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The separate contributions of the TTF and TCNQ chains to the total magnetic suscepti-
bility of TTF-TCNQ are evaluated from measurements of the gyromagnetic ratio and
EPR linewidth. From the temperature dependence of these susceptibilities, we show
that the metal-insulator transition at 54°K affects primarily the TCNQ chain. The TTF
chain is primarily affected by the transition at 38°K and dominates the conductivity in

the semiconducting regime.

The electronic properties of TTF-TCNQ have
been described! in terms of two partially filled
bands corresponding to the donor and the accep-
tor chains. Each of these bands makes a contri-
bution to the measured physical properties such
as conductivity®? and susceptibility.*"® In gener-
al, the role of each chain in determining the mag-
nitude of a given property is difficult to delineate
because the respective contribution of the donor
or acceptor stack is modified by the presence of
the other. The only known exceptions are the
gyromagnetic ratios of the TTF and TCNQ chains
which were shown” to maintain their intrinsic g
values in TTF-TCNQ. Moreover these g values
are very different,>° since the TTF molecule has
a much bigger™ spin-orbit coupling than TCNQ.

In the present paper we shall show how the mag-
netic susceptibility can be separated into TTF
and TCNQ contributions using EPR g values'! and
linewidth measurements. The temperature de-
pendence of the individual susceptibilities in the
temperature range which includes both the 54 and
38°K phase transitions is used to evaluate the re-
spective effects of these transitions on the donor
and acceptor chains. The 54°K transition is
shown to affect primarily the TCNQ chain, while
the TTF chain is primarily affected by the 38°K
transition. The separation of the susceptibility
for 20°K<T < 54°K into its components is accom-
plished by using the g value of the single EPR ab-
sorption line observed. As an example of the
strong temperature dependence of g for 7 < 80°K,
data for Hy, !l &* are shown in Fig. 1. As was
shown previously,* the isotropic part of the g val-
ue in the 25-38°K region is the same as the iso-
tropic part of the g value obtained'? in (TTF)C],
and the g value® of the (TTF)* cation in solution.
This fact, combined with the activated nature of
the susceptibility ,*~° clearly indicates that the
measured susceptibility in this temperature re-

gion is all on the TTF stack, presumably because
the magnetic gap on the TCNQ stack is greater
than the magnetic gap on TTF. Similar behav-
ior®® was observed in TMTTF-TCNQ (TMTTF is
tetramethyl-TTF) and also™ for some composi-
tions of the isostructural series (TSeF),(TTF),., -
(TCNQ) (TSeF is tetraselenafulvalene),’® where
Os<x< 1. However the magnetic gap on the accep-
tor chain depends on the nature of those chains.
For example, the reported'® g values for TTF-
TNAP (TNAP is 11,11,12,12-tetracyanonaphtho-
2, 6-quinodimethane) indicate that the magnetic
gap in the semiconducting regime is smaller on
the acceptor chain than on the donor chain. The
separate donor and acceptor contributions to the
total susceptibility can be quantitatively deter-
mined in these systems using the method devel-
oped in this paper for TTF-TCNQ.

The Lorentzian shape of the single EPR absorp-
tion line strongly suggests' that the magnetic ex-
citations on both stacks are coherently mixed
and therefore can be treated within the strong-
coupling approximation. The g value measured
at a given angle 0 is then related to the g values
of the TTF [g(0)] and TCNQ [ g4(6)] stacks by™°

g(T,0)=a(T)gq(0) +[1-a(T)]gx0), (1)

where « (T') is the fraction of the susceptibility on
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FIG. 1. Temperature dependence of g for ﬁdc I Cx,
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FIG. 2. Temperature dependence of o obtained from
g values.

the TCNQ stack,
a(T)=xo(T)/[xo(T) +x#(T)]. ()

The values of gp(9) are known* " from g anisot-
ropy measurements in the 25-35°K range, where
the magnetic excitations are solely on the TTF
chain. For g4(f), we have chosen experimental
values obtained®® from measurements on NMP-
TCNQ (NNP is N-methylphenazinium) for simi-
lar orientations of the TCNQ molecule. For ex-
ample, for Hy Il T* we use g =2.0032. Evaluation
of a(T) using the experimentally measured g val-
ues (e.g., Fig. 1) and Eq. (1) yields the tempera-
ture dependence shown in Fig. 2.

As a further check on the consistency of this
picture, we can independently determine o from
linewidth considerations. The measured line-
width is represented in the strong-coupling limit
by©

1 o) +1—oz(T)
T,(T) Tyo) Ty pll)’

3)

where 1/T, o and 1/T, , are the intrinsic line-
widths on the TCNQ and TTF stacks. Equation
(3) implies that the anisofropy of the measured
linewidth will be temperature dependent [because
of (T')] if the intrinsic linewidths on the individu-
al chains have different anisotropies. The three
curves in Fig. 3 represent the linewidth anisot-
ropy in the a-c* plane measured at 56, 47, and
33°K. The linewidth anisotropy seems to change
with temperature in the same range of tempera-
ture as the g values. In general, evaluation of «
from linewidth anisotropy is much more compli-
cated than its evaluation from g values, since
the intrinsic linewidths of the chains are temper-
ature dependent. However, the linewidth anisot-
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FIG. 3. Normalized linewidth anisotropy in a-c*
plane for three different temperatures. The normaliza-
tion factors for the 47 and 33°K curves are 1.95 and
10.3, respectively.

ropy of the TTF chain (the curve corresponding
to 33°K, Fig. 3) provides a clue for the determin-
ation of ¢. The measured linewidths in the ¢ and
c* directions, 1/T, p(a) and 1/T, x(c*), are ob-
served to be approximately equal and therefore

1 1 B 1 1
Tz(a) _TZ(C*)—( Tz, Q(a) —Tz.Q(c*)>a(T)' (4)

If the linewidth anisotropy on the TCNQ stack for
H,. I3 and Hy, I &* orientations is temperature in-
dependent, one can obtain «(7T') (in arbitrary
units). The temperature dependence of ¢ obtained
in this way agrees reasonably well with that eval-
uated from g values (Fig. 2).

Using Eq. (2) and the values of o (T') appearing
in Fig. 2, one can separate the experimental mag-
netic susceptibility!” into TTF and TCNQ contri-
butions as shown in Fig. 4. No decomposition of

-the susceptibility was performed for T <20°K be-

cause of the presently not understood tempera-
ture dependence of g in this temperature region
(Fig. 1).

It is clearly seen from Fig. 4 that the behaviors
of the two susceptibilities are considerably dif-
ferent. For example, the metal-insulator phase
transition at 54°K gives rise to a sudden decrease
in the susceptibility on the TCNQ stack, while
the TTF susceptibility appears to be only weakly
affected. This observation clearly indicates that
the 54°K Peierls'® transition most strongly in-
volves'® the TCNQ stack. The role of the TTF
stack is less clear, but appears to be more in-
volved with the second phase transition® which
occurs near 38°K, as judged by the fact that the
TTF susceptibility starts decreasing near this
temperature.



VOLUME 36, NUMBER 13

PHYSICAL REVIEW LETTERS

29 MARcH 1976

R e ) B ) T‘iiﬁ
38°K 54°K
25- Cege
20 TOTAL  © |
g a
~N ° o
g 15 03/*'2(; te s a
< 9 +
) Ny
<] . TTF -
= 1o [ .
05~ ¢ TCNQ / -
/XXX
ol 1 | /ri 1 1 1
20 30 40 50 60 70
T (°K)

FIG. 4. The susceptibilities of the individual chains
and the total measured susceptibility. The full lines
correspond to the calculated values obtained from ac-
tivation energies Ap=94°K and Ay =400°K.

A quantitative measure of the rate of the de-
crease of the susceptibilities was obtained by an
empirical fit of the form

Tx(T)=c exp(=A/T). (5)

The fits shown in Fig. 4 by solid lines are for A
=400°K and Ay =94°K for the TCNQ and TTF sus-
ceptibilities, respectively. The physical mean-
ing of this fit might be that the gaps over the
measured temperature regime either are tem-
perature independent or have a linear tempera-
ture dependence. However the values of the pa-
rameters A, and Ay should be treated with some
reservation® because of the narrow temperature
range of the fits, the scatter of the data, and in-
sufficient data below 38°K. The higher activa-
tion energy found for the TCNQ is consistent
with (1) the previous conclusion that this chain is
primarily involved with the 54°K transition and
(2) the larger bandwidth calculated® for the TCNQ
chain. Nevertheless, it is interesting to point
out that the value for A, compares well with the
infrared gap of 1000°K assigned® to the TCNQ
stack and implies*#?° a mean-field transition
temperature of about 250°K. We note that the
conclusion that the TCNQ stack drives the Pei-
erls transition might seem contradictory with the
previously presented* view that this stack is an
insulator. In the previous view, the TCNQ stack
was identified as the nonconducting stack on the
basis of the extreme narrowness and unusual
temperature dependence of the observed EPR

linewidth and the unusual temperature dependence
of the susceptibility. However, these features
can also be explained'*?® by the quasi-one-di-
mensional nature of the stacks together with the
assumption that at least one of these stacks has
a mean-field transition temperature in the vicin-
ity of room temperature. The latter explanation
is consistent with the present results if the stack
with the high mean-field transition temperature
is taken to be the TCNQ stack. How this particu-
lar feature of TCNQ affects its contribution to
the conductivity is still a subject of active con-
troversy.2%28

Some information about the respective contri-
butions of the TTF and TCNQ stacks to the con-
ductivity, o, can be obtained by comparing o(T)
with yz(T) and xo(T'). For example, between 54
and 38°K ¢ falls exponentially,?® while ¥ is al-
most temperature independent. There are two
possible explanations for this behavior: (1) op
<< 0y in this region and hence o(T') is dominated
by 0q; or (2) oy and xy are not coupled, so that
or can decrease exponentially, while y is con-
stant. According to the first possibility, o= o0y,
which can then be compared to x,. Below 51°K
both ¢ and x,T decrease exponentially with de-
creasing temperature, with activation energies
of 250°K 2%2° gnd 400°K, respectively. However,
one would expect the conductivity to decrease as
fast or faster than the susceptibility because any
electron that can conduct can flip its spin but not
vice versa. Therefore, the second possibility
must be true, namely the conductivity is dom-
inated by the TTF stack®® and the conductivity
and susceptibility are decoupled. This behavior
might be caused by appreciable® electron corre-
lation or by an activated mobility on the TTF
stack. Further work on this subject is in prog-
ress.

In conclusion, we have shown that (1) the metal-
insulator transition at 54°K affects primarily the
TCNQ stacks; (2) the TTF stacks are more in-
volved in the transition at 38°K; and (3) the con-
ductivity below 54°K is dominated by the TTF
stack. The authors gratefully acknowledge help-
ful discussions with T. D. Schultz, B. D. Silver-
man, R. A. Craven, and A. J. Berlinsky. TTF-
TCNQ crystals provided by E. M. Engler and sus-
ceptibility data provided by J. C. Scott are great-
ly appreciated.
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The usual stimulus-based neural counting model for audition is found to be mathemat-
ically identical to the well-known semiclassical formalism for photon counting. In partic-
ular, we explicitly demonstrate the equivalence of McGill’s noncentral negative binomial
distribution and Perina’s multimode confluent hypergeometric distribution for a coherent
signal imbedded in chaotic noise. Dead-time corrections, important both in neural count-
ing and in photon counting, are incorporated in a generalized form of this distribution.
Some specific implications of these results are discussed.

In an attempt to explain the relative frequency
of multiple occurrences of accidents in a factory
population, Greenwood and Yule'! in 1920 provid-
ed an important and remarkably simple general-
jzation of the Poisson process. These authors
assumed that although the probability of accident
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for a given worker follows the simple Poisson
law, variation in individual proneness to accident
causes the accident rate to vary from individual
to individual in the population. They then calcu-
lated the overall probability of multiple accidents
using certain plausible density functions for this



