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Metal-Insulator Transition in the Organic Metal (TTM-TTP)I;
with a One-Dimensional Half-Filled Band
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The title 1:1 composition organic conductor, with a highly one-dimensional half-filled energy
band, exhibits metallic conductivity down t@; = 160 K, but the spin susceptibility follows
the one-dimensional Heisenberg model from room temperature to 2 K, without any anomaly at
Twvi- The insulating state is regarded as a Mott insulator. The sbialtelated to the extended
molecular structure, gives rise to the small charge gap and the high-temperature metallic conduction.
[S0031-9007(97)03940-9]

PACS numbers: 71.30.+h, 72.15.Nj, 72.80.Le

It has been widely believed that organic conductors Nevertheless, this compound exhibits a very high con-
with half-filled energy band will not show metallic ductivity, 700 Scm™!, at room temperature, and weakly
conduction because the Coulomb interaction in thesenetallic temperature dependence down to about 160 K,
conductors is of essential importance in making thebelow which it undergoes a transition to an insulating
conduction electrons localized. In the present papestate [1]. It is surprising that an organic conductor with a
we will report the first exception of this general rule; half-filled band, or in other words with 1:1 composition,
the title compound(TTM-TTP)I;, where TTM-TTP is shows such a high conductivity and moreover even metal-
2,5-bid4,5-bis(methylthio)-1,3-dithiol-2-ylidenel,3,4,6-  lic conductivity. The thermoelectric power is exactly and
tetrathiapentalene (Fig. 1), exhibits metallic conductionconstantly zero from room temperature g ; this is a
above Ty = 160 K, although it has a highly one- straightforward consequence of the half-filled band and in
dimensional half-filled energy band. addition its experimental evidence [1].

X-ray crystal structure analysis has shown that the donor The on-site Coulomb repulsioti and the transfer inte-
to the anion ratio is 1:1 [1]. A unit cell contains only one gral t. have been estimated from the polarized reflection
donor molecule, which makes face-to-face stacks along the
crystallographicc axis. Since the transfer integral along
this stacking directionz. = 0.26 eV, estimated from the
overlap of the highest occupied molecular orbital (HOMO) CHyS
calculated on the basis of the extended Huckel molecular 6
orbital calculation, is much larger than the interchain ) —
interactions,z,, t, < 0.01 eV, the electronic structure is
recognized as highly one dimensional along the stacking§
direction. Figure 1 shows the energy band structure and ®,
the Fermi surface calculated by using the transfer integrals g3 EF
given in Ref. [1]. Because a unit cell contains only one 5
donor molecule, there is only one energy band, which has5
large dispersion along the axis with the bandwidth of
about 1 eV, yet having very little dispersion along the _( ¢
other directions. Since one electron has been transferred T BV Z r X V
from one donor td;, namely, TTM-TTP is generated,

- . . . . FIG. 1. Tight-binding energy band structure and Fermi sur-
this one-dimensional band is half filled. Therefore theface (right), calculated from the overlap of the highest occupied

energy band structure is extremely simple: a single onemolecular orbital (HOMO) obtained on the basis of the ex-
dimensional half-filled band. tended Hiickel molecular orbital calculation [1].
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spectra by assuming the half-filled one-dimensional Hubmake their crystallographic axis parallel to the field di-
bard model; the results ar& = 0.57 eV and ¢, = rection. The Pascal diamagnetic contribution4.13 X
0.16 eV [2]. The Coulomb repulsioly is smaller thanthe 10~* emymol) has been subtracted from the observed
usual values of organic conductors, typically about 1.0 eVsusceptibility. The magnetization curve showed no anom-
this is related to the extended electrons of the donor aly at low temperatures.
molecule (Fig. 1). The same conclusion has been ob- The spin susceptibility is, at a first approximation,
tained from the measurement of the oxidation potentialsalmost constant from room temperature to helium tem-
the difference of the oxidation potentials betwdaty D * peratures, and can be regarded as Pauli-like. The magni-
andD*/D?* is about one third of the usual TTF donors tude of the spin susceptibility is not particularly enhanced.
(TTF: tetrathiafulvalene) [3]. It is worth noting thdf = The most remarkable point is the absence of any anom-
is smaller than the bandwiditfy = 0.64 eV. Small U aly aroundTy;. If the MI transition is associated with
is probably the key to the realization of the half-filled the charge-density wave or spin-density wave transitions,
metallic organic conductor. decrease of the spin susceptibility is expected. Therefore
In the present paper we report (1) conductivity at highwe can definitely exclude the possibilities of the density-
pressures, (2) static magnetic susceptibility, (3) ESR, andiave transitions as the origin of the Ml transition. Aj;
(4) temperature dependence of the lattice constants. the freedom of the charge dynamics is lost, yet the spin
In order to obtain thel-P phase diagram, we have degree of freedom seems to be unchanged and remains fi-
measured the electrical conductivity under high pressureiite down to helium temperatures. The present system ex-
The measurements were carried out by the conventiondlibits a complete separation of spin and charge degrees of
clamp cell technique. Because the pressure is released bygedom.
about 3 kbar between room temperature and 200 K, this Although roughly speaking the spin susceptibility can
value was subtracted from the room-temperature values.be regarded as Pauli-like, its gradual decrease is reminis-
Figure 2 shows the electrical resistivity under highcent of the low-temperature part of the Bonner-Fisher-like
pressure. The metal-insulator (MI) transition temperaturesusceptibility. The solid curve in Fig. 4 is a fitting to
shifts to lower temperatures with an increase of the presthe S = 1/2 one-dimensional Heisenberg model [4]. Al-
sure. The shiftis, however, very gradual, and the insulatothough such a fitting is a quite rough estimation, the solid
phase is not completely suppressed even at 11.5 kbarurve in Fig. 4 gives a value of/kg = 640 K. By us-
The MI transition temperatur@y;, defined by the steep ing the results of the optical measurements the same value
rise of the resistance, is plotted in Fig. 3. The principalis estimated ad/kg = 2t>/U = 1040 K. Anyway, we
effect of pressure is the enhancementspfwhereasU  can regard the spin system of the present compound as an
is expected to remain basically unchanged because @ntiferromagnetic chain with comparatively large This
is a property of a molecule. If we assume that charges obviously associated with the comparatively sniall
localization associated witly is responsible for the Ml Nevertheless, we should not take this picture too literally,
transition, the obtained phase diagram is convincing. because the existence of well-defined localized spins is
Figure 4 shows the temperature dependence of the statiot certain, particularly in the metallic phase.
magnetic susceptibility undéf = 10 kOe, measuredbya  Figure 5 shows intensity and linewidth of tbéband
SQUID magnetometer. The crystals were aligned so as tBSR. Theg values arg;, =2.013 andg, = 2.009 at 29 K,
which are reasonable values as free spins on the organic
molecules. The intensity is, except the low-temperature
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FIG. 2. Temperature dependence of electrical resistéhee FIG. 3. Metal-insulator transition temperature extracted from
under high pressure; each measurement is normalized at roothe steep rise of the resistance, and activation energy estimated
temperature. from the logR vs 1/T plot in the insulating region.
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600x10°° : : taken oscillation photograph along thairection showed
no diffuse lines or satellite spots. Therefore together with
the results of the magnetic measurements we can elimi-
nate the possibility of the charge-density wave transition
% % " as an origin of the Ml transition.
. Figure 6 shows the temperature dependence of the lat-
o ° tice constants and lattice volume. Because no clear anom-
200 - . aly of the lattice constants has been observed, we can
conclude that the MI transition is not associated with any
structural transition. The lowest-measured temperature in
Fig. 6 is, however, not sufficiently lower thdky;. It may
0 L | . . .
0 100 200 300 be desirable to carry out the diffraction measurement down
to helium temperatures in order to confirm this point.
Crystal structure and energy band calculation have un-
FIG. 4. Static magnetic susceptibility undeéf = 10 kOe.  ambiguously indicated that the present system is not only
The solid curve represents the one-dimensional Heisenbergighly one dimensional but also half-filled. It is therefore
model. quite reasonable that one-dimensional Hubbard model is
applicable to this system. The magnetic measurements to-
Curie-like part, which may come from the impurities, gether with the x-ray diffraction definitely eliminate the
almost constant from 40 to 120 K. This agrees with thepossibilities of the charge-density or spin-density wave
Pauli-like spin susceptibility in the static measurementiransitions as an origin of the Ml transition. From this per-
In this temperature region the linewidth changes linearlyspective the low-temperature insulating state is reasonably
to the temperature. The linewidth at low temperaturestegarded as a Mott insulator. One may expect a Curie-like
6 G, is comparatively sharp as a sulfur-containing donorbehavior as the magnetic susceptibility of a Mott insulator.
and may be associated with the one dimensionality of th&Ve have, however, shown that the magnetic susceptibility
system. can be regarded as a Bonner-Fisher-like. Because the one
Above 120 K the linewidth suddenly broadens by atdimensionality of the present system is extremely high, the
least several times, and practically we could not observ8uctuation is so important that the susceptibility becomes
the signal above this temperature. The broadening iBonner-Fisher-like instead of Curie-like.
probably associated with the MI transition; abo¥g; The most remarkable feature of the present system is
the scattering mechanism of the electrons changes becau$e perfect separation of the spin and charge degrees of
they become itinerant. By judging from the almost con-freedom. Theoretically the spin-charge separation in a
stant static susceptibility, when the linewidth broadens byne-dimensional system has been demonstrated starting
several times the peak height is expected to decrease mdfem the Luttinger model [6]. Although the applicability
than 1 order, and it is not unlikely that the signal ap-of this theory to the actual systems such as some organic
parently disappears. Similar behavior has been observeapnductors has been discussed for a long time, the present
in another organic conductoBEDT-TTF),RbZn(SCN),  System is by far the simplest with respect to its electronic
(BEDT-TTF: bis(ethylenedithio)tetrathiafulvalengs). structure and its half-filled band as well as its experimental
In order to investigate the possibility of the charge-properties.
density wave transition, we have carried out a prelimi-
nary x-ray diffraction measurement. At 130 K a carefully
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FIG. 5. ESR intensity (arbitrary unit) and linewidth, measuredFIG. 6. Temperature dependence of the lattice constants and
alongH || c. lattice volume.
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The metallic conduction of the present system can b&alene) undergoes a metal-insulator transition at 160 K,
attributed to the thermal excitation across the charge gapvhich is attributed to a charge localization, whereas its
Since U is comparatively small, the charge gap is com-magnetic susceptibility gradually decreases below about
paratively small, resulting in apparently metallic conduc-20 K, where a spin-Peierls transition takes place. This
tion at high temperatures. If this explanation is valid, thebehavior is quite similar to that of the present compound
population of the doubly occupied sites must be of fun-except the existence of the spin-Peierls transition and the
damental significance at least in the metallic temperaturdifference of the formal composition.
region. Nevertheless, it has been theoretically predicted In summary,(TTM-TTP)I; is regarded as a small-
that no matter how small i§, the ground state is the Mott case of a one-dimensional conductor witha effectively
insulator, because the system is half filled. In addition, théut inherently half-filled energy band. Sinc# is small,
spin-charge separation takes place as fav asfinite [6].  this compound shows metallic conductivity at high tem-

It is also surprising that the present system shows finiteperatures, although the low-temperature state is a Mott
neither zero nor infinite, magnetic susceptibility in theinsulator, because no matter how smallisit gives rise
limit of 0 K. Such a paramagnetic state is probably notto charge localization in a half-filled band. Nonetheless
the true ground state. We have carried out the magnetihie magnetic susceptibility exhibits no anomaly and re-
measurements down to 2 K, below which a transition tamains paramagnetic down to low temperatures. Since the
either an antiferromagnetic state or a spin-Peierls state mne-dimensional fluctuation is of essential importance, the
expected. Because the system is highly one dimensionausceptibility is Bonner-Fisher-like rather than Curie-like,
the spin-Peierls state seems to be more plausible. In arand the system does not undergo either spin-Peierls or an-
case it is still surprising that the transition temperature idiferromagnetic transitions down to 2 K.
very low. As for the antiferromagnetic transition, it can We are grateful to K. Kanoda for invaluable discus-
be understood by considering the high one-dimensionalitysions. This work was partly supported by Grant-in-
because the interchaih is also very small, resulting in Aid for Scientific Research No. 06243015 (Priority Area
very low three-dimensional antiferromagnetic transition“Novel Electronic States in Molecular Conductors”) from
temperature. In case of the spin-Peierls transition the onghe Ministry of Education, Science, and Culture, Japan.
dimensional fluctuation is also regarded as very important.
Anyway on account of the high one dimensionality the
fluctuation of the spin system is so large that the transition
temperature becomes very low. [1] T. Mori, H. Inokuchi, Y. Misaki, T. Yamabe, H. Mori,

It is noteworthy that in the present system electron- _ and S. Tanaka, Bull. Chem. Soc. J@, 661 (1994).
phonon coupling does not play any important role. In the [21 H- Tajima, M. Arifuku, T. Ohta, T. Mori, H. Inokuchi,
conventional highly one-dimensional organic conductors R(/l {\A'?kal'ggl Yle:ggbe, H. Mori, and S. Tanaka, Synth.
the char.ge—density wave state is the most likely groundels] Y.eMiséki, H.(Nish?kawa, T. Yamabe, K. Kawakami,
state. Since the softenyng of the Ia}ttlce does not occur, th S. Koyanagi, T. Yamabe, and M. Shiro, Chem. L&893
present system maintains a Mott-like paramagnetic state. 5321 (1992).

In this context a comparison with the universal phase [4] w.E. Hartfield, W. E. Estes, W. E. Marsh, M. W. Pickens,
diagram of (TMTSF),X analogs is instructive (TMTSF: L.W. Haar, and R.R. Weller, ifExtended Linear Chain
tetramethyltetraselenafulvalene) [7]. Although these com-  Compoundsgdited by J.S. Miller (Plenum, New York,
pounds are formally quarter filled, their energy band can  1983), Vol. 3, p. 43.
be regarded as half filled if the weak dimerization along [5] H. Mori, S. Tanaka, and T. Mori, Synth. Me284, 15
the stacking direction is taken into account. This pic- _ (1996).
ture states that as an increase of the interchain coupling® gfi-reiggglfﬁelrgti'n J. Mod. Phys. B, 57 (1991), and
th_e system transforms fror_n (1)_a charge localized statem D. Jérome, Science252 1509 (1994): D. Jérome.
with a low-temperature spin-Peierls state to (2) a spin-
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Because the present system is highly one-dimensional, it 70, 719 (1995); R. Laversanne, C. Coulon, B. Gallois,
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