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Electrical and magnetic properties have been investigated for (BEDT-TTF)(TCNQ) which is com-

posed of BEDT-TTF sheets and TCNQ columns. The metal-insulator transition temperature TM„330
K at ambient pressure, decreases down to 40 K by applying hydrostatic pressure, which may be ascribed
to the change in both the intermolecular transfer energy and the band 611ing (molecular valence). Mea-

surements of EPR and magnetic susceptibility indicate that the low-temperature states of BEDT-TTF
sheets and TCNQ columns are magnetic insulators, perhaps due to strong electron correlation. An

anomalous broadening of EPR linewidth observed belo~ 35 K at ambient pressure suggests an oc-
currence of magnetic order in BEDT-TTF sheets. A subsequent antiferromagnetic order of TCNQ
columns has been found at Tz =3.0+0. 1 K from the anisotropic magnetic susceptibility.

Development in the design and synthesis of (BEDT-
TTF)-based organic metals has yielded more than 20 su-
perconductors, and the highest Tc has now reached 13
K. A characteristic feature of this family is the ex-
istence of two-dimensional (2D} conducting sheets of
BEDT-TTF. In the meantime, a breakthrough was made
in the research of the organic metals by the finding of
magneto-oscillatory resistivity. ' The band picture based
on the extended Huckel molecular orbitals appears to
work well in the metallic BEDT-TTF sheets. However,
there exist a large number of BEDT-TTF salts showing
insulating behaviors or metal-insulator (MI} transitions,
in spite that the band calculation predicts a metallic state
for these materials. These insulating states or metal-
insulator transitions in 2D BEDT-TTF salts have scarce-
ly been explored in detail. Recent discovery of weak fer-
romagnetism in (BEDT-TTF)2Cu[N(CN)2]C1 (Ref. 4)
shows that "high-Tc" superconductivity exists close to
the magnetic insulator.

Up to now, most of studies have been made on the
one-organic component salts with inorganic counterions
(X), such as (BEDT-TTF)2X. Here, we report on trans-

port and magnetic properties of a two-component system
(BEDT-TTF)(TCNQ) to clarify the insulating state of the
BEDT-TTF sheets and TCNQ columns. In the two-
component system, the filling of the conduction band of
BEDT-TTF sheets may be controlled by the mixed valent
nature of the acceptor molecules. In fact, it is known
that the band filling (nominal molecular valence) changes
under high pressure in TTF-TCNQ. ~ As is well known,
the control of the band filling in oxides have revealed
many novel properties of strongly correlated electron sys-
tems.

Two different types of crystal structures are known for
(BEDT-TTF)(TCNQ). The monoclinic phase has a
mixed-stack column structure with low conductivity,
while the triclinic form investigated here consists of 2D
BEDT-TTF sheets and one-dimensional (1D) TCNQ
columns as schematically depicted in the inset of Fig. 1.
Precise structural analysis shows that both BEDT-TTF
and TCNQ molecules are present in the form of dimer.
Although the band calculation predicts a metallic state in
(BEDT-TTF)(TCNQ), it undergoes an MI transition at
T« =330 K at ambient pressure.

Let us start with an overview of the metal-insulator
phenomena in (BEDT-TTF}(TCNQ) under pressure. Sin-

gle crystals (typically 0.2XO. 5X3 mm in size) of tri-
clinic (BEDT-TTF)(TCNQ) were grown by a direct reac-
tion of 1,1,2-trichloroethane solutions of the component
molecules. For the transport measurements, electrical
contacts were made by gold paint. The crystal was load-
ed in a high-pressure clump cell that was cooled down to
liquid He temperature. The temperature dependence of
the resistivity along the elongated c axis (parallel to the
TCNQ columns) is shown for various pressures in Fig. l.
The MI transition occurs at 330 K at ambient pressure in

accord with the feature reported previously. By apply-
ing pressure, the resistivity rapidly decreases and the me-

tallic state is maintained down to low temperatures.
Below 40 K, the crystal does not show a metallic
behavior, while the resistivity at 5 K decreases markedly
with increasing pressure. The resistivity in the metallic
state is considerably larger than the Mott limit (-6.5
mQ cm, which is calculated for the 2D case) even at low

temperatures. The anisotropy of the resistivity was also
measured at ambient pressure at various temperatures as
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~ I ~ To clarify the nature of the insulating state below TM&

in (BEDT-TTF)(TCNQ), we have carried out electron
paramagnetic resonance (EPR) measurements in the tem-
perature range between 5 and 330 K at ambient pressure.
A small crystal of about 0.05X0.2X0.8 mm was fixed
on the quartz plate, which was-sealed in a 5-mm-diam
quartz tube with He gas. although (BEDT-TTF)(TCNQ)
contains two spin-carrying components, i.e., BEDT-TTF
sheets and TCNQ columns, only one EPR absorption sig-
nal of the Lorentzianlike shape was observed at all tem-
peratures. This is attributed to the exchange narrowing
effect that is commonly observed in two-component
charge-transfer compounds such as TTF-TCNQ. In such
a case, the averaged g value is expressed as'

g(T) =
I g~y~(T)+g(2yg(T)) l[y~(T)+yg(T)] . (1)
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FIG. 1. Temperature dependence of resistivity of (BEDT-
TTF)(TCNQ) for various pressures. A schematic crystal struc-
ture is shown in the inset.

well as under various pressures at roam temperature.
Both measurements show that the resistivity along the b'
axis (perpendicular to TCNQ columns} is only a few
times larger than that along the c axis (parallel to the
TCNQ columns), and imply that the BEDT-TTF sheets
dominantly contribute to the metallic conduction.

In Fig. 2, we show a temperature-pressure diagram for
the electronic phase in (BEDT-TT'F)(TCNQ). TM& is
determined by the resistivity minimum. TM& is remark-
ably reduced by application of pressure. Above 11 kbar,
TM, increases rather slightly with pressure. However,
the low-temperature state below T«shows a crossover
behavior from the localized to itinerant nature, as typi-
cally seen in a much reduced resistivity below TM, at 18.5
kbar (Fig. 1).

2.006

(a) 't gn = 2.007

Here, gz and g& are the averaged g values of (BEDT-
TTF}+ and TCNQ radicals, which are known to be
g&=2.0026 and g~=2. 007," respectively y~.(T) and

g&(T) are the individual spin susceptibility component of
BEDT-TTF and TCNQ moieties.

The angle dependences of the g value and the peak-to-

peak linewidth of the resonance curve have been mea-

sured by rotating the crystal around the two cyrstallo-

graphic axes (c and b') The tw. o-axis rotation measure-
ment could give the full g tensor, from which the aver-

aged g value (g ) has been derived Th. us obtained g value
is plotted against temperature in Fig. 3(a). At 330 K, the

g =2.00424 and is close to the mean value of g& and g~.
It decreases rapidly as the temperature is lowered. These
results indicate that both BEDT-TTF and TCNQ radi-
cals contribute to the spin susceptibility at high tempera-
tures, while the relative contribution from BEDT-TTF is
reduced at low temperatures. Figure 3(b) shows a tem-
perature dependence of the peak-to-peak linewidth. It
decreases with temperature down to 35 K due to the in-
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FIG. 2. Temperature-pressure phase diagram of (BEDT-
TTF)(TCNQ). The sold lines are guides for eyes. The arrow in-
dicates the temperature at which an anomaly in the EPR
linewidth is observed.

Temperature (K)

FIQ. 3. Temperature dependence of the averaged g value (a)
and the peak-to-peak linewidth 58@-p (b). 8 is the angle of the
static magnetic field in the a b* plane measured from the a
axis. Similar behaviors are observed for other field directions.
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crease of spin-lattice relaxation time, but shows a sharp
upturn at around 35 K. This point is marked by an ar-
row in the T Pp-hase diagram (Fig. 2). Such a remark-
able broadening of the EPR linewidth signals the pres-
ence of the internal magnetic field, implying the onset of
magnetic ordering at around 35 K. This ordering is
perhaps due to the spins on BEDT-TTF sheets, since the
magnetic transition of the TCNQ spin system is observed
at lower temperature as discussed later.

Magnetic dc susceptibility of the compound was mea-
sured to lower temperature (2 K) using a superconducting
quantum interference device (SQUID) magnetometer. A
contribution of the core diamagnetism, —2.67X10
emu/mol BEDT-TTF and —1.14X 10 emu/mol
TCNQ, have been subtracted from the raw data. Total
spin susceptibility X(T) is plotted against temperature in
Fig. 4 by filled squares. No anomaly is observed at TM„
and the X(T) obeys the Curie-law below 100 K with the
Curie constant of 3.0X 10 emu K/g. The nominal spin
density is estimated to be roughly one per four molecules
[two units of (BEDT-TTF)(TCNQ)]. This result indicates
that the observed MI transition difFers from the Peierls
transition, which causes the nonmagnetic ground state
and is commonly observed in 1D charge-transfer com-
pounds such as TT'F-TCNQ.

Using the relation (1), the total spin susceptibility
X(T)=XI'(T)+X&(T) can be decomposed into each con-

tribution of BEDT-TTF and TCNQ. Here, averaged g
values of individual components are assumed to be tem-
perature independent. In fact, constant g values are often
observed for other BEDT-TTF compounds, where no
magnetic phase transition occurs. ' The decomposition
procedure in the two-component organic compounds was
applied first to the case of TTF-TCNQ, ' and its ap-
propriateness was ensured by the NMR measurements. '

Figure 4 shows the data for y~ and y&, which are deter-
mined by the above-mentioned analysis, It is to be noted
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FIG. 4. Total spin susceptibility and individual contributions
from the BEDT-TTF sheets and TCNQ columns. They are
shown by solid squares, solid circles, and open circles, respec-
tively. Solid lines are guides for eyes. The inset shows the low-
temperature total susceptibility as a function of temperature for
three 6eld directions.

that the temperature dependence of Xii(T) and X&{T) is
considerably different. [Below 35 K, we cannot apply the
relation (1), since the internal field, which broadens the
EPR linewidth, also affects the apparent g values. ] The
susceptibility gz of the BEDT-TTF sheets is relatively
small and does not strongly depend on temperature even
in the insulating phase (T ( TM, ), while X&(T) for the
TCNQ columns is Curielike as a whole. These results
suggest that the spins in the BEDT-TTF sheets are sub-
ject to a strong antiferromagnetic coupling or otherwise
verge on the itinerant state. Similar behavior and magni-
tude of y is also observed in other 2D BEDT-TTF salts
(BEDT-TTF)2X, where X =Cu[N(CN)2]C1, IC12
IC1Br, or AuBr2

As is clearly seen in Fig. 4, the Curielike magnetic sus-
ceptibility of (BEDT-TTF)(TCNQ) is dominated by the
contribution from TCNQ columns. Therefore, the es-
timated spin density from the Curie constant (one per
four molecules) corresponds to one spin per one TCNQ
dimer. This implies that the degree of charge transfer
from donor (BEDT-TTF) to acceptor (TCNQ) is —

—,
' and

all the electronic bands for BEDT-TTF and TCNQ are
nearly one quarter filled. Due to the dimerization of the
BEDT-TTF and TCNQ sites, however, the conduction
band splits into two, even in the case of no electron
correlation, so that the upper conduction band originat-
ing from HOMO (the highest occupied molecular orbital)
of BEDT-TTF and LUMO (the lowest occupied molecu-
lar orbital) of TCNQ can be, respectively, viewed as half
filled. This is also the case for (BEDT-TTF)2X-type me-
tallics salts. In insulating (BEDT-TTF)(TCNQ), howev-
er, the intradimer Coulomb interaction (corresponding to
the Hubbard U term) may further split the upper conduc-
tion band into the lower and upper Hubbard bands, and
the charge freedom is frozen out. In this view, the
BEDT-TTF sheets are 2D Mott-Hubbard insulators.

At lower temperatures below 10 K, we have observed a
deviation of the total susceptibility X(T) from the Curie
law. In the inset of Fig. 4, the anisotropy of y is shown in
the low-temperature region. %e have observed a broad
maximum of X( T) at 5 K and a subsequent sharp onset of
anisotropy in X(T) at 3.0+0. 1 K. X((~c ) decreases, while
the X(~~a' or ~~b') increases as the temperature is
lowered. These features are characteristic of an antifer-
romagnetic ordering of the Heisenberg spin systems at
the Neel temperature T~ =3.0 K. Since the low-
temperature susceptibility was found to be dominated by
TCNQ spins as shown in Fig. 4, we can conclude that the
TCNQ columns undergo an antiferromagnetic transition
at T&. This is the first observation of magnetic ordering
of spin systems on TCNQ columns. The ground states of
the TCNQ columns in organic compounds is mostly non-
magnetic (spin singlet) due to the lattice instabilities such
as Peierls or spin-Peierls mechanisms. ' %e suggest that
the magnetic interaction between TCNQ columns are
mediated by intervening magnetic BEDT-TTF sheets and
result in the antiferromagnetic order.

Keeping in mind these features of the insulating phase
at ambient pressure, let us go back to the phase diagram
(Fig. 2). In Fig. 2 the MI phase boundary above 11 kbar
looks to be extrapolated to the point indicated by the ar-
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row, at which the EPR linewidth shows the anomalous
broadening at ambient pressure. Therefore, the MI phase
boundary above 11 kbar is possibly related to the magnet-
ic ordering of BEDT-TTF spins. Qualitatively similar
features have been observed in doping- or pressure-
induced changes of the electronic states of Mott-Hubbard
systems, such as V203 (Ref. 16) and LaTi03 (Ref. 17). In-
cidentally, a unified phase diagram has been presented for
quasi-1D organic tetramethyltetrathiafulvalene (TMTTF)
family' as a function of transfer energy (t). In this case,
the low-t insulating phase is the nonmagnetic spin-Peierls
phase due to its quasi-1D nature. In sharp contrast, the
2D nature of the insulating BEDT-TTF sheets in

(BEDT-TTF)(TCNQ) makes its ground state magnetic,
and even the TCNQ columns undergoes the antiferro-
magnetic transition perhaps via intercolumn magnetic in-
teraction.
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