
most vertically in the NMR sample tube (case B).
On the reasonable assumption that intracontribu-
tions dominate methyl-group relaxation, classical
rotation (or an equivalent tunneling mechanism)
will lead to a reduction in the rigid lattice second
moment for a powder, M2(A ), by a factor of 4. For
an array of crystals arranged vertically in the mag-
netic field Ho the symmetry axes of the (rotating)
methyl groups in the TMTSF salts are randomly
disposed about the vertical axis which is perpendic-
ular to Ho. Under these circumstances the second

5
moment M2(B) is reduced by a factor of —rather

I
64

than —„,and therefore
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FIG. 2. Collated T~ data for the (TMTSF}2X salts. Scott et al. (Ref. 10} suggest that their low-temperature data at
10.5 MHz may require a temperature correction of the order indicated. vo ——10.5 MHz (0};14.9 MHz (Q}; 20.2 MHz
(E3); 45.0 MHz (V); 60.0 MHz (I,+).

Thus while other possible explanations may be in-
voked, differences in linewidth data can be rational-
ized in terms of orientational differences in the
samples studied. Note that spin diffusion is respon-
sible for the observation of comparable T2's.

Below -200 K, the FSO3 and C104 salts exhi-
bit identical T& versus temperature behavior indi-
cating that methyl-group motion dominates relaxa-
tion, and that the formation of the T& minimum at
-80 K is therefore insensitive to the ' F nucleus in
the FSO3 salt. This statement will be generalized
later to include the PF6 salt in this temperature re-
gion.

The transition observed at 86—89 K in the
FS03 salt does not show up in any clear way in
the NMR data. This temperature region unfor-
tunately coincides with the rapid rise in T& on the
high-temperature side of the minimum (-80 K).
The T2 data suggest the presence of a small in-
crease, of the order of 0.5 ps, in the 86—89 K tem-
perature region, but this observation is speculative
at best in view of the scatter in the T2 result. Note,
however, that (TMTSF)2FSO3 exhibits a weak T2
transition at -250 K which does not show up in

the data for (TMTSF)zC104. There is a concomi-
tant decrease in T~ versus temperature at a rate
which is more rapid than that observed in the C104
salt, again indicating enhanced relaxation in the
FSO3 salt. It is interesting to note the upturn in
T2 versus temperature in this temperature region in
the measurements of Scott et al. ' on the PF6 salt.
Motion of the ' F nucleus or a change in the elec-
tronic states are likely causes. Berthier et al. ' have
showed that the electronic contribution to T& in the
related material (tetramethyltetrathiafulvalene tetra-
cyanoquinodimethanide) TMTTF- TCNQ(D4) in-
creases with temperature and attains a rate of 5 s
at 300 K. A similar mechanism may well operate
in the (TMTSF)2X salts. Alternatively, or con-
currently, the ' F nuclei may be contributing to T&
relaxation.

Let us now turn to a consideration of the proton
T~ behavior in (TMTSF)2X salts for which the
available experimental data are depicted as a func-
tion of inverse temperature in Fig. 2. The appear-
ance of two and, on occasion, three T& minima is
not an uncommon manifestation of methyl-group
behavior. ' Tunneling theory predicts two mini-
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ma, corresponding to E-E and A-E transitions,
which are resolved at sufficiently high tunneling
frequencies (&0.5 6Hz). Of course, multiple
minima can also arise from the presence of different

types of methyl groups with characteristic barrier
heights to the onset of motion. Indeed, 1,2,4-

trim ethylbenzene, which, in common with

(TMTSF)2PF6 has two species of methyl group, ex-

hibits a T~ versus temperature response that is gen-
erally similar to that portrayed in Fig. 2.3 (There
may well be another minimum associated with
methyl-group behavior at temperatures & 18 K.
However, no attempt will be made to interpret
events in this temperature region in view of the ad-
ditional complications arising from the metal-
insulator transition. ) Assignment of the observed
minima to different types of methyl group in
(TMTSF)2PF6 clearly provides the most straightfor-
ward interpretation of the T~ response.

Recently Clough et al. have demonstrated that
tunneling phenomena may be interpreted in terms
of a "universal law" that takes no account of the
phonon spectrum of the host lattice. The law is
based upon the strong correlation between the bar-
rier height V (or tunneling frequency), the rate con-
stant w

' for thermally activated methyl-group
reorientation, and the absolute temperature e. In
simple terms the tunneling frequency for different
species of methyl group, reorienting independently,
may be deduced from the temperature 8;„, at
which a T& minimum occurs. The validity of this
approach has been tested satisfactorily for a sizable
number of methyl-containing materials character-

ized by widely different phonon spectra.
For example, consider the 20.2-MHz data for

(TMTSF)2PFs for which 8;„is 23+ I K and 56+2
K, respectively. The corresponding tunneling fre-
quencies are 1.5+0.3 GHz and 82+12 MHz. The
fact that the ratio of the tunneling frequencies is
comparable to the ratio of the magnitudes of the
corresponding Tj minima implies, albeit to a con-
siderable approximation, that the two species of
methyl groups are present in equal numbers. "' '

In short, the shallow minima in the temperature
range 18—24 K are a consequence of large tunnel-

ing frequencies, while the higher-temperature mini-
ma at 55 —80 K more nearly conform to a
Bloembergen-Purcell-Pound description. The
I.orentzian character in both temperature regimes is
consistent with current theories of tunneling.

The spin-spin relaxation time manifests its usual
behavior in that motions that are fast compared to
the linewidth will produce narrowing. Thus when
the tunneling rate also exceeds the linewidth (-100
KHz), narrowing will be observed, as is the case
here.

In summary, the earlier interpretation of the T~
minimum at 58 K in (TMTSF)2PF6 in terms of
heteronuclear 'H-' F interactions is rejected and an
alternative description in terms of methyl-group ro-
tation is proposed. The transition observed at
86—89 K in (TMTSF)2FSO3 does not figure in any
distinctive way in NMR T& or T2 data. Variations
in linewidth data from different laboratories for the
PF6 salt can be reconciled on the basis of orienta-
tional differences in the samples studied.
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