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EPR and magnetic-susceptibility studies of TTF-TCNQ indicate that in the temperature
region T & 60 K this compound consists of a metallic (TTF)+ chain and a (TCNQ chain
with localized spins. The metal-insulator transition at - 60 K is accompanied by a strong
interchain interaction.

The magnetic properties of a large number of
TCNQ salts have previously been studied. ' Most
of the low- and intermediate-conductivity TCNQ
complexes [conductivities below 10 (0 cm) '] ex-
hibit a temperature-activated susceptibility,
whereas the susceptibility of the highly conduc-
tive TCNQ complexes shows a very weak temper-
ature dependence. In TTF-TCNQ, however, de-
spite the unusually high conductivity'~ the mag-
netic susceptibility behavior' resembles that of
low-conductivity salts.

In order to understand this unusual behavior,
we have made an extensive EPR investigation of
TTF-TCNQ single crystals as well as static mag-
netic -susceptibility studies of polycrystalline
samples. The EPR measurements were per-
formed at X and K bands. Nn the following, when-
ever the frequency is not specified the related ex-
periment was performed at X band. ) Two differ-
ent types of single crystals were used: Solution-
grown4 crystals, in which the 6 axis is the nee-
dle axis [conductivity along the 5 axis - (3.3-10)
x 10'/0 cm], ' were used for the H, II b orientation,
while vapor-grown' crystals, in which the & axis

is almost perpendicular to the needle axis [con-
ductivity along the 5 axis - (2-8.7) x 10z/g cm] 5

were used for the H, & b orientation. Crystals of
highest conductivity exhibited Dyson-Bloember-
gen line shapes at the H, -Lb orientation. No sig-
nificant variations of line widths or g values, for
a common orientation, were found between sam-
ples grown by these two different methods. The
static susceptibility of polycrystalline TTF-
TCNQ crystals was measured by the Faraday
method in a helium gas atmosphere in the tem-
perature range 2-400'K.

In solutions the reported g values of (TTF)'
and (TCNQ) are, respectively, 2.00838' and
2.0025.8 In view of this large difference between
the g values one might expect to observe two dis-
tinct absorptions in the solid TTF-TCNQ (actual-
ly four because there are two molecules per unit
cell~). However, over the entire temperature
range 20-300'K, in which the susceptibility was
found to be temperature activated, only a single
line was observed. The principal values of g at
room temperature are g„=2.0026+ 0.0003, g„„
= 2.0065 + 0.0003, and g„=2.0086 + 0.0003. The z
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FIG. 1. The principal g values g and g~ as a func-
tion of temperature.

direction coincides with the b axis, the x with the
a, and the y with the c*. The fact that the mea-
sured values are indeed g values was confirmed
by measuring the same values at two different
frequencies, 9 and 35 0Hz. There are tmo pos-
sible explanations for the existence of only a sin-
gle absorption line. Either the coupling between
the stacks exceeds the differences between the
respective Larmor frequencies, or one of the
absorptions is not detectable experimentally be-
cause of the existence of a very fast relaxation
on the corresponding chain. (The trivial possibil-
ity of an overlap of tmo absorption lines of com-
parable intensities and relaxation times and of
different g values was eliminated by comparing
the resonance linemidths at 9 and 35 0Hz. The
linewidths mere found to be identical at both fre-
quenc ice. )

Just as for the conductivity, tmo distinct tem-
perature ranges emerge for the magnetic data:
T &60'K and T &60'K. %e will try to determine
for each of these temperature ranges which of the
two above mentioned mechanisms is responsible
for the appearance of a single absorption line.
The "metallic" region, T &60K, is characterized
by three distinct features: (l) The measured
principal g values are temperature independent
(Fig. 1); (2) the line broadens with decreasing
temperature (Fig. 2); (3) the susceptibility is
strongly temperature dependent (Fig. 3). Since
the line shape of the resonance is Lorentzian the
interaction rate between the (TTF)' stack (F
stack) and the (TCNQ) stack (Q stack) is in
either the fast or the slow limit compared to the
differences between the respective Larmor fre-
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where g and gF are the respective g values of
(TTF)' and (TCNQ) and az and oz are the re-
spective fractions of the total measured suscep-
tibility on each type of stack. The width of the

line is

1 Q QF 2
FQ Q F+ +p (v —v)

2 29 2F
(2)

1/T, = 1/T, '+ Pq~ (3)

where 1jT,' is the linewidth in the absence of
interchain coupling and PF is the interaction
term between the Q and E stacks The tem. pera-

~here T, and T,F are the transverse relaxation
times for the respective stacks, t F and v„- are
the Larmor frequencies, and Pzo includes the
interaction terms between the different stacks.
If this coupling regime were applicable to the
"metallic" range, one would have to assume that
the term Pzo(vo —v~)2 due to incomplete averag-
ing of the two resonance frequencies is negligi-
ble, since as mentioned earlier the measured
linewidth was found to be field independent. An

estimate of ao and a~ can be made from Eq. (1)
and the measured g values. n is found to be
0.4 while eF is 0.6. The temperature-indepen-
dent values of the measured g therefore indicate
that e~ and eF are temperature independent.
Therefore the temperature dependence of the
measured linewidth occurs through T, and T,„.
For simple metals, or even for an organic metal
such as N-methyl-phenazinium TCNQ, "TI has
been found to increase with decreasing tempera-
ture, and therefore in the strong-coupling limit
one expects a decreasing Iinewidth with decreas-
ing temperature. This is in contrast to the exper-
imental observations. In addition, the tempera-
ture independence of a and eF seems to be very
strange in view of the strong temperature depen-
dence of the susceptibility. Moreover, a temper-
ature-dependent susceptibility is very unusual
again in comparison to other organic metals. '

In view of the foregoing we beHeve that the cor-
rect description in the region T &60'K is provided
by the weak-coupling limit under the assumption
that one of the resonance lines is not observed
because of extensive broadening. This assump-
tion is not unreasonable since according to Elli-
ott's formalism" the expected resonance line-
width of a metallic I stack wiII be almost 3 or-
ders of magnitude larger than that of a metallic
Q stack for comparable scattering times. The
detected line has a width of

ture dependence of this linewidth is due to the
temperature dependence of T,' and P~F. A com-
parison of the measured static and spin suscep-
tibilities indicates that most of the susceptibility
at 300'K is seen in the relatively narrow EPR
line and that the temperature dependence of the

susceptibility is due to the temperature depen-
dence of the intensity of this line. From line-
width considerations it seems that this line is
associated with the Q stack. The temperature-
dependent susceptibility can be explained by as-
suming that in the measured temperature range
there is already an energy gap on this stack and

the spins are localized. The I stack on the other
hand gives rise to the metallic conductivity.

The most interesting feature of the "insulating"
region, T &60'K, is the temperature dependence
of the g values (Fig. 1). The measured g value
shifts gradually toward gF and coincides with it
at 20'K. At 20'K, the average g value is 2.0082
+0.0003 (the measured principal values are
2.012, 2.009, and 2.0036), which is very close to
the reported isotropic g value of 2.008 38 for
(TTF)'. Since in this temperature region both
the Q and I' stacks are expected to be seen, the
direction of the g shift toward gF indicates that
indeed I is the conducting chain in the region T
& 60'K. In addition the temperature dependence
of g and the Iinewidth indicate that for T &60'K
the strong-coupling limit is applicable.

Below 20'K, the Curie-type behavior of the
EPR intensity is typical of many TCNQ salts. '
It has been" attributed to the presence of lattice
irregularities which might lead to a finite-chain
behavior. Our data indicate that the concentra-
tion of the chain-interrupting species is -2.5

&10 ' per mole of host.
In conclusion our picture is the following: The

"metallic" phase consists of a conducting chain,
(TTF); and a chain with localized spins, (TCNQ) .
The coupling between the chains is weak and the
system is one-dimensional. In the "insulating"
phase there is a strong coupling between the
chains and therefore a three-dimensional repre-
sentation will be more suitable for this phase.

The authors are grateful to %. J. Fitzpatrick
and H. R. Lilienthal for their valuable assistance
in the measurements and to F. Mehran, A. Mad-
hukar, M. H. Cohen, J. B. Torrance, T. D.
Schultz, and B. D. Silverman for many helpful
d1scu s s1on s.

For a review, see I. F. Shehegolev, Phys. Status



Vor. UME 32, NUMsER 24 PHYSICAL REVIEW LETTERS 17 JUNE 1974

Solidi (a) 12, 9 (1972).
J. H. Perlstein, J. P. Ferraris, V. V. %alatka,

D. O. Cowan, and J. A. Candela, in Magnetism and
Magnetic Materials —197Z, AIP Conference Proceed-
ings No. 10, edited by C. D. Graham, Jr. , and J. J.
Hhyne (American Institute of Physics, New York,
1973).

3L. B. Coleman, M. J. Cohen, D. J. Sandman, F. G.
Yamagashi, A. F. Garito, and A. J. Heeger, Solid
State Commun. 12, 1125 (1973}.

Crystals obtained by U-tube reaction of the TTF and
TCNQ components in acetonitrile at room temperature,
or slow cooling of CHSCN solutions of TTF-TCNQ sat-
urated at 50'C, all under an atmosphere of dry N2.
The TTF and TCNQ used for the crystal growth were
purified by recrystallization from acetonitrile (TCNQ)
or methy1 cyclohexane (TTF) followed by four separate
stages of gradient sublimation.

S. von Molnar, private communication.
6Crystals were grown by vapor-phase transport of

TTF (90'C) and TCNQ {150C) in a temperature gradi-

ent 5-10'/cm at pressures between 10 3-10 5 Torr.
Alternatively, crystals were grown by direct sublima-
tion of TTF-TCNQ powder in the above gradients at
source temperatures between 100-150'C.

F. Wudl, G. M. Smith, and E. J. Hufnagel, J. Chem.
Soc. D 1970, 1453.

N. Kinoshita and H. Akamatu, Nature {London) 207,
291 {1965).

T. E. Philips, T. J. Kistenmacher, J. P. Ferraris,
and D. O. Cowan, J. Chem. Soc.„Chem. Commun.
1973, 471.

Below 20'K some indications of a possible splitting
were shown by some samples but we could not achieve
the required degree of reproducibi1ity.

A. J. Epstein, S. Etemad, A. F. Garito, and A. J.
Heeger, Phys. Rev. B 5, 952 (1972).

R. J. Elliott, Phys. Rev. 96, 266 (1954).
' L. N. Bulaevskii, A. V. Zvarykina, Yu. S. Karimov,

R. B. Lyubovskii, and I. F. Shchegolev, Zh. Eksp.
Teor. Fiz. 62, 725 {1972) gov. Phys. JETP 35, 384
(1972)i.

Spin&rbit Splitting at the I" Point in ZnSe„Te, „Alloys

Atsuko Ebina, Yoshio Sato, and Tadashi Takahashi
Research Institute of Electrical Communication, 7'ohoku University, Sendai 980, j'apron

{Received 21 February 1974)

ElectroreQectance spectra were measured at room temperature to determine the ener-
gies of the lowest gaP, Ep, and its sPin-orbit-sPlitting gaP, Ep+4p, in ZnSe„Tel „alloys
as a function of composition x. The variation with x of the spin-orbit splitting at the 1
point, +p, was found to show convex behavior, confirming our preliminary results de-
duced from reflectivity measurements. The deviation from linearity of +p is 0.146 eV at
& =0.5. The bowing parameters of the Ep and Ep+&p gaps were determined to be 1.266
+0.023 and 0.681 +0.040 eV, respectively.

The composition dependence of spin-orbit split-
ting in semiconductor alloys is of considerable
interest, since it can be used to check the predic-
tions of various theoretical models. Two main

approaches are used to explain the observed vari-
ation with composition of the various energy
gaps: One is the virtual crystal approximation
(VCA) in which the fluctuations in the crystal
potential are negligible'; the other is the tak-
ing into account of the fluctuations on the basis
of the dielectric method. ' lt is not conclusive
which approach is best, because both have been
successful in predicting the nonlinear composi-
tion dependence of the energy gaps. Also both
approaches' '

may explain the concave variation
with composition of the spin-orbit splitting g
observed in several III-V alloy systems and in
one or two II-VI alloy systems, "except for

ZnSe„Te, „." In ZnSe„Te, „a convex variation
has been suggested. 'o While Hill' predicted very
recently a concave variation for this system and
also for other alloy systems on the basis of the

VGA, Van Vechten, Berolo, and %oolley" have
suggested that either a convex or a concave vari-
atlon Inay occur.

We measured the eiectrorefiectance (ER} spec-
tra of the E, and E, + b, gaps for ZnSe, Te, „al-
loys using an electrolyte technique with Potentio-
stat control in a KC1 solution. Melt-grown crys-
tals were used for ZnTe, ZnSe, and alloys of x
=0.12 and 0.20, and vapor-phase-grown crys-
tals" for &=0.48, 0.79, 0.87, and 0.97. They
are single crystals except for &=0.12, 0.79, and
0.87, which are polycrystals. The inhomogene-
ities of x in samples of the alloys are less than
+0.2% for the vapor-phase-grown crystals and
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