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The electron spin resonance of (TMTSF)yPFg
has been observed at low fields (Hgy < 110
Oe) in the high pressure, metallic phase

(p > 6.5 kbar) in the temperature range

1-4 K. The anisotropy in the g value is
similar to that observed at ambient pressure
above the metal~-insulator transition. The
linewidth is very narrow and the spin sus-
ceptibility strongly decreases as the super-
conducting transition is approached from
above. We interpret this as evidence for
singlet-paired superconductivity. Super-
conductivity is observed at 1.1 K and the
critical field has angular dependence in

the bc plane. These observations lead us

to conclude that (TMTSF)yPFg is a singlet
paired superconductor.

INTRODUCTION

Since superconductivity was first discoveredl in
the organic metal (TMTSF)3PFg the nature of the
superconductivity has been an open question,
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particularly as to whether the pairing is

singlet (s-wave) or triplet (p-wave). The prop-
erties of a p-wave coupled superconductor have
been in the literature for some time. As

Balian and Werthamer showed, the proper p-wave
state was not merely the spin-up and spin-down
pairings (S = + 1) but the full triplet state
including the non-magnetic state corresponding to
S; = 0. Unfortunately for the case of non-s-wave
pairing, most of the experimentally observable
properties of a superconductor are insensitive to
the type of coupling. An exception is the behavior
of the magnetic susceptibility and the Knight
shift. Por the case of s-wave pairing the presence
of a gap at the Fermi level below the transition
temperature, To, causes the spin susceptibility

to decrease exponentially to zero below T,. 1In
the case of p-wave pairing the existence of the

S, = + 1 states assures that the susceptibility
will remain finite below To. In fact, calculation
shows? that the ratio of the superconducting to
normal susceptibilities, XS , should be 2/3 at

temperatures well below Té? Since the Knight
shift of a nucleus in a metal is directly pro-
portional to the spin susceptibility it can be a
direct probe of X8 . Unfortunately, the weak

n

coupling of the %ethyl protons in (TMTSF)PFg

leads to a small Knight shift. We have therefore

undertaken a study of the low field electron spin

resonance in the region of T, to directly probe X8,
xn

EXPERIMENTAL DETAILS

All the measurements reported here were performed
with a continuous wave high frequency spectrometer
in the range 95-300 MHz. The spectrometer was
tuned to be sensitive to absorption. The magnetic
field Hy was provided by an Nb3Sn superconducting
split solenoid which was rotatable in one plane.
Pressures up to 10 kbar were obtained by careful
isobaric freezing4 of the 4He. The pressure bomb
was immersed in liquid 44e whose vapor pressure
could be regulated. The magnetic resonance coil
was wound directly on the sample with a rectangular
cross section to maximize the filling factor.

The sample was mounted with the highly conducting
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a axis perpendicular to the Hy plane so that the
magnetic field could be rotated in the bc plane.
Results were found to be independent of the temp-
erature and pressure cycling history of a particu-
lar sample and there was no observed cracking of
samples. The same setup could be used to measure
the electron spin resonance, critical fields in
the bc plane and To. The upper critical field,
Hoo, was defined as the field at which rf absorp-
tion was first observed. The g value was measured
by using a small sample of Qn{TCNQ), outside the
rf coil as a g marker.

RESULTS AND DISCUSSION

In Fig. 1 we show Hg2 vs 6 in the bc plane at a
temperature ~57 mK below To. Hgp is highly aniso-
tropic with a value of 15 Oe in the c direction
and ~400 Oe along b (8 = 0 is the ¢ direction]).
This anisotropy is consistent with other measure-
ments and indicates the importance of knowing

the field direction perpendicular to the a axis

in this material. One should be cautious in
interpretations of data taken in the bc plane if
the field direction is unknown.
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FIGURE 1 Angular dependence of the upper critical
field in the bc plane 57 mK below the superconduc-
ting transition

In Fig., 2 is plotted the g value in the bc
plane. The measurements agree very well with the
Pedersen, et al.® results at X-band frequencies,
ambient pressure and temperature just above the
metal-insulator (MI) transition. This result
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indicates that the detailed nature of the metallic
state is the same both near the MI transition at
ambient pressure and near the superconducting
state at high pressure.
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FIGURE 2 Anisotropy in the g value in the bc
plane at T = 1,1 K, P = 6.9 kbar.

In Fig, 3 we show our principal result, the
linewidth and absolute spin susceptibility vs
temperature at a resonant frequency of 300 MHz
(Ho = 105 Oe) and pressure of 6.9 kbar. The
field is oriented parallel to the ¢ axis. The
absolute susceptibility was determined by using
the Schumacher~-Slichter method? with the methyl
protons as the calibration.

It is important to note that the linewidth
shows little broadening so that we can rule out
the possibility of the onset of the MI transition
as the linewidth is observed to increase strongly
in that case. The spin susceptibility is ob-
served to decrease by 50% with the onset at 2 K.
What is unusual is that the onset of the decrease
in X5 is somewhat above T, and the measuring

n
fiefd is above Hgp as can be seen by reference
to Fig. 1.
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FIGURE 3 Linewidth and absolute spin suscepti-
bility as a function of temperature at 6.9 kbar

These results suggest that there are strong
fluctuations into the superconducting state above
Te. If the fluctuation interpretation is cor-
rect, then the observation that X5 decreases by

n
a factor of two as the supercondécting transition
is reached is evidence that (TMTSF))PFg is a
singlet superconductor (XS for triplet pairing

n
should be 2/3 at low tel’ttlperature).2 These ef-
fects have also been observed at éow temperature
at higher fields in (TMTSF),Cl0y4.

CONCLUSIONS

The magnetic properties of (TMTSF)2PFg in the bc
plane are highly anisotropic. We attribute the
strong decrease in XS at low temperature due

n
to fluctuations intg the superconducting state
and furthermore conclude that (TMTSF)PFg is a
singlet superconductor.

ACKNOWLEDGEMENTS

We wish to thank D. L. Overmyer and R. L. White
for their expert assistance.



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:39 21 February 2013

128/[484) L. J. AZEVEDO et al.
REFERENCES

1. Jerome, D., Mazand, A., Ribault, M., and
Bechgaard, K., J. Phys. Lett. 41, L95 (1980).

2. Balian, R. and Werthamer, N. R., Phys. Rev
131, 1553 (63).

3. Tippie, L. C., and Clark, W. G., PhD Thesis,
Dept. Physics, UCLA (1979)(unpublished).

4. Weaver, H. T., Schirber, J. E., Narath, A.,
Phys. Rev. B8, 5443 (73).

5. Andres, K., Wudl, F., McWhan, D. B., Thomas,
G. A., Nalewajek, D., and Stevens, A. L., Phys.
Rev. Lett. 45, 1449 (80).

6. Pederson, H. J., Scott, J. C., and Bechgaard,
K., Sol. St. Comm. 35, 207 (80).

7. Schumacher, R. T. and Slichter, C. P., Phys.
Rev. 101, 58 (56).

8. Bechgaard, K., Carneiro, K., Rasmussen, F. B.,
and Olsen, M., Journal American Chem. Soc.
103, 2440 (81).



