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Temperature dependence of sinn relaxation in quasi-one-dimensional organic metals

YaA'a Tomkie&vicz
IBM Thomas J. 8'atson Research Center, I'. 0. Box 278, Forktotun IIeights, Smu Fork IOS98

(Received 3 Feb!-lory 1978)

A study of the temperature dependence of the spin-relaxation rate is presented for various organic
conductors in which the spin fhp occurs via spin-orbit coupling during an electron-phonon scattering process.
The temperature dependence is in no way universal; some compounds such as TTF-TCNQ, TSeF-TCNQ,
and HMTTF-TCNQ exhibit an increasing linewidth with decreasing temperature, while others such as
TMTTF-TCNQ and TMTSeF-DMTCNQ (the last one over most of the temperature range) exhibit a
decreasing linewidth with decreasing temperature. The existence of these very different temperature
dependences is interpreted in terms of the existence of at least two competitive processes: (i) Peierls
fluctuations on one hand tending to increase the rate of spin-fhp scattering with the increase in the amplitude
of fluctuations. This effect will tend to increase the linewidth with decreasing temperature, and (ii} the
decrease of the number of available states into which the electron can be scattered (as evidenced by the
decreasing magnetic susceptibility with decreasing temperature) which tends to reduce the rate of spin flip
with decreasing temperature. The actual temperature dependence of the spin relaxation rate depends on
which of these two competing mechanisms prevails. The supportive experimental evidence in favor of the role
of Peierls fluctuations in spin relaxation is the following: (a) The temperature at which the linewidth reaches
its maximum value, for all the compounds for which the linewidth increases with decreasing temperature, is
the temperature at which the phase transition occurs, (b) The eA'ects due to doping either the donor or
acceptor stack on. the temperature dependence of the linewidth are consistent with the effects of doping on
the growth of the correlation lengths.

I. INTRODUCTION

Organic metals' consist of segregated stacks of
cations and anions. It is not necessary for both
kinds of stacks to be composed of organic mole-
cules in order to achieve metallic conductivity.
A characteristic example of a family of com-
pounds in which only one kind of stack comprises
organic molecules is the tetrathiafulvalene (TTF)
halides" family. In all the known cases, how-
ever, the conduction is achieved by overlap of the
m orbitals of the organic molecules. The planarity
of the constituent moleeules, combined with the
high anisotropy of the w orbitals, gives rise to a
highly anisotropic band structure, which is re-
flected in a highly anisotropic conductivity. Ty-
pical ratios of the longitudinal and transverse con-
ductivities, as measured for the most prominent
member of the family, tetrathiafulvalenium-tetra-
cyanoquinodimethanide (TTF- TCNQ), are~': o,/
v, = 10'; g, /g,*=60. The quasi-one-dimensional
nature of the band structures of these compounds
makes them interesting in terms of studying the
effects of dimensionality on various physical prop-
erties.

The subject of this paper is one of the physical
properties that depends crucially on the dimen-.
sionality: the electron spin relaxation rate. It
has been shown previously" that the relative im-
portance of the dominant processes causing spin

relaxation, the spin-spin and the spin-phonon in-
teractions, depends strongly on the dimensionality
of the band structure. In isotropic metals, for
example, the dominant relaxation process was
shown' 'o to be the spin-lattice relaxation caused
by the, scattering of conduction electrons by acous-
tical phonons. Thus both the resistivity and the
spin-resonance linewidth are determined by the
electron-phonon scattering rate. It was also
shown previously"' that for a given scattering
rate as measured by resistivity and for a given
spin-orbit coupling strength, the rate of spin-
flip scattering is much smaller in electronically
one-dimensional systems than in three-dimension-
al systems. One can summarize the detailed dis-
cussion in Befs. j.l and 12 in the following way.
For systems with flat energy surfaces, there
exist two possible kinds of scatterings in terms
of their effect on the longitudinal component of
the electron wave vector: (a) Scattering in which
the change in the longitudinal component of the
wave vector, f~ tj, is small. We shall refer to this
scattering as forward" scattering despite the
fact that Ak is not necessarily forwarded since

does not have to be conserved (b) Scatterin. g
in which the change in kt, is large, -2k~. This
scattering we shall refer to as "backward" scatter-
ing. Both the "forward" and "backward" scatter-
ings are sharply reduced from their values in
three-dimensional systems, but the reduction of
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their contribution to the linemidth is much greater
than to the resistivity. The longitudinal compon-
ent of the phonon wave vector is confined, in the
case of one-dimensional forward scattering, to
small values because of energy conservation. This
limitation significantly reduces the probability of
a spin flip in a forward-scattering process since
the spin-flip matrix element is proportional"'
to AA I~. The contribution of backward scattering
with spin flip to the Linewidth is also greatly re-
duced in electronically one-dimensional systems,
because the matrix element for strictly backward
spin-flip scattering is zero, ' the respective states
between which the scattering occurs being related
by time-reversal symmetry.

The high anisotropy of the conductivity has quite
an opposite effect on the dipolar contribution to
the Linewidth. In those compounds in which the
longitudinal conductivity is diffusive, the aniso-
tropy can significantly increase the dipolar line-
width; i.e., motionaL narrowing, when spin dV-
fusion is confined to one dimension, is much less
effective than for a three-dimensional spin dif-
fusion path having the same correlation time. ""

The qua, si-one-dimensional nature of the organic
conductors has, therefore, two opposing effects
on the effective Linewidth: reduction of the rate
of spin-phonon relaxation and enhancement of the
dipolar contribution. Which mechanism domin-
ates the linemidth will depend on the deviation of
the Fermi surface from planarity and on the mag-
nitude of the spin-orbit coupling.

In this paper me shall concentrate on those com-
pounds in which, despite their quasi-one-dimen-
sional nature, the spin-phonon mechanism is the
dominant relaxation process. The subject of the
paper is the temperature dependence of the spin
relaxation rate. %e shall present several observed
trends. The most unusual one is an increasing
relaxation rate with decreasing temperature ob-
served for some of the compounds, TTF-TCNQ,
diselenadithiafulvalene-tetr acyanoquinodimethane
(DSeDTF-TCNQ), hexamethyltetrathiafulvalene-
tetracyanoquinodimethane (HMTTF- TCNQ), tetra-
selenafulvalene-tetracyanoquinodimethane (TSeF-
TCNQ), in the regime of metallic conductivity,
i.e., in a temperature range where the conductivity
increases with decreasing temperature. The tem-
perature dependence of the conductivity implies
that the rate of electron scattering is decreasing
with decreasing temperature„while the tempera-
ture dependence of the linemidth suggests that the
rate of electron scattering with spin flip is in-
creasing with decreasing temperature. Since the
two scattering processes are normally (at least
in a situation in which the origin of the resistivity
is the electron-phonon interaction) proportional

to each other, this unusual behavior requires ex-
planation. %e shall also shorn that the previously
described linemidth variation with temperature is
not universal for all the organic conductors. Some
of them„such as tetramethyltetrathiafulvalene-
tetracyanoquinodimethane (TMTTF-TCNQ), ex-
hibit a decreasing linewidth with decreasing tem-
perature over the whole range of metallic con-
ductivity. Others, such as tetramethytetraselena-
fulvalene-dime thy ltetr aeyanoquinodimethane
(TMTSeF-DMTCNQ), have a decreasing linewidth
over part of the metallic temperature range and
an increasing linewidth over the rest.

In this paper we shall show these experimental
results. %e shall also offer a tentative explana-
tion according to which the observed temperature
dependence of the Linewidth depends on which of
the following bvo competitive processes is dom-
inant: phonon softening, on theone hand, which
increases the 2k~ phonon population with de-
creasing temperature, and a decreasing number
of available electronic states at the Fermi level,
on the other hand, which decreases the probability
of electron scattering. The latter situation can oc-
cur as a consequence of either one of tmo possi-
bilities, the opening of a gap in the density of
states caused by interstack banding" or the open-
ing of a pseudogap by Peierls fluctuations. %e
shall also present the effects of isostructural dop-
ing on the temperature dependence of the line-
width and show that these results are consistent
with the expected effects of impurities on phonon
softening. Finally, detailed study of the tempera-
ture dependence of the linewidth of TTF-TCNQ
will be presented and compared with the detailed
x-ray scattering results obtained for this com-
pound by Khanna et al."

II. EXPERIMENTAL

The EPR absorption spectra were measured at
10"Hz. In some cases the broadness of the sig-
nal and the small size of the available single cry-
stals required alignment of several single cry-
stals. Only for TTF- TCNQ and TMTTF-TCNQ
mas it possible to perform an EPR study on one
single crystal. In all the other cases a multitude
of aligned crystals was used, at.least of the order
of ten. The temperature was controlled and varied
by an Air Products Heli- Tran Dewar and Scientific
Instruments temperature controller. The deriva-
tive of the EPR absorption line mas digitized. At
least 400 points for each spectrum were fitted
with a model Lorentzian derivative line. In most
cases we report the linewidths of the model Loren-
tzian lines.
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FIG. 1. Linewidth of (TSeF)„(TTF)& „(TCNQ) 0 ~x
~1 as a function of the concentration, x, of TSeF in
the donor stack. The measurements were taken at
300 K for Hd, )(c* orientation

III. RESULTS AND DISCUSSION

As was mentioned in Sec. I, and as was dis-
cussed extensively before, "'"the quasi-one-di-
mensional band structure of the organic conductors
causes a reduction of the spin-flip scattering rate
caused by the spin-phonon interaction. Extreme
anisotropy can so reduce this scattering rate that
the dominant spin relaxation will be of a different
character altogether, as was found to be the case
for the TTF halides, ' where dipolar broadening
was shown to dominate. Therefore, the first re-
quirement in any linewidth analysis is to deter-
mine the dominant relaxation mechanism. This
was done for the isostructural" family
(TSeF)„(TTF), ,(TCNQ), 0 ~x ~ 1, in the following
way: a characteristic feature of the spin-phonon
relaxation mechanism is that, other things being
equal, the linewidth should vary as (ag)', where
~g is the deviation of the g value from the free-
electrong value of 2.0023, because ~ is a mea-
sure of the spin-orbit coupling strength. Since the
spin-orbit coupling of TSeF is significantly larger
than that of TTF,"a continuous variation of the
average g value in the isostructural family can be
achieved by doping TTF-TCNQ with varying
amounts of TSeF- TCNQ. As the concentration of
TSeF- TCNQ in TTF- TCNQ is increased, one
would expect an increasing linewidth, which is in-
deed observed (Fig. l, curve a). This increase of
linewidth with doping, however, could also be due
to the growth of another relaxation mechanism
different from that which dominates the relaxation
in the pure compound. To check if this is indeed
the case, we measured the angular dependence of
the 1inewidth in the pure and doped compounds. lf
the relaxation mechanisms mere different, one
mould expect a different angular dependence of the
linemidth for each mechanism. The angular depen-
dence of the linewidth in the a-c crystallographic
plane is illustrated in Fig. 2 for TTF-TCNQ,
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FIG. 2. Angular dependence of the linewidth in a-c*
crystallographic plane for (a) TTF-TCNQ, (b) TSeF-

CN@, »d (c) (TSeF), ,s(TTF), s, (TCÃg)

(TTF), »(TSeF), ~(TGNQ), and TSeF-TCNQ. In

spite of the big variation in the magnitude of the
linewidth, the angular dependences obtained for
all three compounds look strikingly similar, in-
dicating a similar relaxation mechanism over the
whole range of solid solutions.

To see if the single spin-relaxation mechanism
is indeed the spin-phonon interaction via spin-or-
bit coupling, me have normalized the measured
linewidth to (hgz)', where Age is the g shift mea-
sured for the donor stack." The results are shown
in Fig. 3. Two concentration ranges emerge,
which we discuss separately:

(i) 0 &x ~ 0.68. In this range of x, the strong
dependence of the linewidth on dopant concentration
is appreciably reduced by the (bg)a normalization.
For example, comparison of the unnormalized
linewidths for x =0 and x =0.68 shows a dramatic
increase by a factor of 25 in going to the latter
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~.l at 300 K normalized to (~~), where b gz is the de-
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value. gz was obtained by measuririg the corresponding
g value of the single KPB absorption line in a tempera-
ture range in which all the spin excitations reside on
the donor stack. Since no such measurements could be
performed on compounds with x& 0.94, the g values for
these particular compounds were extrapolated from
lower values of x.

concentration, while a comparison of the normal-
ized linewidths shows an increase by orily a fac-
tor of 3. The behavior in this concentration re-
gime is thus consistent with the origin of the line-
width being the spin-phonon interaction. The slow
increase of the normalized linewidth with x ob-
served in this concentration regime can be residue
of the phenomenon observed in the second concen-
tration regime.

A linewidth proportional to (bg~)' can also re-
sult if there is incomplete averaging between the
donor an/ acceptor stacks. The different stacks,
on which coherent one-dimensional motion occurs,
are coupled by diffusive hopping of the electrons.
Since the donor and acceptor stacks have differ-
ent g values, the linewidth of the absorption of
the motionally averaged line has a term propor-
tional to (&oz —&go)'/p~o where up~ and &o~ are the
Larmor frequencies of the donor and acceptor
stacks and p~@ is the interstack hopping rate.
Since the g value of the TCNQ is very close" to
the free-electron g value, this term will be pro-
portional to (Ag~)'. There is, however, a differ-
ence between this contribution to the linewidth,
resulting from incomplete averaging, and the line-
width derived solely from the spin-phonon mech-
anism. In the latter case the linewidth would be
field independent, since it depends on only the
spin-orbit coupling, while in the contribution of
incomplete averaging, the linewidth would vs.y
with the square of the magnetic field. Thus the
field dependence of- the measured linewidth can
distinguish between these bvo mechanisms. The
linewidth of TTF-TCNQ was found to be field in-
dependent ' for fields ranging between and 10 and

14000 G. Although the field dependence of the
linewidth was measured only for TTF-TCNQ, we
shall conclude that incomplete motional averaging
has no significant contribution to the linewidth,
because the mechanism of the spin relaxation is
the same for all the members of the solid solution
series as we discussed above.

(ii) 0.68 ax «1. In this range of x, there is still
a strong dependence on x, even for the normalized
linewidth. For example, the normalized linewidth
is 16 times larger atx=1 than atx=0. This dif-
ference is attributed" ~ to a smaller anisotropy
in the band structure of TSeF-TCNQ than in that
of TTF-TCNQ. The difference in anisotropy was
confirmed by transverse conductivity measure-
ments'' in TSeF-TCNQ, which indicate that the
conductivity in the direction corresponding to the

overlap of the donor and acceptor wave functions
is about five times greater than its value in TTF-
TCNQ while the longitudinal conductivities are
comparable. The hybridization between donor-
and acceptor-stack wave functions causing banding
in the a direction is expected to be affected by the
introduction of impurities, the reason being that
impurities cause a smearing of the k values (since
the electrons no longer see a periodic potential).
A smearing of energy eigenstates is equivalent
to energy smearing of states of definite k and
therefore the energy degeneracy, which is essen-
tial for transverse banding, is less sharp. A re-
duction in transverse banding upon doping is ex-
pected to affect the magnitude of the linewidth in

agreement with the experimental observation. A

detailed discussion on this subject will be found
in Ref. 11.

Having established that the spin relaxation oc-
curs via the spin-phonon interaction, let us turn
to the temperature dependence of this process,
which is the subject of this paper. Curves a, b,
and c, of Fig. 4 describe the temperature depen-
dence of the EPB linewidth of TTF-TCNQ, TSeF-
TCNQ, and DSeDTF- TCNQ, respectively. The
measurements were taken with the magnetic field
parallel to the c* direction. All three compounds
exhibit an increasing linewidth with decreasing
temperature in the metallic regime. In the re-
laxation mechanism commonly accepted for three-
dimensional metals, an increase in conductivity,
with decreasing temperatux e, should be accom-
panied by a decrease in linewidth. The reason for
this is that the decrease in the rate of electron-
phonon scattering, which is predominantly without
spin-flip, implied by the increase in the conduc-
tivity, should also reduce the rate of the spin-
flip scattering. However, in these materials this
is clearly not the situation.

Jn ordex to understand tbis unusual temperature



YAFFA TONK, IRONIC Z 19

14—

12—
CA
V)a 10-
cf
C9

8—

C5

4Jz 4

QP
I0

0
l0

I I I

TTF- TCNQ

H0 II

o~ooo
M &0.0.0

I I

(a)

cP
8

I

~ to-
j'

I— g — o
Ch

I I

0
OD

0

(TS8F)p(g {TTF)pg7 {TCNQ)

H) llc

0p~o~o 0
0~OO

0

I
'

I I I I I I

0

0 I I I I l I I I

0 40 80 120 160 200 240 280 320
T(K)

55 50
I I I I I I

75 100 125 150 175 200
T {K)

(a)
I I I

225 250 275 %0

850

800—

750—

~ 700—VI

2 650-
Z
9 600-
ILI

5 550-

500-

450—

400
l40 I60

TSeF -TCNQ

Hd tl e (b)

O-0
I I I I I I I I I

180 200 220 240 260 280 300 320 340 360
T(K)

l400-

l200-

l000-

800—

600—

400—

200—

{TSPFIO ~{TTFIO 7{TCNQ)

(b)

l00
I

l50
I

200

T (K)

I

250 300

500—

475—

450-
V)~ 425-

& 400-
o"

~& 375—

350—

325—

300-

I

0

DSsDTF- TCNQ

H0 llc

30

25-
M
(/l

20-

l5-
O

w IO-I
z

I I o I I I I I I
'

I I

~ ~gogooo o
j&o 0 . oo oo oo-oo-gyo —

o —p o o

(TSSF)p I8 (TTF)p 82 (TCNQ)

H0 II c

(c)
p I I I I

'
I I I I I I I

0 25 50 75 IOO I25 I50 I75 200 225 250 275 300
T (K)

FIG. 5. Temperature dependence of the linewidth for
several members of the family (TSeF)„(TTF)~„„(TCNQ),
0 g I (a) (TSBF)o~ o3(TTF}o.Br(TCNQ }, (b} (TSeF}o 93
(TTF)o,o?(TCNQ), and (c) (TSeF)Q $8(TTF)o 82(TCNQ). All
the measurements were taken in the Hd, I] o* orientation

I I I I I I I

140 160 180 200 220 240 260 280 300
T (K)

FIG. 4. Temperature dependence of the linewidth for
Hd II o* orientation for (a) TTF-TCNQ, (b} Tse&-TCNQ,
and (e) DSeDTF- TCNQ.

dependence of the linewidth in "pure" materials,
we have studied the temperature dependence of the
EPR linewidths measured for various other
members of the series of solid solutions

(TSeF),(TTF), ,(TCNQ), 0- x ~ l. Representative
curvesare shownin Fig. 5forx =0.03, x =0.18, and
x = 0.93. Comparison of the temperature dependence
of the linewidth of TTF-TCNQ [4(a)]with the corre-
sponding curve for (TSeF), 03(TTF)„»(TCNQ) [5(a)]
and that of TSeF-TCNQ [4(b)]with the corr esponding
curvesfor (TSeF), »(TTF)o»(TCNQ) [5(b)] clearly
indicates that the temper atur e dependence of the
linewidth in the metallic regime is greatly reduced
by doping. Particularly interesting is the curve for
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(TSeF)e»(TTF}e»(TCNQ) [5(c)]. As is seenfrom
this curve, the linewidth is approximately temper a-
tur e independent over the whole metallic regime.
The effect of dopants on the temperature dependence
of the linewidth is brought out very clearly in Fig. 6,
where the ratio of the linewidth at 160K to the line-
width at 300 K is shown as function of x, the fraction
of Tsep inthe donor stack. The reason for the
choice of 160 K as the lower limit for the range
of study is the fact that the excessive broadening
of the linewidth of TSeF-TCNQ (800 G at 160 K)
combined with its decreasing susceptibility limits
our measurements, because of sensitivity con-
siderations, to T&160 K.

It should be pointed out that not only doping of
the donor stacks but also doping of the acceptor
stacks has a pronounced effect on the increase in
the linewidth as a function of decreasing tempera-
ture. The effect on the linewidth of doping the ac-
ceptor stacks of TTF-TCNQ with about 3%methytet-
raeyanoquinodimethane (MTCNQ) is shown in Fig. 'l.
While the doping of the donor stacks was performed
with a dopant having a differentg value than that
of the original stack (either TSeF doping in a TTF
stack or TTF doping in a TSeF stack) the doping
of the acceptor stacks was done with a dopant of
a very similar g value (MTCNQ into a TCNQ
stack). Since the effects of both kinds of doping
on the temperature dependence of the linewidth
are very similar, it seems that these effects are
not related to the difference between the spin-
orbit coupling of the dopant and the parent com-
pound.

%hat, then, is the origin of the doping effect,

FIG. V. EPB linewidth of (TTF)(MTCNQ)p p3(TCNQ)p p7
as a function of temperature. The measurements were
taken in the H d, II o* orientation.

and how do the results of doping help to explain
the unexpected temperature dependence of the
linewidthT The x-ray spectra of both TTF- TCNQ
and TSeF-TCNQ show precursors of superstruc-
ture Well above their respective phase transi-
tions, '8' "26namely, Peierls fluctuations occur
well above the temperature corr'esponding to the
onset of three-dimensional ordering. In principle,
dopants introduced into systems that manifest
Kohn-anomalous phonons and Peierls fluctuations
can reduce the softening of the phonons and in-
hibit the growth of both the amplitude and corre-
lation length of the related Peierls fluctuations.
The phonon softening is reduced because of the
sm. cari:ng of electron wave functions in k space;
Peierls fluctuations are inhibited by th'e tendency
of the dopants to pin the phase at random values,
thereby preventing the growth of correlations both
along and between stacks. Indeed, we have evi-
dence that the same specific doping that affects
the temperature dependence of the linewidth also
has pronounced effects on the phase transi-
tions."" For example, donor-stack doping in
TTF-TCNQ by 3% TSeF affects" both the accep-
tor- and donor-ordering temperatures 53 and 49
K, respectively, and the transition at 38 K, having
a much more pronounced effect on the transitions
in which the donor stack is involved directly (at
49 and 38 K) than on the transition in which the
donor stack is not involved (at 53 K}. On the other
hand all the transitions seemed to be affected con-
siderably by acceptor-stack doping. " Doping of
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the donor stacks in TSeF-TCNQ by TTF also has
pronounced effects —what appears to be a single
phase transition in TSeF-TCNQ"" splits, as a
consequence of doping, into two transitions. '
Thus we can Observe that in both the investigated
cases (TTF-TCNQ. and TSeF-TCNQ), doping that
was found to affect the temperature dependence
of the linewi. dth was also found to affect the re-
spective Peierls transitions. This coincidence
suggests that there might be a connection between
the existence of Peierls fluctuations and the ob-
served increase of linewidth with decreasing tem-
perature.

An additional experimental finding indicating that
the existence of Peierls fluctuations has a bearing
on the increase of the linewidth with decreasing
temperature is the following: the temperature at
which the linewidth peaks corresponds to the tem-
perature at which the phase transition occurs.
The effect of the phase transition on other phy-
sical properties such as the dc conductivity and
magnetic susceptibility is less dramatic it i—s
seen in their first temperature derivatives. The
peak in the conductivity occurs typically as a high-

er temperature than the metal-insulator transi-
tion. The example that best demonstrates the dif-
ference between the temperature dependence of the
linewidth and conductivity in relation to the phase
transition is HMTTF-TCNQ. The conductivity of
this compound peaks at 80 K,"while the linewidth,
as seen in Fig. 8, peaks at 50 K. The l.atter tem-
perature corresponds" to the metal-insulator tran-
sition. In TTF-TCNQ a similar situation occurs,
although it is less striking than in HMTTF-TCNQ.
The linewidth, as seen in Fig. 9, is temperature
independent between 60 and 53 K. In this particular
compound the actual phase transition occurs at 53 K
while the conductivity reaches its maximum value at
60 K. Both examples demonstrate that the scatter-
ing time as reflected in the conductivity does not seem
to affect the linewidth which seems to follow the
same trend (namely, increases with decreasing
temperature) until the phase transition occurs
If indeed dynamic Peierls fluctuations are the cause
of the increase in linewidth, this result is expect-
ed, since as the three-dimensional ordering of the
charge-density waves occurs, the fluctuations be-
gin to decrease and the linewidth should cease to
increase.

We can further check the correlation between
Peierls fluctuations and the temperature depen-
dence of the linewidth by comparing the results of
very detailed x-ray and neutron diffraction work
performed on TTF-TCNQ""" "and recent
more-refined dc conductivity studies" with a de-
tailed linewidth study in this compound. Figure
9 describes the temperature dependence of the line-
width of TTF-TCNQ for H~la. An interesting fea-
ture of this figure is the sudden increase of the
linewidth occurring in the vicinity of 170 K. This
feature is brought out in a more detailed fashion
in Fig. 10 describing the derivative of the linq-
width as a function of temperature for T & 100 K.
It is clearly seen that the slope of the derivative
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changes in the vicinity of 170 K—it is bigger for
the lower temperatures. At roughly the same
temperature, the intensity of the diffuse x-ray
scattering on the 2k~ sheets starts to increase"
and there is a discontinuous increase in the con-
ductivity. "

An additional interesting feature of the tempera-
ture dependence of the linewidth is shown in Fig.
11, which exhibits the derivative of the linewidth
as a function of temperature for 7 & 140 K for the
two crystallographic orientations H~, ))a, [Fig.
11(a)]»d Hd, llc* [Fig. 11(b)].The derivative peaks
at 49~ 1 K. Phase transition at this temperature
was predicted" and later confirmed experimental-
ly"" to be the ordering temperature of the TTF
stacks. At this temperature the transverse perio-
dicity of the lattice starts to shift from 2a. Re-
cently the 2k~ phonons with longitudinal polariza-
tion were found" to condense at this temperature.
Since most of the magnetic susceptibility resides
on the TTF stacks in the temperature range
7 & 54 K, the spin relaxation rate is expected to be
sensitive to the charge-density-wave condensation
occurring on this stack.

The conclusion of the experimental results pre-
sented above is that it seems plausible, but by no
means definite, that the source of the unusual tem-
perature dependence of the linewidth is related to
Peierls fluctuations. Why should either Peierls
fluctuations or Kohn anomalous phonons increase
the spin-flip rate? In principle the population of
the 2k~ phonons increases with decreasing temp-
erature as one approaches the transition tempera-
ture. Since the spin relaxation rate is proportion-
al to the phonon population, it should increase with
decreasing temperature. ~ Phonon softening should
affect the linewidth, however, only if 2k~ phonons
have a nonzero matrix element for spin-flip scat-
tering, i.e. , if the system does not have a strictly
one-dimensional band structure. Peier ls fluctua-
tions, onthe other hand, can by the disorder which

they introduce relax the selection rule causing the
matrix element for strict backward scattering to
be zero.

In the spin-phonon mechanism, the spin relaxa-
tion rate is proportional not only to the phonon

population but also to the density of states at the
Fermi level. In the noninteracting-electron pic-
ture~ an experimental measure of the density of
states at the Fermi level is the magnetic suscep-
tibility. A characteristic feature of the organic
metals of interest is their decreasing susceptibility
as a function of decreasing temperature in the
range of metallic conductivity. ~ This decrease
suggests the existence of either a gap or a pseudo-
gap in the density of states. The origin of this

gap is controversial. ~~ However independent of
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its origin, the observed decrease of the density of
states as a function of decreasing temperature
should decrease the magnitude of the measured
linewidth, thus providing a competing mechanism
to the previously described effect of fluctuations
which increases the linewidth.

In principle there can be situations in which this
competing mechanism wins, as can be seen in
Fig. 12, where the linewidth of TMTTF-TCNQ
is displayed as a function of temperature for cry-
stallographic orientations in which the static mag-
netic field is both parallel and perpendicular to
the stacking axis. The linewidth of this compound
decreases as a function of decreasing temperature
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linewidth starts decreasing with decreasing tem-
perature. A possible interpretation of this be-
havior is the following: as the temperature de-
creases below 300 K, the process that determines
the temperature dependence of the Jinewidth is the
decrease of density of states, which was observed
in the magnetic susceptibility measurements.
However, as one approaches the phase transition
temperature the fluctuation effects become im-
portant and the linewidth begins to increase de-
spite the continuing decrease in the density of
states.

It is worthwhile mentioning that those particular
compounds in which the linewidth was found to de-
crease with decreasing temperature are those in

which the interstack banding is comparatively
weak, TMTTF- TCNQ and TMTSeF-DMTCNQ.
In both cases the information about the magnitude,
of the interstack coupling was derived from the
magnitude of the linewidth normalized to the ap-
propriate spin-orbit coupling. The normalized
value of the linewidth in these compounds is smal-
ler than in any other compound belonging to this
particular family of organic conductors, indicat-
ing a lower dimensionality. The relatively small
magnitude of the interstack hopping rate in these
particula, r compounds can in principle prevent the
softening of the 2k~ phonons from affecting the line-
width since in a strictly one-dimensional system
back scattering does not contribute to spin-flip.
This might be the reason that in both TMTTF-
TCNQ and TMTSe F-DMTCNQ the mechanisms
which determines the spin relaxation rate in most
of the metallic range is the decreasing density of

FIG. 12. Linewidth of TMTTF- TCNQ as a function of
temperature. (a) Orientation in which the static field is
parallel to the stacking axis. (b) Orientation in which the
static field is perpendicular to the stacking axis.
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over the whole temperature range of the metallic
conductivity. Another example in which the actual
temperature dependence of the linewidth could be
determined by the competition between different
processes is demonstrated in Fig. 13, where the
temperature dependence of the linewidth of
TMTSeF-DMTCNQ is shown. As is seen in this
figure, down to a temperature of about 70 K the
linewidth decreases with decreasing temperature.
At lower temperatures, it increases with decreas-
ing temperature until the phase transition ' at
42.5 K. At this temperature the slope of the line-
width versus temperature changes again as the
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FIG. 13. Linewidth of TMTSeF-DMTCNQ as a func-
tion of temperature.
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states with decreasing temperature shown to exist
by susceptibility measurements. However, since
no diffuse x-rays measurements have been per-
formed on these compounds until now, one cannot
rule out the possibility that in these compounds phon-
on softening and thebuild up of Peierls fluctuations
have a very different temperature dependence and
that this is the source of the temperature depen-
dence of their linewidths.

IV. SUMMARY AND CONCLUSIONS

In this paper we have presented an experimental
study of the temperature dependence of the spin-
relaxation rate in several representative organic
conductors. %e have argued that if indeed spin
relaxation is dominated by the spin-phonon mech-
anism, then the increase of linewidth with de-—
creasing temperature could be related to the exis-
tence of Peierls fluctuations above the metal-in-
sulator transition temperature. The supportive ex-
perimental evidence for this picture can be sum-
marized in the following fashion: (i) The tempera-
ture at which the 1inewidth reaches its maximum
value corresponds to the temperature at which the
phase transition occurs. (ii) The effects of doping
on the temperature dependence of the linewidth
are consistent with the effects of doping on the
growth of correlation lengths.

The variety of temperature dependences ob-

served for the various compounds, some of which
exhibit increasing linewidth and some of which ex-
hibit decreasing linewidth with decreasing tem-
perature, is understood in terms of having at least
two competitive processes determining the actual
temperature dependence of the linewidth. On the
one hand, scattering off Peierls fluctuations mill
tend to increase the linewidth with decreasing
temperature, while on the other hand, a decreas-
ing density of states with decreasing temperature,
whatever its source is, will tend to decrease the
linewidth. The effectiveness of the Peierls fluc-
tuations in increasing the linemidth with decreasing
temperature is shown experimentally to be depen-
dent on the magnitude of the interstack hopping
rate.
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