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The magnetic properties of the (TMTSF),X series of conductors
have been studied using magnetic susceptibility, electron spin
resonance and both CW and pulsed NMR measurements. The
results imply the existence of a spin-density-wave ground state,
at ambient pressure, in at least the PFg, AsFg and SbFg salts.
The amplitude of the SDW, the exchange interaction, the
anisotropy energy and the single particle gap are extracted from
the experimental data.

I. INTRODUCTION

The magnetic behavior associated with the metal-insulator transition in
one-dimensional conductors which undergo the Peierls or
charge- dens1ty-wave (CDW) transition is quite straightforward. The
static susceptlblhty has the activated temperature dependence typical
of semiconductors? and the electron spin resonance? involves
electron-hole pairs excited across the energy gap. There is no
anomalous behavior in the nuclear magnetic resonance: the conduction
electron contribution to spm-lattlce relaxation disappears smoothly as
the density of carriers is depleted

When the family of orgamc conductors, (TMTSF)2X first
appeared on the scene in 1979,3 it was natural to assume that their
semiconducting ground state also was caused by CDW condensation.
However, the earliest magnetic measurements quickly showed that there
were striking differences between this series of materials and the
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familiar Peierls systems. The lmtlal result of apparent absence of a
drop in the static susceptlblhty of (TMTSF),PF (it was
subsequently6 shown that there was a relatively small but very sharp
anomaly) was m contradiction with the sudden disappearance of the
ESR 1ntens1ty Further, the low temperature magnetic response was
found to be nonlinear in a manner remmlscent of spin-flop behavior in
antiferromagnets. It was therefore suggested that the metal-insulator
transition was driven by a spin-density-wave (SDW) onset, rather than
a CDW The same conclusion was reached by the Bell Laboratories
group based on the reappearance of the ESR signal when a sufficiently
large microwave electric field is applied along the conducting axis.
That work is the subject of another paper at this conference

Here 1 shall rev1ew the magnetic susceptlblhty, low-power
ESR,’ 9 and NMR10:11 gyidence which supports the SDW picture,
making comparisons between (TMTSF),PF¢, which is a SDW system,
and (TMTSF),ClO4, which is a supo.arconductor.u'13 But first let me
summarize the relevant SDW theory as it applies to this novel family of
organics.

II. THEORY OF SPIN DENSITY WAVES

The possibility of a SDW instability in one dimension has long been the
subject of theoretical investigation.14 Within the famous g-ology
description,!3 it is known that the SDW response dominates for both
backward (g;) and forward (g,) scattering repulsive, and that the SDW
state is stabilized by interchain hopping (in contrast to interchain
Coulomb interactions whnch enhance the CDW). In view of the close
interchain Se-Se contact, 5.1 the resulting relatively high transverse
bandwidth!7 and conductnvnty (and with hindsight), it seems that
(TMTSF),X are ideal SDW candidates.

The 2:1 stoichiometry and the stability of the anions involved
PF¢, AsFg, SbFg, ClOy, BFy, etc.) imply half a hole per donor
molecule. Since there are two molecules per unit cell along the stacking
(a) direction, the Fermi wavevector is kF—‘lT/ 2a. The SDW wavevector
is thus 2kg=1/a, corresponding to a magnetic doubling of the unit
cell.!2 The picture in real space consists of moments which are
alternately "up" and "down" in adjacent cells, with each moment
spread over the two molecules in the cell. The spin density gives rise to
an oscillating exchange potential which has the correct periodicity to
open a gap in each of the up-spin and down-spin electron spectra.
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The interaction Hamiltonian which gives rise to the SDW can be
written, in the mean field approximation,20:21 as

where the order parameter, i.e., the sublattice magnetization is
B o= ppY o< Chiq> - )
k,o

U is the average Coulomb repulsion, Q=2kg, o0=1+1 and pp is the Bohr
magneton. Hence, up (down) spin electron states, k, are mixed with
down (up) spin hole states, k+Q. The single particle gap, 24, and the
transition temperature, Tgnw, are found by an analysis analogous to
the BCS theory:

AO = 1.76kTSDw = (‘LO/"‘B)U = eFe-l/ﬂ(ﬁp)U’ (3)

where A, p, indicate the zero temperature values and p(ep) is the
single-spin density of states at the Fermi energy, eg.

In the ordered state, the sublattice magnetization, B, is locked
along the "easy" direction by anisotropies which arise from dipolar
interactions. The effect can be described o a good approximation in
terms of the usual single ion anisotropy energies, D and E. Hence, the
Hamiltonian describing the spins in the SDW phase can be written:

H = 213§ * §;y; - XD S,
1 1

+ szz (si-s2) - gxpg X H ° ;. 4)

The form of the first three terms has been chosen in such a way as to
show explicitly the dependence on SDW amplitude, x=u/ pp. The
zero-field, zero-temperature antiferromagnetic resonance (AFMR)
energies

o, = x(21(0+E)]'/? &)

are reduced because the effective "molecular” fields are less by a
factor x.22 The perpendicular susceptibility (at T=0 K)
2
= Nt Ng’kp (6)
+ 2x2] 2)
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FIGURE 1 The susceptibility of (TMTSF),ClO,4. The dotted line
indicates Curie behavior corresponding to a spin concentration of
0.8%, chosen to fit the temperature range 20ST<50K. The scales for

XST ATIC, and ;( SR are offset by a core diamagnetic contribution of
-4.2x104 }! ole.

is independent of x, as is the relation between spin-flop field and
AFMR frequency:

peHge = x[2J(D - B)'? = hw_ . Q)

III. STATIC SUSCEPTIBILITY

The static susceptilibity of (TMTSF),PF¢ was reported at the Helsingor
conference a year ago.6 The important points to notice are: (1) the
anomaly at Tgpyw=12.5K, which signals the onset of the SDW; (2) the
nonlinear behavior below Tgpyw, which can be described in terms of a
spin-flop field Hgp~6 kgauss; and (3) the low-temperature, high-field
susceptibility x| = 1.2x107" cm 3 /mole. Subsequent work by
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FIGURE 2 Pnnc1pal-component g-shifts for (TMTSF),ClO,.
xl—a %, and x3 are aligned with the axes of the TMTSF molecule.

Mortensen et al.23 has confirmed the existence of a spin-flop field and
has demonstrated the anisotropic susceptibility expected of an
antiferromagnet.

The values of Tgpw, x, and Hgp can be used to extract U, p,,
A,. J and D from Egs. (3), (6) and (7). Using the value of eg=1 eV
from thgrmoelectric power5 and plasma frequency 18 measurements we
obtain U~300K, p,/ppg=0.Q7, A,~21K, J=700K and (D-E)=~0.02K.
The value of U is such that U/ep<<1, in keeping with a "small-u"



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:38 21 February 2013

54/[410) J. C. SCOTT

100 [ 1 1 1 LENL LB | j T T l LB
L 2°
F (TMTSF], ClO,4 . * % -
- & -
50 I ° Eo la ... 6‘0 —
I s B IR, R ]
~ o4
.ﬁ | [} HO I X3 ‘.‘oso -
§, ‘ 0%
- £
-F‘é' 20 i A“A "Q
3 s o%
; PO
3 A o °.%.
10F 7
- §° ¢ 3
[ . ]
L of e 7]
[ .' h
5| ° ¢ -
] 'O A A | | [ G A
2 5 10 20 50 100
Temp (K}

FIGURE 3 ESR linewidth of (TMTSF),CIO,.

description and the weak-coupling approximation which is implicit in
the mean field analysis of Section II. The Hubbard model expression
for the exchange, 2t2/ U~10°K, is clearly then inappropriate for these
materials. The single particle gap, A, is in agreement with the results
of transport measurements.24 The value of D is just what one would
expect for the dipolar interaction between electrons spread over a unit
cell of 7A.

By contrast, the static susceptibility (Fig. 1) of (TMTSF),ClO,,
which does not undergo a SDW transition but rather remains metallic
down to a superconducting transition at 1.2K,12'13 shows no
anomalous behavior, other than a tendency to drop as the temperature
is lowered below about 10K. This latter behavior hints that SDW
fluctuations may be present in this material also, but that, for some
reason, the actual transition never occurs and that the superconducting
instability dominates.
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FIGURE 4 Power dependence of ESR signal in (TMTSF),ClO,4. A,
B and AH are indicated in the inset. (A+B)(AH)? is used as an
approximate measure of total intensity. The lines guide the eye.

IV. ELECTRON SPIN RESONANCE

The results of extensive studies of the ESR parameters, g, linewidth and
intensity for the series of salts (TMTSF),X, X = PF¢, AsFg, SbFg,
BF; and NOj3, have been presented previously.6'7’9 In this section, I
shall summarize the data on the PFg salt and contrast them with new
results on the perchlorate.

The ESR signature of the SDW transition is the rapid
disappearance of the ESR line within 1-2K of Tgpy. As the line
vanishes, it also broadens and shifts to lower field. Since the ESR
intensity is proportional to the static susceptibility, the loss in signal
must be accompanied by a reappearance of the oscillator strength
elsewhere. Torrance et al.25 have recently observed the
antiferromagnetic resonance at Q-band, confirming the predictions of
Section II. Direct, quantitative results relating to the SDW cannot be
readily extracted from the metallic state ESR. However, the
line-broadening and resonance shift are clear signatures that the
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metal-insulator transition is accompanied by the development of
internal fields, in marked contrast to the case of a Peierls distortion.

As expected, there are no such signatures in the ESR data for
(TMTSF),ClO, (Figs. 1-3). Nevertheless, there are features which
indicate that there may be spin-density fluctuations in some samples of
this salt too. In our original samples, 2 the ESR intensity decreased by
70% below 10K, qualitatively similar to the static susceptibility, and
the linewidth levelled off in the same range. Recent single crystal work
(Fig. 3) shows a linewidth which decreases, approximately linearly
down to the lowest temperature, without significant loss of ESR signal.
There is a slight shift of the line for H, | 4 at temperatures below about
30K (Fig. 2). These features suggest the presence of fluctuations, the
magnitude of which vary from sample to sample. ..

At high power and low temperature, and with H, || 2 so that a
component of the microwave field is also parallel to the highly
conducting direction, it is possible to observe an ESR signal of a much
more asymmetric shape and of higher intensity than at low power. At
8K, the threshold power for this change in the ESR characteristics is
100 mW (see Fig. 4). Walsh8 gives much more detail of this
"spin-resurrection' phenomenon.

The magnitude of the ESR linewidth in (TMTSF),ClO, is
systematically larger than that in the PF¢ salt (compare Fig. 3 with
Fig. 4 of Ref. 9), the difference being most apparent at low
temperature. This indicates greater interchain interaction in the
perchlorate, consistent with the suppression of the SDW instability.

V. NUCLEAR MAGNETIC RESONANCE

The proton NMR of (TMTSF)ﬁPFé has been studied as a function of
temperature and frequency.lov 20 CW measurementsl! at 10 MHz
(H,=2.3 kgauss) yield a linewidth of 6 gauss (FWHM) above Tspw
and 7.5 gauss below. Since it is expected that the conduction electron
density at the methyl protons is negligible for TMTSF, the interaction
between the electronic moment and protons is dipolar. The additional
broadening due to the SDW moment, at a distance of roughly SA from
the protons, therefore corresponds to a SDW amplitude, u/pp, of order
a few percent. This result is in accord with that of the mean field
evaluation of Section III.

The fact that the linewidth below Ty is indeed inhomogeneous
is confirmed by spin-echo experimentsm (see Fig. 1 of Ref. 26). For
T>Tgpws To=T, consistent with the homogeneously broadened line
one expects from Proton-proton dipolar interactions. For TSTgpw, T5
increases, while T, (which is inversely proportional to the linewidth)
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decreases. This is exactly as expected for an antiferromagnet, where
the local field at each proton site, due to the electronic moment, shifts
the resonance of each inequivalent proton by a different amount and
"detunes" the otherwise resonant interaction between them.

The fluctuations in spin-density near Tgpy provides an additional
spin-lattice relaxation channel for the protons, in contrast again to the
case of a CDW transition where there is no direct coupling of the order
parameter to the nuclear moments. Details of this effect are given in
another paper in these proceedings,26 and discussed theoretically by
Morawitz and me.

VI. CONCLUSION

The experimental evidence for a spin-density-wave ground state in
(TMTSF)zPF6 includes nonzero magnetic susceptibility, spin-flop
behavior, the shift of the ESR oscillator strength and the onset of
internal fields as seen by g-shift, ESR linewidth, NMR linewidth and
relaxation. The data on the AsF¢ 9.19.23 and SbFg¢ ? salts are less
complete, but, so far, are similar in all respects. Other results,
including the susceptibility anisotropy,23 the antiferromagnetic
rcsonance,25 the nonexistence of a CDW superlattice,19 and the
magnitude of the single particle gap, complete a consist picture of the
SDW state.

The data on the salts of tetrahedral anions such as BF 5.9 and
ReOy 28 are rather different, and indicate that the metal-insulator
transition is driven by an ordering of the anions in a manner which
doubles the size of the unit cell and therefore creates a 2k distortion.
Although this leads to a superlattice and a semiconducting ground state,
it is not, strictly speaking, a Peierls distortion, but rather has much
more first-order character typical of a structural phase transition.

The perchlorate is an interesting case. Although it too is
tetrahedral, it does not undergo an ordering transition, but rather is the
only salt of the series to remain metallic, and to become
superconducting, at ambient pressure. There is some evidence in the
magnetic properties that SDW fluctuations may exist at low
temperature. One therefore concludes that the SDW instability is not
quite so strong as superconductivity, perhaps because it is suppressed
by stronger interchain coupling and by the residual disorder in
orientation of the anions.
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