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Anomalous microwave absorption has been observed in the organic superconductor
TMTSF,AsFg (TMTSF: tetramethyltetraselenafulvalene) below its metal-nonmetal transi-
tion near 12 K. This absorption is unambiguously identified as antiferromagnetic resonance
by the excellent agreement between a spin-wave calculation and the pronounced dependence
on temperature and magnetic field orientation. This result dramatically confirms earlier
indications of magnetic ordering or spin-density waves and, furthermore, indicates that the
spin-density-wave amplitude is considerably larger than previous estimates of < 1%.

PACS numbers: 76.50.+g, 72.15.Nj, 75.50.Ee

The series of conducting organic compounds?
TMTSF,MF,, with M=P, As, Ta, Sb, and prob-
ably Nb, each appear to exhibit the same unusual
and unique behavior®™: at atmospheric pressure,
they are metallic with the conductivity along the
stack rising from ~10° Q7' em™ at 300 K to ~10°
Q"' ecm™! near 20 K, below which there is a tran-
sition to a nonmetallic state. Under pressure,
the temperature (12-18 K) of this transition is
rapidly decreased toward 1 K, Above 6.5-11
kbar (depending on the compound), the nonmetal
state has disappeared and the material has be-
come superconducting with 7, ~1 K, In this pa-
per, we shall focus on the nature of the nonme-
tallic state at amospheric pressure of TMTSF,-
AsF¢, in which we have observed antiferromag-
netic resonance (AFMR). This observation rep-
resents the culmination of the growing evidence
that in the nonmetallic phase these materials
have an antiferromagnetic or spin-density-wave
(SDW) ground state: Initially, it was found' that
the PF, salt showed no large decrease in the high-
field static susceptibility below its metal-nonme-
tal transition, contrary to what is found for
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Peierls transitions, Pedersen, Scott, and Bech-
gaard,* however, found that the electron-spin
resonance (EPR) intensity did vanish in this non-
metallic phase. Susceptibility measurements by
Scott, Pedersen, and Bechgaard” and by Morten-
sen and co-workers®?® revealed the field depen-
dence and anisotropy of y as arising from a spin-
flip transition, often found in classical antiferro-
magnets. Other evidence has come from meas-
urements of EPR at high-power levels,'° and
from NMR on both Se'!* and protons.'**'? The ex-
periments reported here clearly and dramatical-
1y confirm these earlier indications. Further-
more, they make it possible to obtain a quantita-
tive estimate of the magnetic anisotropy, which
suggests that the amplitude of the SDW is consider-
ably larger than the previous estimate!! of <1%,
It is also important to mention parallel measure-
ments by Walsh et ¢l.'® which appear to reveal
AFMR, and hence SDW, in the related compound
TMTSF,CIO,. :

AFMR is well known in insulating systems with
localized spins. For a linear chain of such
spins, S;, the behavior is well described by using
a spin Hamiltonian, such as

(1)

where J is the antiferromagnetic interaction be- l
tween the spins along the chains. Since the struc-
ture of these materials is triclinic, we have in-
cluded the most general form of the anisotropy,
using D and E as parameters, where D repre-

sents the hard-axis anisotropy and J, D, E >0,

Note that the easy, intermediate, and hard axes

are z, ¥, and x, respectively, and the special

cases of D=FE and E =0 correspond to the uni-
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axial and easy-plane limits, respectively. (We
shall find that TMTSF,AsF, is near the latter

limit.) The Hamiltonian (1) is usually used for
localized spins, but in TMTSF,AsF, the spins
are clearly not localized on individual sites.

example, in the nonmetallic phase at 4 K, the
conductivity is still ~102 Q"' em™, It is impor -
tant to recognize that Eq. (1) also applies to the

For
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spins in a partially filled Hubbard model with
strong Coulomb interactions®® and to other gen-
eral spin systems.'® Thus, we empirically use
Eq. (1), with empirical parameters, and make a
conventional spin-wave calculation.

The experiment is performed by placing a
single crystal (or pair of aligned crystals) of
TMTSF,AsF; (~500 ug) into a @-band microwave
cavity and measuring the power absorbed in the
sample. An external magnetic field, H, is ap-
plied and the sample absorbs when the frequency
of one of the AFMR modes is raised by H up to
the @-band frequency (35 GHz). The cavity ab-
sorption is recorded as a function of the external
field, as in Fig. 1(b), showing examples of the
AFMR absorption, which is weak and broad (~1
kOe wide). The resonance behavior is then char-
acterized by the dependence on the magnitude and
orientation of H, . required for resonance, A dis-
cussion of the AFMR results is best divided into

analyzing separately the results for the three
principal field orientations.

For the external field applied along the easy
axis (z ~b’ from Ref. 9), the spin-wave predic-
tions are shown in Fig. 1(a). At zero field there
are fwo AFMR modes £, and Q.:

r2Q . 2=(D+E)1%J,

hiQ_2=2Em%J, (2)
where we have included two factors of 7/2 to ac-
count for the zero-point spin fluctuations.of S=3
in one dimension.'® (In the special case of uni-
axial anisotropy, D=FE and these modes would be
degenerate at H=0,) In the presence of an ap-
plied field H ||z, these modes shift as shown.

The lower resonance is driven to zero frequency
at H =H ;¢, the spin-flop field, and the spins flop
from being along z to being along y. At T=0, the
theory predicts yH s =§2_, where v is the gyro-
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FIG. 1. (a), (o),

and (e) Calculated dependence of spin-wave frequencies for H along easy (z),

60)

hard (x), and

intermediate (y) magnetic anisotropy axes, respectively; (b) typical absorption vs field scan, showing observed

resonances;

perature dependence of , (triangles) via Eq. (3);

(d) observed resonance field (circles) vs temperature for H along the hard axis, which gives the tem-
(f) angular variation of observed (squares) and calculated (solid

curve) resonance field for H near intermediate axis (#'=gH/2).
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magnetic ratio. H; has been measured® from
the field dependence of x to be ~4.5 kOe. In our
measurements for H|/z, we have not found the
absorption expected [Fig. 1(a)] for H >H ¢, but
we have seen the absorption near H =0 associated
with the upper mode.

The absorption of this upper mode is seen more
clearly for H along the hard direction [Fig. 1(c)],
in which case the upper branch increases in fre-
quency, while the lower branch remains field in-
dependent. In TMTSF,AsF; at 4 K, Q, is acciden-
tally slightly above the @~band microwave fre-
quency. In order to decrease 2, so that the reso-
nance could be observed away from H ~0, it was
necessary to increase the temperature. Thus,
the resonance field, H,.;*, was measured versus
T and is shown by the circles in Fig. 1(d). From
these data and the resonance condition

(.UQ2=Q+2(T)+[7xHresx(T)]z’ (3)

we can calculate Q,(7T), shown as the triangles,
in Fig. 1(d). Extrapolating these values to 7=0,
we obtain an ambiguous measure of 2.(0)/y
=12.6 kOe. We also learn that the hard axis is
close to c*, as had been suggested by Mortensen,
Tomkiewicz, and Bechgaard.®

Finally, the case of the external field applied
along the intermediate (y) axis is shown in Fig.
1(e). Here the upper mode is field independent,
while the frequency of the lower mode increases
with increasing field. In this configuration, a
resonance is observed [Fig. 1(f)] at 11.8 kOe at
4,4 K. Using a relation similar to Eq. (3), we
find Q_/y =4.4 kOe, which compares favorably
with the value® of H s =4.5%0,3 kOe.

The angular dependence in the a-c plane [Fig.
1(f)] does not have the simple cos® or 1/cost
behavior, but is more pronounced, with a sharp
drop in the resonance field to half of its value
when only 10° away from the y axis. Equally
striking are the results from the calculation: for
H in the x -y plane, the two modes hybridize and
become mixed modes as seen in Fig. 1(e). The
hybridization gives rise to the calculated angular
dependence shown as the solid line in Fig, 1(f).
The excellent agreement for such pronounced
features as the angular dependence and the tem-
perature dependence [Fig. 1(d)] insure the valid-
ity and uniqueness of the identification and inter-
pretation of these modes as AFMR. They also
demonstrate the appropriateness of this spin-
wave theory and the use of Eq. (1) for empirical-
ly describing the results. A somewhat similar
resonance has been discovered in TMTSF,ClO,

by Walsh et al.,'® in a parallel study, although
the angular dependence of the C10, compound is
less pronounced and the analysis is complicated
by significant deviations of the principal magnetic
axes from the crystallographic axes.

The principal result of the AFMR experiment
on TMTSF,AsF, is the values measured for the
two resonance modes at zero field:

2,=(12.6 kOe)/y=35.3 GHz=1.18 cm™;
§2_=(4.4 kOe)/y=12.3 GHz=0.41 cm™*,

The value of the empirical coefficient of $-Sin
Eq. (1), J, is related'® to the magnitude of the
spin susceptibility by the relation Jy=2N,ug?/7?,
independent of the assumptions of the origin of ¥,
Eq. (1). Using the experimental values for Q,,
Q., and x=1.25%10"* emu/mole at 20 K,°® we
obtain from Eq. (2)

Texp:=604 K, Dy =4.5X10™ K,
E p=0.3X107* K

as the experimental values for the empirical pa-
rameters in Eq. (1).

Since Fig. 1 shows such a clear observation of
AFMR with such quantitative agreement between
Eq. (1) and experiment, one might hope to be able
to draw some quantitative conclusions about
such controversial questions as the amplitude of
the SDW and the relative magnitude of the Cou-
lomb interaction (¥) and the bandwidth (4¢) in
TMTSF,AsF,. Unfortunately, this is not at all
easy since the results in Fig. 1 are general con-
sequences™® of the long-wavelength, quasihydro-
dynamic solutions to Eq. (1) and are not dependent
on assumptions of the amplitude of SDW or of the
detailed spin structure. That is, they would have
been seen if the SDW amplitude were 107 or 1,
The information about the electronic interactions
does not come from the existence of the AFMR
itself, but from the magnitude of the parameters.
The magnitude of x, however, is not very sensi-
tive'” (in this case) to the value of U/4¢, since
it can be accounted for by a range of possible
values of U (0<U<1 eV) with a reasonable esti-
mate for 4¢~1 eV,

The values of D and E are much more sensitive
to these interactions. If we assume that this
anisotropy is primarily due to dipole-dipole
interactions between spins, we can compare cal-
culated D and E with the experimental values.
For the maximum amplitude SDW, with spins
localized on every other TMTSF molecule, Metz-
ger'® has calculated the contribution to the di-
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polar anisotropy from a pair of localized spins
along the stack. He finds a hard axis along a
and D ;. =59%x10™ K with a much smaller E
term. Since the magnitude of D should go as the
square of the SDW amplitude, a SDW with ~1%
amplitude, as previously estimated,'’ would be
expected to give D ~0,06 x10* K or about 700
times smaller than Dy, . Thus, it appears that
a much larger amplitude (10%-20%) SDW is nec-
essary in order to account for the order of mag-
nitude of the large anisotropies determined from
the AFMR measurements.

In conclusion, we have observed unusual micro-
wave absorption in the nonmetallic phase of
TMTSF,AsF,;. The strong temperature and angu-
lar dependences, fitted by a conventional spin-
wave theory, clearly prove that this absorption
is antiferromagnetic resonance, observed here
for the first time in an organic solid. This ob-
servation provides clear confirmation of earlier
suggestions and indications that the nonmetallic
phase in the TMTSF X F, salts is antiferromag-
netic. The existence of this magnetic ground
state emphasizes the importance of Coulomb
interactions in these as well as other organic
solids.'® In this case, what is particularly re-
markable is that this antiferromagnetic phase
exists adjacent to a superconducting phase. This
fact emphasizes the unique nature of the proper-
ties of these materials, and raises questions
about the mechanism of the observed supercon-
ductivity.
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