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Kell Mortensen

Physics Laboratory III, Technical University of Denmark, DK2800 Lyngby, Denmark *
and IBM T. J. Watson Research Center, Yorktown Heights, New York 10598

Yaffa Tomkiewicz
IBM T. J. Watson Research Center, Yorktown Heights, New York 10598

Klaus Bechgaard
Department of General and Organic Chemistry, H. C. @rsted Institute,
University of Copenhagen, DK2100 Copenhagen, Denmark
(Received 8 September 1981)

The anisotropy in the static magnetic susceptibility of bis-tetramethyltetra-
selenafulvalene hexafluoroarsenate [(TMTSF),AsF¢] has been investigated above and
below the metal-to-insulator transition for a range of fields between 0.5 and 30 kG. The
results are consistent with the expectations of a simple antiferromagnet with easy, inter-
mediate, and hard axes close to the crystallographic b*, a, and c* directions. Below the
transition temperature T,=12 K, a spin-flop transition is seen. The temperature depen-
dence of the spin-flop critical field H.=4.5 kG is insignificant. Above the transition
temperature, evidence for magnetic crossover is observed. The experimental results show
(TMTSF),X, X ~=AsF¢~ and PF¢~ to be members of a family with quite similar physi-
cal properties. The data are discussed on the basis of Overhauser’s treatment of itinerant

antiferromagnetism.

I. INTRODUCTION

Since the class of organic conductors of the
form (TMTSF),X, based on the tetramethyl-
tetraselenafulvalene (TMTSF) molecule was first
synthesized in 1979,' it has attracted extensive in-
terest. The compounds exhibit a variety of physi-
cal properties, which are different from those ob-
served in other organic linear compounds. A series
of the materials, where X ~ is any of the symmetri-
cal octahedral anions containing fluorine, PF¢~,
AsF¢™, SbF¢™, and TaFg~, has been reported to be
superconducting at moderate hydrostatic pressure
of 6.5 kbar in the (0.4 —1.5)-K region.>~> At am-
bient pressure, these materials undergo a metal-to-
insulator (MI) transition close to 12 K.! Below the
transition temperature, however, the dc conductivi-
ty remains relatively high. The experimental re-
sults for salts with tetrahedral anions containing
oxygen are more divergent. While (TMTSF),ClO,
remains metallic down to 1.3—1.5 K, where a
transition into a superconducting state occurs,®

(TMTSF),ReO, undergoes a MI transition at 182
K (Ref. 7) and (TMTSF),10, is insulating already
at room temperature.®> Another tetrahedral X ~
salt (TMTSF),BF, is insulating below 39 K.

The hexafluorophosphate salt has been most in-
tensely examined. It was shown that magnetic and
transport properties in the low-temperature insulat-
ing phase exhibit anomalous behavior. At the
transition temperature T, the electron paramagnet-
ic resonance (EPR) susceptibility was observed to
disappear very sharply,” whereas only minor effects
were detected in static susceptibility measure-
ments.!° Moreover, it was shown that both the
dc conductivity and the spin paramagnetism are
drastically affected by small electric fields for
T <T,.""!2 These observations led to the specula-
tion that a spin-density wave might be responsible
for the MI transition. Subsequently, direct evi-
dence for magnetic ordering was found in static
susceptibility measurements.!®* The static suscepti-
bility showed an anisotropy and a spin-flop transi-
tion characteristic of an antiferromagnet having an
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easiest axis in the plane perpendicular to the stack-
ing axis. Since the work on (TMTSF),PF,, howev-
er, was done on an ensemble of crystals which were
aligned only along the stacking axis a, these previ-
ous data did not uncover the orientation of the
easy axis.!> (TMTSF),PF, was also studied by use
of a nuclear magnetic resonance (NMR) tech-
nique.!* The results, which showed a vanishing
7'Se nuclear resonance signal and a broadening 'H
resonance, were attributed to the formation of
spin-density waves.

In this paper we report static magnetic measure-
ments of the same kind as those reported in Ref.
13, but with much more experimental evidence.
While the data on (TMTSF),PF4 shown in Ref. 13
were performed on an ensemble of crystals aligned
only along the stacking axis, the present work was
done on one large single crystal. Hereby, the an-
isotropy effects could be studied in more detail,
yielding quantitative results where only surmises
were possible earlier. We report the first deter-
mination of the spin orientation below the MI
transition and a detailed analysis of the features of
the spin-flop transition. The studies were per-
formed on a single crystal of (TMTSF),AsFg, the
hexafluoroarsenate analog of (TMTSF),PF,. The
physical properties of (TMTSF), AsFg appear to be
very similar to those of the isomorphous PFg
salt."*!> We observe magnetic behavior indicative
of antiferromagnetic ordering occurring at T, =12
K. At low magnetic fields an anisotropic spin sus-
ceptibility with three principal magnetic axes is
seen for T < T,. The easy axis, i.e., the orientation
of the spins in the ordered state, is found to be
close to the b* axis. Although the results perpen-
dicular to the easy axis are less conclusive, our
data suggest that the stacking axis a is close to the
intermediate axis and that the c* axis is close to
the hard magnetic axis. Upon increasing the mag-
netic field parallel to the easy axis (b*), a spin-flop
transition is observed at H,=4.5 kG. The
antiferromagnetically-ordered spins then “flop”
from the parallel to a transverse direction, most
likely close to the a axis.

II. EXPERIMENTAL

Single crystals of (TMTSF),AsFg were grown by
an electrochemical oxidation of the neutral
TMTSF molecule at constant current in CH,Cl,
solution containing the supporting electrolyte n-
BuyNAsF. The resulting black needles were quite
large, with masses up to 5 mg. From x-ray dif-
fraction it is found that the needle axis is parallel

to the stacking axis (a) and that the largest face is
a (001) plane. This is the same morphology as that
found in (TMTSF),PF,.'6

The static magnetic susceptibility was measured
on a VTS susceptometer (SHE 801). The induced
magnetic moment of the sample was determined by
moving it between a pair of counterwound coils,
each of which is connected to a superconducting
quantum interference device (SQUID)-based flux-
measuring system. The sample was glued to a cot-
ton thread. The measurements were performed
with the sample in three crystallographic orienta-
tions, with a, b*, and c*, respgctively, parallel to
the external magnetic fields (H). b* and c* are
perpendicular to the (010) face and the (001) face,
respectively. With the angle between b* and c*
equal to 84°, the (a,b*,c*) basis is close to being
orthogonal. We emphasize, though, that we have
no proof that these directions coincide with the
principal axes for the magnetic susceptibility ten-
sor. However, as discussed below, the measure-
ments show that the a, b*, and c* axes are, at
least, very close to the principal ones. The mea-
sured magnetic moments were corrected for contri-
butions from glue and thread, which were mea-
sured separately. These contributions were, in all
data obtained, less than 10% of the magnetic mo-
ment of the sample.

III. RESULTS AND DISCUSSIONS

In Figs. 1—3 are shown the static magnetic sus-
ceptibilities, X, is the magnetization-field, versus
temperature as measured with the external magnet-
ic field (H) applied parallel to a, b*, and c*, respec-
tively. The figures include data for different
values of H. In all three configurations measured,
we observe a significant temperature dependence
below approximately 15 K. In the same tempera-
ture region, X,q, measured with H[[b*, X, ., exhi-
bits strong field dependence, whereas those mea-
sured with H||a and H]|c* X, and X «, respective-
ly, remain almost unaffected. Between 15 and 30
K, both the T and the H dependences are negligi-
ble. The constant values obtained in this tempera-
ture region are —2.95, —2.55, and —2.75, +0.05
X 10~* emu/mole. The temperature dependences
of X, and X « have several common properties.
Close to 12 K, they both show a characteristic
anomaly. But while the T dependence between 12
and 15 K of X, within the error bar is equal to
that of X, ., the T dependence of X « is much less

pronounced. Well below 12 K, X, and X « in-
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FIG. 1. Static magnetic susceptibility of
(TMTSF),AsF vs temperature as measured with dif-
ferent fields parallel to a. The inset shows the transition
temperature as a function of H} |a as detected by the
anomaly in X.
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FIG. 2. Static magnetic susceptibility of
(TMTSF),AsFg vs temperature as measured with dif-
ferent fields parallel to b*. The inset shows the phase
diagram as determined from the T and H dependence of
X.
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FIG. 3. Static magnetic susceptibility of
(TMTSF),AsF; vs temperature as measured with dif-
ferent fields parallel to c*. The inset shows the transi-
tion temperature as a function of H||c* as determined
by the anomaly in X.

crease linearly with decreasing temperature, both
with approximately the same slope. At high mag-
netic fields, the susceptibilities measured with Hi|a
and H||b* are indistinguishable.

In addition to the temperature dependence of the
susceptibility, the characteristic field dependence is
important in attempting to understand the low-
temperature ground state of (TMTSF),AsF,. As
we have already mentioned, the results exhibit sig-
nificant field dependence of the susceptibility for
H| |6*, and only minor, or none, for H||a and
H| |c*. These features are more clearly seen in Fig.
4, which shows the susceptibilities (right scale on
the figure) versus field as measured at a fixed tem-
perature, T'=4.2 K. Upon increasing magnetic
field parallel to b*, a rather sharp transition occurs
at which the magnitude of the susceptibility
changes. The critical field H,~4.5 kG is seen
from Figs. 3 and 5, to be roughly independent of
temperature, for T <T.. Well below and well
above H,, only minor field dependence of X ¥ is

seen. The jump in susceptibility,
AX =X u(H>>H,)—X,«(H << H,)

varies as a function of temperature, as shown in
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the insert of Fig. 5. Close to 12 K, AX decreases
rapidly to zero.

The temperature and field dependences of the
measured anisotropic susceptibility tensor are con-
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sistent with expectations for a simple antiferromag-
net characterized by having three principal mag-
netic axes.!” The easy axis o is close to the crys-
tallographic b* axis. The intermediate and the
hard magnetic axes are, most likely, close to a and
c*, respectively. The susceptibilities measured with
magnetic fields perpendicular to the easy axis, i.e.,
H||a and H||c* in Figs. 1 and 3, are relatively
large because the sublattices in these configurations
are optimally suited to being canted by a weak
field. Both X, and X « have extrapolated zero-

temperature values which are slightly larger than
the saturated values in the paramagnetic state close
to T.. That may be because in the ordered state
the field can interact optimally with all spins, in
contrast to the paramagnetic state. Other physical
effects may be important, too. An indication of
these is the fact that the spin susceptibility should
be isotropic within the plane perpendicular to the
spin orientations. In contrast to the results of
fields perpendicular to b*, the spin susceptibilities
of H parallel to the easy axis are small, since any
finite spin moment can only occur as a result of
some spins turning over, which is more or less
prevented by the exchange field.

The distinct field dependence of X« and the ab-
sence of any field dependence of X; and X « shows
that (TMTSF),AsF¢ undergoes a spin-flop transi-
tion at H,."” When the external magnetic field
exceeds the critical value, the antiferromagnetically
ordered spins turn from the direction of the easy
axis into a predominantly perpendicular one (see
inset of Fig. 2). This produces the sharp increase
in the susceptibility, as is seen in Fig. 5. If the
external field were applied exactly along the easy
axis H||o, the spin-flop would occur via a first-
order transition, thus producing a discontinuous
jump in X,. For slight misorientation, however,
the susceptibility increases continuously.'® The
rather abrupt spin-flopping experimentally ob-
tained, therefore, indicates that any deviation be-
tween the easy axis and the b* axis must be rela-
tively small.

The temperature dependence of the discontinuity
in susceptibility AX is shown in the insert of Fig.
5. Down to 6 K, we find that AX scales with the
relative temperature T — T, like

AXK(T—TC)G bl

as has been predicted for an uniaxial antiferromag-
net.!”” The exponent a is determined by the specif-
ic heat and anisotropic crossover. For
(TMTSF),AsF,, we find a ~ 0.46. More detailed
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studies, which include that of the BCS-like gap
behavior, must still be done in order to compare
this value with the one obtained from scaling
theory.

The interpretations given above are based on the
assumption that the molecular diamagnetism is re-
latively temperature and field independent. Al-
though it is known that X, of one compound
HMTSF-TCNQ actually does exhibit some irregu-
lar T dependences,?® we believe that in
(TMTSF),AsFg this is a reasonable assumption.
The interpretations are, moreover, based on the
concept of sublattice magnetization. Although
such a theory is more obvious for localized spins,
it is also appropriate for itinerant spins, which we
believe these to be. A phenomenological theory
may be based on Overhauser’s Hartree-Fock treat-
ment.?! The antiferromagnetic spin-density wave
(SDW) ground state is in this model favored by al-
most planar Fermi surface?? characteristic of this
class of highly anisotropic materials. The
Overhauser mechanism can also account for the
semiconducting transport behavior below T,,! be-
cause in a quasi-one-dimensional system the SDW
gap covers the whole Fermi surface.

The origin of the magnetic anisotropy may be
due to magnetic dipole-dipole interactions or spin-
orbit coupling. An estimate of the dipolar term is
particularly sensitive to the Se-Se distances, since
the spin densities essentially are concentrated on
the selenium atoms.”> The difference between the
shortest intrastack and interstack Se-Se contacts,
3.778 and 3.905 A, respectively,'® is only 0.031 A
in (TMTSF),AsF¢. Moreover, the four selenium
atoms in TMTSF have different nearest-neighbor
contacts. Detailed calculations are therefore neces-
sary in order to understand the magnetic anisotro-
py experimentally obtained.

The spin susceptibility X,(H||o) in an Over-
hauser antiferromagnet is depressed Dby the gap en-
ergy A. Near zero temperature, X (H||o) vanishes
as exp(—A/kT). As the temperature approaches
T,, the susceptibility rises quite sharply since the
gap is diminishing rapidly. The EPR absorption
signal in the antiferromagnetic state is shifted
compared to that in the paramagnetic state, since it
becomes an antiferromagnetic resonance (AFMR).
This behavior is consistent with the experimental
observations of X p* measured at low magnetic
fields, and preliminary AFMR studies.?* The
Overhauser gap A can thus be obtained from the
X b,..(T) behavior. The results A/k~30 K are

slightly larger than the value obtained from trans-

port data.!

According to the arguments given above, the
susceptibility remaining when we extrapolate
X, «(T) to zero temperature is the contribution due

to molecular diamagnetism, i.e.,
X gia(H||5*)=(—3.95+0.05)x 10~* emu/mole .

This number should be compared with the value
estimated from Pascal’s constants, X%;, = —4.00

X 10™* emu/mole.> By using the measured value
of the diamagnetism for HMTSF and adjusting for
the lack of methylene linkage and the Pascal con-
tribution of AsFg in the present compound we ob-
tain a molecular diamagnetism of

XA, = —3.54x10~* emu/mole.!%?® Both estimates
give values which are in reasonable agreement with
the experimentally obtained susceptibility.

More insight into the molecular diamagnetism
may be gained by referring to data obtained by the
EPR technique.?® These studies suggest that the
high-temperature (T > 15 K) spin susceptibility is
isotropic. If we now assume that X 4, is relatively
temperature independent, i.e., X 4,(20 K)~X 4,.(0),
the parameters along a and ¢* can be evaluated
too. The results are

X gia(H||@)~(

and

—4.25+0.05)Xx 10~* emu/mole

X i H||c*)~( —4.05+0.05) X 10~* emu/mole,
respectively.

In Fig. 4 (left scale) and Fig. 5 are shown the
spin susceptibilities as deduced by subtracting the
diamagnetic corrections given above, for H =3 kG
and H =7 kG. The low-field data (H << H_) in
Fig. 4 clearly show the anisotropic feature below
T., with three different magnetic axes. The high-
field data (H >> H,) in Fig. 4 show that the spin
susceptibility measured with H||b* is equal to that
with H| |a, thus suggesting that the c* axis is mag-
netically harder than a. Above T,, in Figs. 6, and
7 we also observe a region of a few degrees with
some anisotropic properties, indicative of magnetic
precursor developing below approximately 15 K.
While the spin susceptibility of H||a and H||b* in
this temperature region are equal within the error
bars, both showing a rapid fall in X, just above
T., the value of H||c* is distinctly different.

X spin H| |c*) exhibits only a small temperature
dependence between 12 and 15 K. The precursor
may reflect a crossover in spin behavior. The an-
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FIG. 6. Spin susceptibility of (TMTSF),AsF; as de-
duced from static measurements with field parallel to a,
b*, and c*, respectively (see text). The magnetic field
H =3 KG is less than the critical spin-flop field.
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FIG. 7. Spin susceptibility of (TMTSF),AsF¢ as de-
duced from static measurements with field parallel to a,
b*, and c*, respectively (see text). The magnetic field
H =7 kG is larger than the critical spin-flop field.

isotropy of the spin susceptibility suggests then
that the spin motion in the crossover region is
dominated by easy plane geometry rather than the
easy axis symmetry, developed below T.

These results lead to the phase diagram schemat-
ically shown in the insert of Fig. 2. The roughly
field-independent value of T, and the
temperature-independent value of H, are obtained
from the data shown in Figs. 2 and 5, respectively.
The T dependences of the magnetic anomalies
shown in Figs. 1 and 3 suggest, though, that the
transition temperature is slightly sensitive to the
magnitude of H1b*. Like the behavior of
(TMTSF),PFq,"3 these results show a small increase
in T, upon increasing magnetic field.

The magnetic data of (TMTSF),AsF¢ presented
above support the data and interpretations previ-
ously given for (TMTSF),PF,.!* In fact, the re-
sults suggest that the spin behavior of these two
isostructural compounds are not only qualitatively
the same, but also quantitatively.27 For exgmple, if
we take the low-field data measured with H paral-
lel to the stacking axis,!* the spin susceptibilities
agree within a few percent in the whole tempera-
ture region studied, 4.2—30 K. Likewise, the spin
susceptibility of (TMTSF),PF4 as measured with
the magnetic field perpendicular to the stacking
axis of an assembly of crystals with the a axes
aligned, but b* and c* pointing randomly perpen-
dicular to a,'® agrees within a few percent with the
average of the spin susceptibilties of
(TMTSF),AsF; measured with H||b* and H||c*.

The diamagnetic correction of (TMTSF),PF; in
these comparisons is found by arbitrarily, but cer-
tainly successfully, setting the values of X equal at
20 K. The diamagnetic corrections of
(TMTSF),PFj is hereby found to be X,
= —3.54+0.3 emu/mole.

IV. SUMMARY

(TMTSF),AsF¢ has been found to have an anti-
ferromagnetic ground state. The antiferromagnetic
transition, which occurs at 12 K, can properly be
understood as a result of the Overhauser mechan-
ism. The antiferromagnetic ground state is charac-
terized by having three principal magnetic axes;
the easy, the intermediate, and the hard axes are
close to b*, a, and c* respectively. Below the tran-
sition temperature, a spin-flop transition is clearly
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seen at 4.5 kG. The spin orientation then flops
from being parallel to b* to an orientation predom-
inantly parallel to a. Between approximately 15
and 12 K, there may be a magnetic crossover,
dominated by easy plane symmetry. It is found
that the magnetic properties of (TMTSF),X,

X~ =PF¢", and X~ =AsF4~ are very similar, in-
dicating that the antiferromagnetic behavior dis-
cussed here is not unique to one compound.
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