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Below 5.5 K minimally strained crystals of (TMTSF),ClO, (TMTSF: tetramethyltetrasel-
enafulvalene) exhibit vanishing spin-resonance intensity and reduced conductivity at low
microwave power. More intense microwave electric fields along the needle axis nonlinearly
restore both the resonance signal and the conductivity, indicating the presence of charged
spin-density waves. Very anisotropic antiferromagnetic resonances are observed at 1.6 K,
confirming that an itinerant spin-density-wave state precedes the onset of superconductivity

at 1.3 K.

PACS numbers: 76.50.+g, 72.15.Nj, 74.70.Lp, 76.30.Pk

Organic conductors containing segregated
stacks of planar donor and/or acceptor mole-
cules exhibit maximum electrical conductivity
in the stacking direction and usually undergo
charge-density-wave (CDW) transitions to semi-
conducting ground states when cooled to ~50-
200 K.' The essentially isomorphous series of
Bechgaard salts (TMTSF),"X"~ (where TMTSF is
the organic donor tetramethyltetraselenafulvalene
and X is one of many inorganic complex mono-
anion groups such as PF,, AsF,, ClO,)is remark-
able, inter alia, in that the maximal conductivity
along the stacks of TMTSF%** donors continues
to improve down to much lower temperatures.”
When X =PF,” or AsF;~ metal-semiconductor
transitions do occur below ~ 12 K but these ap-
pear to result from weak pinning of charged spin-
density waves (SDW) rather than CDW instabil-
ities.® ® The most direct evidence for the SDW
state of the AsFy salt is provided by the observa-
tion of antiferromagnetic resonance (AFMR) by
Torrance, Pedersen, and Bechgaard.® Whether
the SDW state is, or is not, suppressed before
the onset of superconductivity (SC) near 1K in
the PF, and AsF, salts under pressures = 6 kbar
is of considerable interest.'® '

The discovery of superconductivity at ambient
pressure®® below ~ 1.3 K in (TMTSF),C10,, coup-
led with weak resistive indications of a SDW
transition below ~ 6 K,'*1* suggested that the per-
chlorate salt offered a unique opportunity to ob-
serve competing magnetic and superconducting

interactions among the itinerant holes. Here we
report the disappearance of the conduction-hole
spin resonance of (TMTSF),C10, below 5.5+ 0.5 K
and its nonlinear restoration accompanied by var-
iations of the microwave conductivity.'® These
are qualitatively similar to the nonlinear micro-
wave phenomena which signaled formation of the
SDW states of the PF, and AsF, salts.® Even
more striking, however, is our observation of
highly anisotropic antiferromagnetic resonances
at 1.6 K, qualitatively similar to the signals
found in the AsF, salt.® Thus, in the perchlorate,
we have unambiguous evidence of sequential tran-
sitions from a normal, albeit very anisotropic,
metallic state above 5.5 K to an itinerant antifer-
romagnetic (SDW) state followed directly by su-
perconductivity below 1.3 K.

Crystals of (TMTSF),C10, were prepared elec-
trochemically from distilled 1,1, 2-trichloro-
ethane (stored over alumina) by using twice-re-
crystallized tetrabutylammonium perchlorate as
supporting electrolyte. The TMTSF donor was
purified by successive gradient sublimations at
10"% Torr. Growth at 1-2 A over a 2-3 week
period produced crystals of various sizes. Crys-
tals having typical dimensions 6x 0.5x 0.2 mm®
in the @, b’, and &’ directions,'® respectively,
yielded the clearest results when individually in-
serted without adhesive in a rectangular glass
capillary tube which was then greased on the wall
of a rectangular microwave cavity resonant at
~12 GHz (TE,,,) and ~ 17 GHz (TEy,). The ef-
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fects to be described were reproducibly observed
with crystals from two growth batches but only
during the initial cryogenic run for each crystal.'”
Superconductivity was verified in both batches

via resistivity and Meissner-effect measure-
ments.

The g tensor and linewidth of the conduction-
hole spin resonance (CHSR) determined at 12
GHz and temperatures of 295, 150, 80, and 20 K
agreed with Scott’s results.’® At 4.2 K in mini-
mally strained crystals no CHSR could be detect-
ed when using low microwave power (<1 mW).
When crystals were oriented with their ¢ axis
parallel to the weak microwave electric field
near the cavity wall spin resonance could be re-
stored (“resurrected,” see Fig. 1) above a thresh-
old field estimated to be ~30 mV/cm in the skin-
effect region. The estimate is particularly crude
because the microwave conductivity also changed
significantly in the same range of microwave
electric-field strength (see Fig. 1), becoming
more conducting as the CHSR was restored.
Above the transition region both the spin reso-
nance susceptibility and microwave conductivity
remained roughly constant. With use of a heated
cavity it was found that these nonlinear effects
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FIG. 1. Nonlinear response of a minimally strained
crystal of (TMTSF),ClO, at 4.2 K to 12-GHz electric-
field excitation along the @ axis. The solid circles
show the change in reflected level as a function of mi-
crowave power incident on the cavity; the deviation
from square-law behavior above 1 mW is due to de-
creased loss. The open circles show the nonlinear
“resurrection’” of the donor-stack spin resonance sus-
ceptibility, undetectable below ~2 mW (16 dB), to its
value above the onset of nonlinear behavior at 5.5
+0.5 K.
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became undetectable above 5.5+ 0.5 K, close to
the temperature at which dc-conductivity evi-
dence of SDW onset was reported.'®*!* Crystals
believed to be strained did not display the rela-
tively sudden recovery shown in Fig. 1 but some
broad regions of nonlinearity in spin resonance
intensity were often observed. It is important to
emphasize, however, that all the spin signal dis-
appears below threshold in minimally strained
crystals. Thus all the spins and, therefore, all
the carriers enter a collective state, presumably
SDW, even though the conductivity decreases on-
ly a modest amount. Evidently the perchlorate is
a truly itinerant-electron antiferromagnet.'®

At lower temperature (1.6 K) we were unable to
restore the normal-state spin resonance. How-
ever, a new signal linear in the microwave pow-
er was discovered. This resonance had roughly
% the intensity of the normal CHSR, was about 4
times broader (30 G full width at half maximum),
and had an extremely “metallic” line shape, i.e.,
was nearly antisymmetric. The signal was strong-
ly anisotropic both in the field for resonance and
in its coupling to the microwave magnetic field,
in a manner consistent with an orthorhombic anti-
ferromagnetic resonance description.®

Scans in the a-b’ plane [ Fig. 2(a)] at 17 GHz
yielded a roughly sinusoidal anisotropy pattern
whose minimum and maximum resonance fields
occurred ~ 30° from the & and b’ axes, respec-
tively. No such signal could be detected at 12
GHz. Scans made in the a-c’ plane yielded no sig-
nals at either frequency. However, when the sam-
ple was rotated ~ 15° out of the magnetic field
plane around the ¢’ axis the extremely anisotrop-
ic pattern shown in Fig. 2(b) was readily observed
at 12 GHz (but not at 17 GHz despite repeated ef-
forts). When the data are plotted for both 6 and
— 0 measured from the minimum resonance field
H .., their average follows H;,/cosf quite ac-
curately. The minimum position occurred 15+ 2°
from a’, the projection of the crystalline ¢ axis
on the scanning plane, The signal could be fol-
lowed out to 6 =+ 75° where the anisotropy was so
rapid (>800 G/deg) that the line broadened and
weakened below detection, presumably due to
~0.2° of mosaic spread.

These anisotropies differ qualitatively from
those observed by Torrance efal. in the AsFy
salt but also prove to be consistent with an or-
thorhombic antiferromagnetic Hamiltonian with
rather similarly oriented axes.® The apparent
differences arise primarily from our use of low-
er microwave frequencies lying near Q. in the

2



VOLUME 49, NUMBER 12

PHYSICAL REVIEW LETTERS

20 SEPTEMBER 1982

8.0

(a)

751

701

65

RESONANCE FIELD (kG)

60 --——__ -

55 A

b

50 |1lntlllIlrlluulllllltlllIllJllIll

90’ 75" 60° 45°30° 15" 0° -15° -30°-45° -60°-75°
MAGNET ORIENTATION

L

8.0

75

70

65

6.0

55

L et e B L B L

o
=3

L e e

RESONANCE FIELD (KILOGAUSS)

45

40-
35
t/ Y
3_0llLIJ_[(JIlI|llfl\|iTllIl|ll!\\Jll|l

-90 -756 -60 -45 -30 -5 O 15 30 45 60 75 90
MAGNET ORIENTATION (DEGREES)

FIG. 2. Antiferromagnetic resonance anisotropies
observed at 1.6 K in minimally strained (TMTSF),ClO,
crystals. (a) In the a-b’ plane at 16.99 GHz a roughly
sinusoidal variation greatly exceeds the normal CHSR
anisotropy (dashed curve) and shows the projections of
the intermediate (y) and easy (z) axes to be rotated
~30° from 4 and 5’. (b) An 11.4-GHz scan of the plane
a’-¢' rotated ~15° out of a-¢’ (see inset) reveals an
inverse cosine anisotropy relative to the projection of
y ~15° from a’. The divergences result from proximity
to the magnetic hard axis (x). The open circles are
the experimental points (solid circles) replotted re-
versed in angle to emphasize the slight asymmetry.

gap between the two zero-field AFMR modes and
intersecting only the lower AFMR branch.'® As
shown in the inset of Fig. 2(b) the experimental

a-b’ and a’-c¢’ scans were near the y-z and y-x
principal magnetic planes. The divergent reso-
nance fields of Fig. 2(b) mark the close approach
to the hard X axis. The minimum resonance
fields in each scan occur along the projections

of the intermediate y axis where yH ;= (@*

- Q.%)Y2, The maximum field of Fig. 2(a) lies
along the projection of the easy z axis where

vH .= (@®+ Q%)% Approximately correcting
the observed extrema for the misorientations we
deduce ©_/y =3.1+0.1 kG for the lower zero-field
AFMR frequency, quite comparable to the value
4.4 kG in the AsF, case.’

While it is not possible to determine §2,/y from
the data of Fig. 2 a lower bound of 10 kG is re-
quired to avoid marked deviations from the ob-
served anisotropies. Clearly further experiments
at higher frequencies and other temperatures
will be required to measure the T - 0 values of
Q, and .. As is evident from the discussion of
the measured anisotropy fields of the AsF, salt,
however, quantitative interpretation of these pa-
rameters will be difficult, particularly so in view
of the very appreciable rotation of the principal
magnetic axes with respect to those of the Cl10,
crystal.

It is more important at this time to emphasize
that the a-axis conductivity of (TMTSF),ClO,
mains of order 10"® (2 cm) ! in the temperature
range where the AFMR is observed. Thus a very
itinerant form of antiferromagnetism has been
verified. It is quite distinct from the electron-
hole annihilation of major sheets of Fermi sur-
face as occurs in chromium metal where residu-
al conductivity below the ordering temperature
results from other carriers. In (TMTSF),ClO,
the entire mobile carrier population enters a
charged spin-density-wave ground state which is
barely less conducting than the normal metallic
state. Even more surprising is the unambiguous
intersection of such a magnetic phase observed
at 1.6 K with superconductivity below 1.3 K.%°
The possible coexistence of two such forms of
electronic order is now the most interesting open
question.?® #?

We have benefited from discussions with nu-
merous colleagues, especially W. F. Brinkman,
M. C. Cross, E. Fenton, P. A. Lee, G. A,
Thomas, and L. R. Walker.

'The Physics and Chemistry of Low Dimensional
Solids, edited by L. Alcacer (Reidel, Dordrecht, 1980).
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