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We report the crystal and electronic band structures at 295 K and measurements of temperature-
dependent magnetic susceptibility, electron paramagnetic resonance, optical reflectivity, conductivity,
and thermopower for two copper tetrahalide salts of bis{ethylenedithio)-tetrathiafulvalene (BEDT-TTF),
{BEDT-TTF)3CuBr4 and (BEDT-TTF)3CuC12Br2. The two salts are isostructural with layers of BEDT-
TTF having charges of 0 and +e separated by layers of pseudo-square-planar tetrahalides of copper (II).
At ambient pressure these salts show conductivities near 1 S cm ', and the magnetic properties indicate
coupled localized spins present on both BEDT-TTF and the d copper layers. At 60 K, there is a
discontinuous drop in susceptibility, a sharpening of the electron paramagnetic resonance linewidth, and
an increase in g value that we attribute to the loss of the contribution from the BEDT-TTF sheets. This
may be associated with a Jahn-Teller distortion of the planar copper complexes. Below the transition
temperature the susceptibility can be 6tted to a quadratic layer antiferromagnet with J=15 K {CuBr4)
and 8 K (CuC12Br2) and one spin per formula unit. Under pressure there is a very rapid increase in con-
ductivity, to 500 S/cm at 24 kbar, the largest increase of conductivity under pressure in any molecular
solid yet studied. There is a sharp transition from metal to insulator at temperatures rising to 111 K
near 5 kbar, and falling to 80 K at 20 kbar. We consider that these salts are nearly metallic at ambient
pressure, with strongly enhanced susceptibilities, but are brought to a fully metallic state under pressure
as a result of increased intermolecular contacts.

I. INTRODUCTION

Organic charge transfer salts now provide a very wide
range of model electronic materials, with properties rang-
ing from metallic and superconducting behavior through
to nonmetallic magnetically ordered materials. The
charge transfer salts formed with bis(ethylenedithio)-
tetrathiafulvalene (BEDT-TTF) have provided an impor-
tant series of materials, particularly regarding supercon-
ducting properties, ' and examples have been prepared
with a very wide range of anions. The most common
structural motifs in such salts are sheets of BEDT-TTF
donors, sometimes arranged as one-dimensional chains,
separated by sheets of the anions. Intermolecular con-
tacts within the BEDT-TTF sheets are responsible for the
formation of delocalized carriers and the metallic
behavior when found. The primary e5ect of the anion is
to control the packing of the BEDT-TTF donors, and

systematic studies of structural changes brought about by
selection of modified anions have produced the two fami-
lies of superconducting salts; the P polytype 2:l salts
formed with linear anions ' and the tt polytype 2:l salts
formed with polymeric anions. However, other proper-
ties can be introduced by selection of the anion, and we
and other groups ' have made salts with anions con-
taining magnetic moments localized on transition-metal
ions. The interaction of local magnetic moments on the
anions with the delocalized conduction electrons in the
organic sheets is of considerable interest, and it is for this
reason that we have investigated the copper tetrahalide
salts that form the subject of this paper. We note that
there are at present relatively few coupled magnetic
and/or superconductor materials; examples included er-
bium rhodium boride, ErRh4B4 and some of the Chevrel
phases, e.g., HoMo6SS. '

Although our goal was to make superconducting salts
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containing these paramagnetic anions, none has been iso-
lated so far; in general they are semiconductors. In most
cases the electron transport is confined to the BEDT- IT'F
layers while the magnetic properties are defined by the
sum of two magnetic sublattices, the conduction elec-
trons on the BEDT-TTF moiety and the unpaired spins
on the anions. For example, in (BEDT-
TTF}3CuC14 H30, the only salt with a magnetic anion to
show metallic behavior, we have demonstrated that
there is a very weak interaction between the two kinds of
spin, while for the semiconducting salt (BEDT-
TTF)2FeC1~ and insulating salt (BEDT-TTF)FeBr~, there
is no measurable interaction. By contrast, in the present
case, we present evidence for a strong interaction be-
tween the two sublattices in the BEDT-TTF series, as
well as structural phase transitions of the anions from
planar (D2d) to distorted tetrahedral (C2„) that modify
the electronic structure and thus the electrical and mag-
netic properties. '

The CuBr4 and CuClzBr3 salts investigated here
were selected because the CuC14 salt mentioned above
had shown interesting metallic behavior. However, this
new salt is very dNerent structurally from the CuC14
salt, and their electronic properties are unrelated.
Whereas the CuC14 anions are distorted from square
planar, as is usually expected for Jahn-Teller d ion (the
trans Cl-Cu-Cl angle being 150'}, the anions in the new
salts are, very unusually, undistorted pseudosquare pla-
nar at room temperature (though we have evidence that
the Jahn-Teller distortion is present at low temperatures).
It is to our knowledge the first complex of CuBr42 found
to be planar. ' ' It is interesting that the stoichiometry of
all the salts is 3:1, which in terms of charge is 3:2 for
comparison with the P and ~ phases; and that for the
CuC14 salt a water molecule is included to make up the
size of the cavities formed between the BEDT-TTF lay-
ers.

The room temperature crystal structure of a CuBr4
salt of BEDT-TTF has previously been determined by
Mori et al.3' The crystal belongs to the monoclinic space
group P2, lc with the long needle axis parallel to the
crystallographic b axis; two independent BEDT-TTF
molecules were observed with different bond lengths,
which Mori et al. assigned charges of 0 and —,'e+, respec-
tively. The model used for the structural refinement was
based on a composition (BEDT-TTF )2(BEDT-
TTF3~4+)4CutBr2CunBr4 with equivalent Cu-Br distances
for both oxidation states of the copper atom. The stack-
ing of the donor molecules resembles that of the a poly-
type of the tri-iodide salt. However, some ambiguity
remained in the estimation of both the charge separation
and the bromine atom population in the crystal structure
refinement and this was noted as the cause for the high R
value. In addition, the above stoichiometry cannot ac-
count for the number of unpaired electrons per formula
unit observed in the susceptibility measurements. ' ' In
the present paper we resolve this problem by redetermin-
ing the crystal structure of the bromide salt and fully
characterizing the structure of the newly synthesised iso-
structural mixed halide salt.

Taking advantage of new structural informations, we

report the calculated electronic band structure and a full

range of magnetic, transport, and optical measurements
on single crystals of (BEDT-TTF)3CuBr~ and (BEDT-
TTF)3CuC12Br2 both at ambient pressure and in the case
of transport studies as a function of hydrostatic pressure
up to 24 kbar. Some of the results have been reported in
a preliminary publication. '

II. EXPERIMENT

BEDT-TTF was prepared by the method of Larsen and
Lenoir and recrystallized twice from chloroform before
use. The tetra-alkyl ammonium salts of the anions were
obtained by reacting CuBr3 and (R4N}X (X =Gl or Br} in
absolute ethanol. The purity was checked by elemental
analysis before use. The charge transfer salt was obtained
by electrocrystallization of BEDT-TTF (20 mg) in a ben-
zonitrile solution (50 ml) of [(C2H5)4N]3CuBr4 or
[(CH3)4N]3CuBrzC12 (200 mg). A three-compartment cell
with platinum wire electrodes was used, with a constant
applied current of 1-2 p,A for two weeks. The crystals
were black shiny needles of dimension 4 X 1 XO.2 mm3.

Several synthetic routes for the preparation of the
CuBr43 salt exist. Mori et al. obtained the CuBr4 salt
by electrocrystallisation of BEDT-TTF and Cu'Br2 in
112-trichloroethane, and Susuki et al. by diffusion of
BEDT-TTF and Cu"Br2 in benzonitrile or acetonitrile.
While in the former the BEDT-TTF as well as the anion
need to be oxidized to give the product, for the latter the
CuBr2 is used as the oxidant and the source of the anion.

We have used the most direct method; applying a po-
tential low enough to oxidize only the organic molecules.
When the anions and BEDT-TTF are mixed together in
chlorinated solvents such as 112-trichloroethane, di-
chloromethane, or chloroform, we noted that all the
BEDT-TTF is, consumed within a short time to give
black microcrystals without even passing a current. The
salt (BEDT-TTF)sCu Br4 Br3 has been identified as one
of the products from 12-dichloroethane; it crystallizes
in the orthorhombic group (Pccn) In benzon. itrile, how-
ever, the reaction is slow, such that crystals of the titled
compounds are formed on the electrode. In this paper all
the measurements were conducted on single crystals har-
vested from the electrodes of several cells.

The band structure was calculated from transfer in-
tegrals obtained by the extended Hiickel method. The
highest occupied molecular orbitals (HOMO's) are gen-
erated from the dimer splitting method.

Electrical conductivity was measured using four-probe
techniques, with high-pressure measurements performed
in a clamp pressure cell with pentane-isopentane (1:1)
mixture as the pressure transmitting medium. Conduc-
tivity measurements were limited to the long axis (b) of
the needle crystals. Contacts were made with silver paint
on evaporated gold pads. Data were collected using both
ac and dc techniques. Thermopower was measured using
similar contacts with a temperature gradient of typically
1 K across the crystals, and corrected for the absolute
thermopower of the gold contact wires.

Electron paramagnetic resonance spectra were mea-



2120 I. R. MARSDEN et al. 50

sured on several single crystals as a function of angle and
temperature. Crystals were mounted on a cut flat face of
Spectrosil Quartz rod using a smear of silicone grease.
The spectrometer is a Varian E9 operating at a mi-
crowave frequency of 9 GHz and 100 kHz field modula-
tion. Variable temperature (4—300 K) were obtained by
use of a continuous flow Oxford Instrument cryostat and
an ITC-4 temperature controller. The field was calibrat-
ed with a diphenylpicrylhydrozl standard.

Static magnetic susceptibility measurements were
made on two independent batches of randomly oriented
crystals of -2 mg each. Data were recorded for cooling
and warming runs as well as for different applied magnet-
ic fields on a Faraday balance employing a Cahn micro-
balance. Data were corrected for the core diamagnetism
and a small amount of ferromagnetic impurities.

Optical reflectivity was measured on a Perkin Elmer
1710 spectrometer equipped with an IR plan microscope
operating in the range 400—4300 cm ' and a Perkin El-
mer Lamda 9 (3000-50000 cm '). The data were nor-
malized to that of a gold mirror. A KRS5 and a calcite
polarizer were employed for the mid- to near-infrared
and visible regions, respectively.

III. RESULTS

A. Crystal structure

The compounds are isostructural belonging to the
monoclinic system (Fig. 1), P2& /c, a = 17.001(3),
b = 10.140(2), c = 14.178(3) A, P= 102.75(2)',
V=2383(1)A, d, =2.14 g/cm for (BEDT-TTF)3CuBr~,
and a =16.895(3), b =10.108(4), c =14.150(4) A,
P= 102.60(2)', V =2358(1} A, d, =2.04 g/cm for
(BEDT-TTF)3CuBr2C12. The volume of the unit cell
found by Mori et al. ' lies in between those of the CuBr4

and CuBr2C12 salts suggesting that there might be some
chlorine in their compound. If so, the chlorine must
come from the solvent (vide infra), a synthetic problem
that has been encountered previously.

The final refinement using the atomic coordinates of
Mori et al. ' as the starting point for the two compounds
results in lower values of the reliability R factor (0.034
and 0.036} and subsequently to smaller standard devia-
tions on atomic coordinates. Here we have also refined
the occupancy factor of the halogen atoms. The high
precision of the present results allows us to assert that the
occupancy factor of the bromine atoms is 100% for the
(BEDT-TTF)3CuBr4 salt and that in the case of the
CuC12Br2 salt it is possible to differentiate the positions of
the chlorine and the bromine atoms, with occupancy fac-
tors of 50%. This confirms, contrary to what was as-
sumed by Mori et al. that the two copper atoms in the
unit cell are in oxidation state two. As the copper atom
lies on an inversion center, the CuBr4 and CuBr2C12
anions are strictly planar. The Cu-Br distances are 2.407
and 2.421 A in (BEDT-TTF)3CuBr4 and equal to 2.394
and 2.389 A in CuBr2C12 while Cu-Cl distances are found
to be 2.309 and 2.313 A. Note that the average Cu"-Cl is
2.24 A and Cu"-Br is 2.38 A, while Cur Cl and Cu'-Br
are 2.107 and 2.226 A, respectively. Due to the two in-
dependent bond lengths, both anions have a D2d symme-

try.
Two crystallographically independent BEDT-TTF

molecules (A and B) were observed in both compounds;
the difference in the bond lengths and comparison with
BEDT-TTF salts with well-defined charges strongly sug-
gest that the charges of A and B are, respectively, 0 and
+e. The two salts consist of layers of BEDT-TTF,
stacked in a ABBABB manner, separated by pseu-
dosquare planar tetrahalides of copper (II) (Fig. 1). Com-
plete details of the crystal structure are given else-
where. '

B. Electronic band structure

FIG. 1. View of the crystal structure of (BEDT-TTF)3CuBr4
along the c axis.

The transfer integrals and the calculated band struc-
ture of (BEDT-TTF)3CuBr4 are given in Fig. 2. They
were found to be very different from those published by
Mori et al. ' The energy dispersion is quite small along
the c direction in relation to the transfer integrals shown.
This small dispersion together with the average charge of
2/3e+ per BEDT-TTF molecule implies that the four
lowest bands are completely filled. The calculated elec-
tronic structure corresponds to a semiconductor with a
small gap of —5 meV. This result might be expected
from the previous discussion about the existence of two
crystallographically independent molecules with different
oxidation states.

Several other BEDT-TTF salts exhibit the same zigzag
stacking as those under study, for example, the two forms
of (BEDT-TTF)2Ag(CN)2, ' 8-(BEDT-TTF)21„' a-
(BEDT-TTF)&13, and a-(BEDT-TTF)zMHg(SCN)4. 5 In
particular, the 8 phase and the Ag(CN)z salts have quite
similar transfer integrals and Fermi surfaces. It appears
that the Hg salt and the CuBr4 salt bear some similarities
together with striking differences. Within the stack, the
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FIG. 2. (a) View of the structure along the central C=C
bonds showing the calculated transfer integrals (meU). (b) Band
structure and density of state calculated from the transfer in-
tegrals. Dispersion is shown within the plane of the BEDT-TTF
sheets.

transfer integrals may be large with positive or negative
values or even close to zero, depending on small
difFerences in the shifts along the long molecular axis or
along the short one; in (BEDT-TTF)3CuBr4 they are close
to zero while they are much larger in the Hg salt. The in-
terstack interactions are also much stronger in the Hg
salt than in the CuBr4 salt. These results, together with
the difFerent molecular charges in CuBr4, lead to a band
structure for a semiconductor while that for the Hg salt
corresponds to a metal.

C. Transport properties

The room-temperature conductivities along the b axis
of the two materials are very similar, being 0.7(1) S/cm, a
low value for metallic organic conductors of the BEDT-
TTF family, and a high value for the semiconductors. At
ambient pressure the conductivity of both salts decreases
steadily on cooling with no evidence of any sharp transi-
tions, as shown in Fig. 3. However closer examination of
the data shows a gradual change in the activation energy
on lowering the temperature and two more slight changes
in the activation energy at ca. 60 and 50 K.

Application of pressure to both compounds has a
dramatic effect on the absolute value of the conductivity
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FIT&. 4. Temperature dependence of the b-axis conductivity
of (BEDT-TTF),CuBr4 at several pressures.

as well as on the phase transitions, as shown in Ref. 18.
In fact, these two materials show the largest change in
conductivity on application of pressure of all known or-
ganic conducting solids. The conductivities of both in-
crease almost linearly at a rate of 25 (S/cm)/kbar up to
about 8 kbar finally attaining a plateau of approximately
500 times the ambient pressure value at 22 kbar. As we
discuss later, we consider that at ambient pressure these
salts are just on the insulating side of the Mott-Hubbard
transition, and that pressure rapidly brings them into the
metallic regime. This change in character is seen also in
the temperature dependence of the conductivity, which
increases with decreasing temperature above 7 kbar. The
two salts show similar behavior. The temperature depen-
dence of the conductivities along the needle axis (b) of the
crystals of the CuBr salt is shown at several pressures
in Fig. 4, that for the CuC128r2 salt is presented in Ref.
18. At low temperatures there is clear evidence for the
presence of phase transitions that take both salts from the
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D. Optical properties

The polarized reflectivity spectra parallel and perpen-
dicular to the needle axis (b) are shown in Fig. 5. The
spectra are characterized by sharp vibrational structures
on a strong electronic background centered around 2000
cm '. Many more intermolecular BEDT-TTF vibration-
al modes are observed than in those salts with one crys-
tallographically independent molecule per unit cell, indi-
cating that we are observing modes belonging to the two
independent molecules of difFerent electronic charge in
the unit cell. For example, the C-S stretching mode,
v49(b2 ) in the P, a, and a' polytype, in which the
BEDT-TTF molecules carry a charge of —,'e+, is at 884
cm ', which for a charge of —', + is at 892 cm
(BEDT-TTF)3[Re04]z, and for +e, in (BEDT-
TTF)Ag4(CN)s and (BEDT-TTF)FeBr4 it is observed at
900 cm '. Neutral BEDT-TTF has a band at 770 cm

0.3
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Q)
cc: 0.1 '-., E//b

(BEDT-TTF) CuBr EZ b
3 4

I I I I I

1000 2000 3000 4000 5000 6000
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FIG. 5. Optical reflectivity in the midinfrared region for

(BEDT-TTF)3CuBr~ at room temperature for E~~b and Elb

metallic to a readily observable semiconducting regime.
The sharp transition to the low-temperature semiconduc-
tor phase is readily observable at pressures above about 3
kbar, where it occurs at around 80 K in both materials.
The transition temperature rises to a little above 100 K
near 6 kbar, and falls gradually to around 80 K by 20
kbar. We note that there is some structure in the temper-
ature dependence of the conductivity just above the tran-
sitions, seen particularly clearly around 5 kbar, it is possi-
ble that they are associated with changes in pressure at
the freezing point of the pressure medium, which is about
0.7 kbar for this pressure system.

The temperature dependence of the thermopower mea-
sured with the temperature gradient along the b axis has
been shown in Ref. 18. Although the thermopower is
very low near room temperature, it becomes large and
negative on cooling, reaching values of —120 and —230
pV/K near 170 K. These large values indicate that the
materials are semiconductors, and the size of the thermo-
power being similar to that measured in some of the a'
BEDT-TTF salts that behave as Mott-Hubbard insula-
tors. We note that the thermopower is larger in the
bromide salt, as is the activation energy of the conduc-
tivity, see Fig. 3.

Thus the peaks at 768 and 896 cm ' can be assigned to
vibrational modes of (BEDT-TTF) and (BEDT-TTF)+,
respectively, while the broad band at -2000 cm ' arises
from an intraband transition. Unfortunately the C=C
region is more dif6cult to interpret; the shapes and fre-
quencies of the bands vary with the electronic nature of
the compound in question.

In the visible region the spectra are dominated by
charge transfer (ligand to metal) and d-d transitions. The
spectrum for E~~b (Fig. 6), has been studied down to 30
K. There is a gradual sharpening of the spectrum on
lowering the temperature such that at 30 K, there are
four features (6200, 8000, 17500, and 20000 cm ').
Kramers-Kronig transformation of the data reveals a red-
shift of 200—300 cm ' in the peak at 17500 cm ' from
300 to 30 K. A Jahn-Teller distortion of the CuBr4
would result in a lowering of the energy of the d-d transi-
tion as has been observed for the CuC14 . These
values are of the right order of magnitude for the ob-
served increase in the g values.

E. Magnetic properties

1. Static susceptibility

The temperature dependence of the bulk magnetic sus-
ceptibilities of the two compounds, shown in Fig. 7, are
very similar. At high temperatures the susceptibilities
obey a Curie-Weiss law with 8- —110 K (CuBr4 ) and
—59 K (CuC12Br2 ). The susceptibility of the bromide
salt decreases abruptly between 58 —60 K, and shows a
rounded maximum at -30 K indicative of short-range
antiferromagnetic order. The susceptibility of the mixed
halide salt shows a similar abrupt decrease between 53
and 56 K and a maximum at —10 K. At the abrupt tran-
sition, the susceptibilities of both salts fall by a similar
amount (2. 5 X 10 ) emu/mol formula unit. A change in
the g values, of the magnitude reported below would give
an increase in susceptibility of 2.7%, whereas the ob-
served decrease is an order of magnitude larger.

Below 50 K the temperature dependence of the suscep-
tibility of the bromide salt can be fitted by a model of a
quadratic layer antiferromagnet (QLAF) with 0.95 spins
per formula unit and J =15 K. This shows that below
the transition there are two unpaired electrons per unit
cell (note that z =2) that interact two dimensionally, with
a temperature-independent J. The susceptibility of the
mixed-halide salt likewise fits the QLAF model between
15 and 55 K with 1.0 spins per formula unit and J=8 K.
The anisotropy of the g value at 30 K (Ref. 41) indicates
that below the 60-K transition the spins are mainly local-
ized on Cu' . The antiferromagnetic interaction between
the spins of the copper atoms is probably mediated by the
electrons on the BEDT-TTF layers through a superex-
change mechanism, which may be responsible for the ob-
servation of a single line in the electron paramagnetic res-
onance (EPR) spectra. The shortest Cu-Cu distance is
-8.7 A and the halogen atoms on neighboring anions

0
are at least -4.3 A apart. The J va1ues of the two salts
in this temperature range depend on the extent to which
the copper atoms interact with the BEDT-TTF mole-
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cules. Clearly the interaction is stranger in the bromide
(8= —110 and J=15 K) than in the mixed halide salt
(8= —59 and / =8 K), in agreement with the fact that
bromine is larger and more polarizable than chlorine.
The similarity between the two salts is even more marked
when an extrapolatian of the low-temperature behavior is
subtracted from the high-temperature data the residu-
al susceptibility of the two salts is almost identical.

2. EPR

The spin susceptibility, g-value, and peak-to-peak
linewidth of the resonance line have been derived from
the spectra as a function of temperature and angle to the
applied field. At all temperatures and crystals' arienta-
tions the spectra of both materials are dominated by a
single resonance line. ' The temperature-dependent
data were recorded along three orthogonal axes, the crys-
tallographic axis b and c and a . The angular depen-
dences of the spectra of the two materials are similar
while those of the spin susceptibility diler marginally at

8
0
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low temperatures. In bath cases, there is an abrupt
change in linewidth, g value, and integrated area at ca. 60
K. The changes in the spectra for the bromide salt take
place over a temperature range of ca. 10 K (Fig. 8). A
loss of intensity of the wide peak and an increase for the
narrow peak is observed on lowering the temperature
through the transition. For the mixed halide the transi-
tion takes place over a wider temperature range.

The angular dependences of the g values at room tem-

perature show uniaxial symmetry with the principal
values gii

=2.070 and gt =2.021 for the CuBr& salt and

gI =2.085 and gt =2.016 for the CuClzBrz salt. These
values lie close to the mean of those of the square planar
Cu ion and BEDT-TTF cation, for example, square pla-
nar CuBr& daped in PdBr&2 has g values43 gii=2. 143
and g~ =2.044 while for (BEDT-TTF)&13 the g values are

g, =2.0011, g2=2.0065, and g, =2.0025. At -30 K,
below the phase transition, the

g values gii=2. 110 and gt=2. 040 for the CuBr~
salt are close to those for the nonplanar ion in
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FIG. 7. Static magnetic susceptibility for randomly oriented
samples of the copper tetrahalide salts. Broken lines are fits to
the quadratic layer antiferromagnet model discussed in the text.
Susceptibilities are shown in emu/mol formula unit.

FIG. 8. EPR spectra of (BEDT-TTF)3CuBr4 at various tem-

peratures through the phase transition near 60 K, with the stat-
ic field parallel to the b axis.
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[NH3(CH2)„NH3] [CuBr4], g!!=2.097 and g~ =2.047.
The angular dependences of the g values at room tem-

perature show uniaxial symmetry with the principal
values gII

=2.070 and g~ =2.021 for the CuBr4 salt and

gII
=2.085 and g~ =2.016 for the CuC12Brz salt. These

values lie close to the mean of those of the square planar
Cu ion and BEDT-TTF cation, for example, square pla-
nar CuBr4 doped in PdBr4 has g values gII

=2.143
and g j

=2.044 while for (BEDT-TTF)2I3 the g
values are g& =2.0011, g2=2. 0065, and g3=2.0025.
At —30 K, below the phase transition, the

g values gII=2. 110 and g&=2.040 for the CuBr4
salt are close to those for the nonplanar ion in

[NH3(CH2)„NH3][CuBr4], g!!=2.097 and g~ =2.047.
The temperature dependence of the g values of both

salts is shown in Fig. 9: that of the bromide salt divides
into three regions; one between 60 and 300 K, the second
between 8 and 60 K, and the third below 8 K, while in
the CuC12Br2 salt we find only the first two regions with

a transition temperature of -40 K. The angular depen-
dence of the g values above and below the transition at
-50 K is similar except for the slightly larger values
below the transition. The divergence of the g value and
the linewidth (Uide supra) of the CuBr4 salt is indica-
tive of a three-dimensional magnetic ordering.

The linewidths of the two materials (Fig. 10) behave
differently; that of the CuBr4 salt does not show any
dispersion while the CuC12Br2 shows a weak dispersion
with orientation at room temperature. Below the transi-
tion, the reverse is observed. In both cases, the linewidth
is constant from 300 K to the transition temperature,
though there is sign of softening of the lattice near the
transition. Below the transition at -50 K the two salts
behave quite difFerently. For the CuBr4 salt, the
line width decreases on lowering temperature to a
minimum at -8 K, where there is a sudden divergence
within a few degrees. The latter is associated with an in-

crease of the g value. For the CuC12Br2 salt, the
linewidth increases to maximum at -15 K and a gradual
lowering to low temperature.

IV. DISCUSSION

Our calculated transfer integrals and band structure on
the CuBr4 salt are very different from those of Mori
et al. ' We find several zero transfer integrals [Fig. 2(a)]
due to the large slip of the molecules with respect to one
another along the short molecular axis, similar to that
found for (BEDT-TTF)3CuC14.H20. Note that the in-

terstack transfer integral along the b axis is greater than
those within the stacks. This is found to be the case in

most of the BEDT-TTF salts, and results in higher con-
ductivities perpendicular to the stacking axis. With the
3:2 stoichiometry, assuming divalent copper tetrahalide
anions, the BEDT-TTF HOMO bands are two-thirds
filled, and also with six BEDT-TTF molecules within the
unit ce11, which requires four of the six bands to be filled.
In contrast, the calculation of Mori et al'. leads to three
degenerate bands with very small dispersion; the band
filling assuming the correct stoichiometry would result in
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a semiconductor on the border line being a metal. Our
calculation leads to six well-dispersed bands. Whether
this gives a semiconductor or semimetal depends on the
band dispersions, and we Snd here that the Fermi energy
lies between the fourth and fifth bands with a minimum
semiconducting gap at the zone center of -5 meV. We
note that the bands are calculated to be narrow, with a
full bandwidth of less than 0.3 eV, and expect to see effect
due to Coulomb interactions, as indeed is observed.

The two salts whose properties we have described are
particularly interesting members of the BEDT-TTF series
of charge transfer salts because they lie on the border line
between metallic and semiconducting behavior. The
room-temperature conductivities of about 1 S/cm, are
too low for metallic behavior [the x-phase superconduct-
ing materials such as the Cu(NCS)2 salts has conductivi-
ties an order of magnitude larger], and yet are very high
for a semiconductor. The magnetic properties are also
unusual in that, as we discuss further below, the suscepti-
bility associated with the "conduction electrons" on the
BEDT-TTF stacks is apparently very high. We consider
that the jump of 2.5X10 emu/mole formula unit in
susceptibility at the low-temperature transition is due to
the loss of the contribution from these electrons, and we
note that this is an exceptionally large susceptibility for
salt of such a type. To account for a contribution of this
magnitude to the susceptibility one must assume that two
spins per formula unit which are both fully localized, and
which are weakly antiferromagnetically coupled. Com-
parison can be made with the a' polytype such as
(BEDT-TTF)2Ag(CN)z, in which there is one localized
spin per dimer of BEDT-TTF and which shows quasi-
one-dimensional antiferromagnetic coupling; peak sus-
ceptibilities at temperatures (60 K) comparable to the ex-
change coupling energy are 1.7 X 10 3 emu/mol formula
unit. Note that the conduction electron susceptibility in
a related 3:2 salt that exhibits metallic (and
superconducting behavior under pressure), (BEDT-
TTF}3C12 2H20, is only 7 X 10 emu/mole formula
unit.

These facts suggest strongly that these materials are
just on the insulator side of the Mott-Hubbard transition.
Semiconducting behavior is not due to a gap in the one-
electron density of states, but arises because the holes on
the BEDT-TTF stacks localize due to the strong
Coulomb interaction. The 3:2 charge stoichiometry of
these salts requires that two holes are accommodated per
three BEDT-TTF sites. Comparison of the bond lengths
within the BEDT-TTF molecule with those of well-
defined charges shows clearly that two of the BEDT-TTF
molecules are charged and that one is close to neutral.

The transport properties are therefore those of a "mag-
netic" semiconductor, with the activation energy for con-
ductivity identi5ed as U,&/2, where U,& is the on-site
Coulomb energy (Hubbard energy} associated with the
transfer of a charge to place two changes on a single site.
This model has been applied to the case of a' polytypes
by Parker et al. The activation energies measured for
the copper tetrahalide salts are relatively low in compar-
ison with the a' polytype salts, indicating that the
Coulomb localization is weak. The size of the thermo-

power is consistent with this model.
The magnetic properties of these two salts are unusual.

We note that only a single EPR line is seen, though there
is clear evidence that this has contributions from both the
localized d copper moments and the localized moments
present on the BEDT-TTF sites. For example, the g
values above the low-temperature transition are inter-
mediate between those expected for the copper moment
and as found for spins on BEDT-TTF sites. This indi-
cates that there is a significant level of interaction be-
tween the two spin systems, in contrast to the other mag-
netic anion salts which we have studied. Below the
phase transitions seen in both salts around 60 K the sus-
ceptibilities are well fitted by a quadratic layer antiferro-
magnetic ordering model, and values for the exchange in-
teraction of 15 and 8 K are found for (BEDT-
TTF)3CuBr~ and (BEDT-TTF)3CuC12Br2, respectively.
These values provide some indication of the strength of
the exchange interactions present in these materials.

The phase transitions at 58-60 and 53-56 K in
(BEDT-TTF)3CuBr4 and (BEDT-TTF)3CuC12Br2, respec-
tively, cause the loss of a significant fraction of the sus-
ceptibility, change the g values close to those expected for
copper d ions, and cause a large reduction in linewidth.
Below the transition the susceptibilities and g values are
fully consistent with the presence of one spin per copper.
We consider therefore that the higher susceptibility
above the transition must result from a large contribution
from the BEDT-TTF sheets. We do not have informa-
tion about the low-temperature structure at present.
However, a Jahn-Teller distortion of the square-planar
copper tetrahalide is expected for this d ion, and we pro-
pose that it is this that drives the change in properties ob-
served here. The shift in the d-d optical transitions is
consistent with this change in copper environment. The
most likely explanation for the loss of susceptibility from
the BEDT-TTF sites is that there is pairing of the two
spins present on two out of the three BEDT-TTF sites
along the stacks.

The behavior of these salts under pressure shows a re-
markable change from semiconductor to metallic proper-
ties. The increase in conductivity by a factor of 500 in 20
kbar is the highest such increase that we are aware of in
molecular conductors, and takes these salts well into the
domain of fully metallic behavior. It is certainly not
surprising to see some increase in conductivity on cooling
when the room-temperature conductivity has reached
500 S/cm. Such a very large increase in conductivity is
only likely to be found when pressure transforms the ma-
terial from one domain of behavior (magnetic insulator}
to another (metal). Of the few other examples of materi-
als which show comparable increases in conductivity un-
der pressure, Cso 83I(Pd[C~Sz(CN)z])].0.5HzO (Refs. 47
and 48) shows an increase by a factor of 250 at 20 kbar,
and we note that this is also attributed to a transition
from Mott-Hubbard insulator to metal.

The low-temperature transition to a semiconducting
state under pressure is very abrupt and indicates the pres-
ence of a phase transition. We consider that the Jahn-
Teller distortion proposed to account for the ambient
pressure properties is unlikely to be suppressed rapidly
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under pressure, hence it is very likely that this transition
is present and responsible for the metal to insulator tran-
sition. The Jahn-Teller distortion lowers symmetry, and
it is likely that this further reduces symmetry at the
BEDT-TTF sites, possibly by setting up a superlattice.
The band structure shown in Fig. 2(b} will be modified
under pressure principally through the broadening of the
bands, and we expect the Fermi energy to continue to lie
close to the band that is calculated at ambient pressure.

V. CONCLUSIONS

The two salts (BEDT-TTF}3CuBr~ and (BEDT-
TTF)3CuC12Br2 reveal a range of properties new to this
class of low-dimensional conductors. Evidence for cou-

pling of the spin states of the copper and BEDT-TTF
stacks is very clear, and we observe a crossover from
magnetic insulator to metal under modest hydrostatic
pressures. Further work, particularly on the low-
temperature structure, is in progress.
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