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The magnetic properties of two (BEDT-TTF)-C104 radical salts, (BEDT-TTF)2C104(C2H3C13)05
and (BEDT-TTF)3{C104)2,have been investigated by means of ESR measurements. For the former
{2:1:0.5)-phase crystal, the susceptibility shows a nesting transition at 20 K, which is affected by the

degree of the incompleteness in the ordering of the C283C13 molecules below 200 K. The large
linewidth suggests two-dimensionality, consistent with the low T, of the nesting instability and the

small anisotropy in the resistivity in the a-c plane. In the case of the latter (3:2)-phase crystal, the

susceptibility shows a metal-insulator transition at 150 K. Below T„an insulating state with a spin
singlet is stabilized after the displacement of the BEDT-TTF [(CsH484)z] molecules in a one-

dimensional chain through the Peierls instability. The large linewidth also suggests two-

dimensionality.

I. INTRODUCTION

Organic conductors have metal-insulator transitions
inevitably for their low dimensionality. To suppress
metal-insulator transitions and to design organic super-
conductors, many efforts have bern made with chemical
modifications of a ITF [CsH454, with the structural for-
mula 2,2'-bi(1, 3-dithole-2-ylidene)] molecule. Important
requirements for such low-temperature organic metals are
to decrease on-site Coulomb repulsion and to increase
dimensionality. Substitution of S atoms in a TTF moiety
with Se atoms has led to superconductivity in
(TMTSF)zC104, ' and several interesting organic metals
were obtained by means of substitution with Te atoms. z 3

We have presented a low-temperature organic metal
with a donor BEDT-TTF [bis(ethylenedithio)tetrathia-
fulvalene or (CsH4Sq)z] which is obtained with the intro-
duction of substitutional groups of a six-membered ring
with S atoms to a TTF moiety. The donor molecule
BEDT-TTF forms radical cation salts (BEDT-TTF)-X,
where X is an inorganic anion such as C104, Re04
Br04, I04, PF6, AsF6, SbF6, or Is . Unlike
(TMTTF)zX (Refs. 4 and 5) and (TMTSF)zX (Ref. 1),
BEDT-TTF complexes show a multiplicity of
stoichiometries, crystal structures, and inclusion of sol-
vent molecules, because a BEDT-TTF molecule has a
nonplanar structure affected by the thermal motions of

the ethylene groups as seen in the molecular structure
shown in Fig. 1.

For (BEDT-TTF)-C104 complexes, two phases are ob-
tained through electrocrystallization with trichloroethane
solvent. (BEDT-TTF)zC104(C2H3C13)o, indicates two-
dimensional metallic conductivity down to 1.4 K.
BEDT-TTF molecules have a side-by-side arrangement to
form a one-dimensional chain, where the intermolecular
S-S contacts are considerably shorter than the van der
Waals distance (3.7 A). ' The cooperation of the side-
by-side and the face-to-face intermolecular interactions
gives the two-dimensional characters in the electronic
properties. (BEDT-TTF)3(C104)z shows a sharp metal-
insulator transition at 174 K as a quasi-one-dimensional
system.

Recently, superconductivity of (BEDT-TTF)zRe04 was
observed near 2 K under pressures above 4 kbar, as the
first observation among sulfur-donor organic conduc-
tors." Moreover, (BEDT-TTF)213 was found to have a
superconducting transition at 1.5 K under ambient pres-
sure' ' and at 8 K under a high pressure. ' '

We are interested in the effects of polymorphism and
the introduced solvent on the electronic properties of a
two-dimensional metal (BEDT-TTF)zC104(C2H3C13)Q 5

and a quasi-one-dimensional metal (BEDT-TTF)3(C104)z.
In this paper, the ESR results are presented for these two
compounds, in order to clarify the correlation between
their electronic properties and crystal structures.
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FIG. 1. The molecular structure of BEDT-TTF.

II. EXPERIMENTAL RESULTS

The single crystals of (BEDT-TTF)3(C10&)z and
(BEDT-TTF)zC104(C2H3C13)o s were prepared using a
standard electrochemical technique. A 2)& 10 M solu-
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tion of BEDT-TTF in 100 ml of purified CiH3Cli was

reacted with (1.5—3.0)X 10 M (CqH9)4NC104 under a
constant current (5 and 10 pA) for a week. Two kinds of
black crystals were simultaneously obtained as thin plates
and thicker plates. The former was recognized as
(BEDT-TTF)i(C104)z [(3:2) phase] and the latter as
(BEDT-TTF)zCIOq(CzHiCl&)o 5 [(2:1:0.5) phase) by means
of x-ray diffraction. The crystal data were as follows:
(2:1:0.5) phase, triclinic, a=13.1 A, b=17.7 A, c=7.8 A,
a=79.3; P= 104.7', y= 110.9', V= 1690 A , Z=2;(3:2)
phase, triclinic, a=16.4 A, b=9.5 A, c=7.6 A, a=95.9',
P=87.2', y =90.8', V= 1182 A, Z= l. It was found that
the (2:1:0.5) phase was mainly obtained under a low ap-
plied current (5 pA), while the (3:2) phase under a higher
one (10 pA). The typical dimensions of the crystals were
1X1&&0.2 and 2 y1.5&&0.01 mm' for the (2:1:0.5) phase
and the (3:2) phase, respectively.

The ESR spectra were measured between liquid-helium
and room temperatures with a conventional Varian Asso-
ciates X-band E112 spectrometer equipped with a data ac-
quisition system. The temperature control was achieved
using an Oxford Instruments ESR9 continuous-fiow heli-
um cryostat. The samples were mounted on a Tefion
holder in a 4-mm-diam quartz ESR tube with 20-Torr He
exchange gas. The accuracy of the sample setting was
within 5'. The microwave power supplied into a cavity
was below 1 mW to avoid a saturation effect of the ESR
spectra. The absolute magnitude of the spin susceptibility
was determined with diphenylpicrylhydrazyl as a refer-
ence. ' A peak-to-peak linewidth was adopted for a
linewidth.

Figure 2 shows the temperature dependence of the ESR
intensity of the (2:I:0.5) phase for a heating run just after
a rapid cooling of the sample (cooling rate: 40 K/h). The
intensity is almost constant in the high-temperature re-
gion down to about 200 K, while it decreases gradually
until about 80 K. At low temperatures it has a Curie tail,
where the concentration of localized spins is about
0.1—0.3% of the BEDT-TTF molecules. The intensity
for slow cooling (cooling rate: 5 K/h) exhibits a different
temperature dependence from that for rapid cooling, as
shown in Fig. 3. The intensity shows an abrupt decrease
at about 20 K, though it has the similar temperature
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FIG. 3. Temperature dependence of the ESR intensity of the
(2:1:0.5) phase for slow' cooling. The solid line is obtained after
the subtraction of the Curie tail at low temperatures. The Curie
susceptibility is shown by the dashed line.
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dependence above 20 K to that for rapid cooling. The
concentration of localized spins is about the same as that
for rapid cooling. (The concentration depends mainly on
the quality of samples. )

Angular dependence of the g value and the linewidth
hH are shown for the (2:1:0.5) phase at 293 K in Fig. 4.
The g value does not have temperature dependence. It has
a maximum gi =2.0125 for the applied field perpendicu-
lar to the a-c plane, while it has a minimum g~~

——2.0022
for that parallel to the a-c plane, which is almost around
the g value of the free-electron spin (gp=2.0023).
has the similar angular dependence to the g value; the
maximum and minimum linewidths are ~i ——33 and

iM~~
——23 G for the applied field perpendicular and paral-

lel to the a-c plane, respectively. The linewidth is not af-
fected by the conditions for a cooling process. Figure 5
shows the temperature dependence of the linewidth. The
linewidth decreases linearly as the temperature is lowered,
with a kink at around 110 K. The anisotropy in the
linewidth becomes small as temperature decreases and, at
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FIG. 2. Temperature dependence af the ESR intensity of the
(2:1:0.5) phase for rapid cooling. The solid line is obtained after
the subtraction of the Curie tail at low temperatures. The Curie
susceptibility is shown by the dashed line.

FIG. 4. Angular dependence of the g value and the linewidth~ at 293 K for the (2:1:0.5) phase, 8=0 and 90 correspond
to the applied field directions perpendicular and parallel to the
a-c plane, respectively. The dashed line denotes the g value of
free-electron spin.
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FIG. 7. Temperature dependence of the linewidth for the
(3:2) phase. The solid squares denote the linewidth for the ap-
plied field parallel to the b' axis, while the open circles denote
that for the applied field parallel to the c axis.
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FIG, 5. Temperature dependence of the linewidth ddt for the
(2:1:0.5) phase. The open circles denote the linewidth perpendic-
ular to the a-c plane, while the solid ones denote that parallel to
the a-c plane.

3 K, the linewidth, which is about 5 G, does not have an
anisotropy. The line shape is Lorentzian in the observed
temperature region.

Next, we show the results for the (3:2) phase. Figure 6
exhibits the temperature dependence of the ESR intensity.
The intensity is almost constant in the high-temperature
region down to 150 K. Below 150 K, it decreases ex-
ponentially as the lowering temperature and the Curie
contribution becomes apparent below about 60 K. The es-
timated concentration of localized spins is about 0.4% of
the BEDT-TTF molecules. The linewidth is anisotropic,
which is ddt, =44, ~s ——53, or ~,,=65 G at room

temperature for the applied field parallel to the c, b', or
a' axes, respectively, where the b' axis is perpendicular to
the c axis in the b-c plane and the a' axis is perpendicu-

2.0& 0

Hll b axis
4 ~ ay ~ ~ ~ ~ ~ ~ ~

2.005

8-----------------------»---- ~---------
Hll | axis o Q o o o

boo oo 0 0 0 ~ ~

2 0009poo

I

&00
I

200 300
0
0 200 300f00

FIG. 8. Temperature dependence of the g value for the (3:2)
phase. The sohd squares denote the g value for the applied field
parallel to the b' axis, while the open cirlces denote that for the
applied field parallel to the c axis. The dashed line denotes the
g value of free-electron spin.

FIG. 6. Temperature dependence of the ESR intensity for the
(3:2) phase. The solid line is obtained after the subtraction of
the Curie tail at low temperatures. The Curie susceptibility is
shown by the dashed line.

lar to the b cplane-. The line shape is Lorentzian for the
applied field parallel to the c and b' axes, while it is in be-
tween Lorentzian and Gaussian ones for the field parallel
to the a axis. The temperature dependence of the
linewidth is shown in Fig. 7. The linewidth increases
gradually with decreasing temperature down to 170 K and
decreases abruptly at 160 K. Then, it decreases monotoni-
cally until 70 K and begins to decrease more rapidly
below 60 K. At 3 K, it becomes about 1 G with a small
anisotropy.

Figure 8 shows the temperature dependence of the g
values. The g values are independent of temperature in
the high-temperature region down to about 200 K. Below
the temperature, g, decreases to a minimum around 160
K and increases until about 100 K. Below 100 K, it de-
creases gradually with decreasing temperature. gb in-
creases steeply below about 200 K, whereas in the low-
temperature region below about 120 K it becomes con-
stant around 2.006.
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III. DISCUSSION

A. (BEDT-TTF)2C104(Cg83C13)0 5

In the (2:1:0.5)-phase crystal, the BEDT-TTF molecules
are stacked along the [102] direction, while the biggest in-
termolecular overlapping is associated with the short
side-by-side S-S contacts between the BEDT-TTF rnole-
cules along the [102] direction. ' ' Thus, the cooperation
of the face-to-face and the side-by-side intermolecular
overlappings gives a two-dimensional conducting sheet in
the a-c plane, which is separated from the adjacent sheets
by C104 anions and CzHiCli solvent molecules. Since
the long axis of the BEDT-TTF molecule is nearly paral-
lel to the b axis, the axial direction of the p highest oc-
cupied molecular orbital of the BEDT-TTF molecule is
perpendicular to the field direction when the field is ap-
plied parallel to the b' axis. Therefore, the orientation of
the BEDT-TTF molecule suggests a large g shift
5'' ——(gg' —go) for the b' axis which is in agreement with
the experimental result as shown in Fig. 4. The positive g
shift is attributable to the presence of hole carriers due to
the BEDT-TTF donors. The resistivity shows metallic
character down to 1.4 K for rapid cooling. The magnetic
susceptibility obtained from the ESR intensity can be ex-
plained with the Pauli paramagnetism. If we adopt a
free-electron model, the magnetic susceptibility for the
Pauli paramagnetism in a two-dimensional metal is given
by

p~N
Xp

m't

where t is the effective transfer integral in the two-
dimensional sheet and N is Avogadro's number. From
the above equation, we obtain the magnitude of the
transfer integral i=0 05 eV at .room temperature. The es-
timation of the on-site Coulomb repulsion gives a still
large U-1.3 eV for BEDT-TTF, taking into account
U-1.4 eV for TTF (Refs. 19 and 20) and the difference
in U between TTF and BEDT-TTF, 0.12 eV (Ref. 21), al-
though the extended m system in the BEDT-TTF mole-
cule, which is achieved through the chemical modifica-
tion, reduces U. Therefore, the estimated r should be
modified for the large on-site Coulomb repulsion. How-
ever, the small t is consistent with the theoretical re-
sults' 's and the optical reflectance experiment, 2 which
suggest semimetallic character.

X-ray analysis suggests thermal vibrations of the
C104 anions, the C~H3C13 solvent rnolecules, and the
ethylene groups —CH2 —CH2 —in the BEDT-TTF donor
rnOlecule, which reduce t, leading to the disturbance
against the electron transport. The (2a Xb X2c) superlat-
tice begins to develop gradually below about 200 K and is
remarkable below about 150 K, which is associated with
the antiparallel ordering of the C2H3C1$ solvent molecules
with a dipole moment against thermal vibration. Since
the smallest distance between a Cl atom in the C2H3C13
molecule and a C atom at an ethylene group in the
BEDT-TTF molecule is about 2.7 A, it is suggested that
the distance between an H atom in the BEDT-TTF rnole-
cule and a Cl atom in the C2H3Cl3 molecule is smaller

0

than the van der Waals Cl-H distance (-3 A), due to hy-
drogen bonding. Therefore, we can expect perceptible in-
teractions between the ethylene group and the C2H3C13
molecule, which will affect the vibration of the ethylene
group. The ordering of the CiH3Cli molecules induces
suppression of the thermal vibration of the ethylene
group, which may deviate the BEDT-TTF molecule from
a planar structure, leading to the reduction of the inter-
rnolecular overlapping between adjacent BEDT-TTF mol-
ecules. The decrease in the susceptibility below about 200
K is explained with an enhancement in the magnitude of r

through the reduction of the thermal vibration. The
corrected susceptibility with a subtraction of the Curie-

type susceptibility becomes nearly constant below about
100 K except at a temperature region approximately
below the phase transition, observed at slow cooling,
shown in Fig. 3. The magnitude of the susceptibility at
100 K gives t=0.06 eV, which is larger by 20% than that
at room temperature.

For a slow-cooling run, a metal-insulator transition
takes place at 20 K as shown in Fig. 3. Since the
(2 105)-phase crystal has a —,'-filled band, the rnetal-

insulator transition is considered to be a nesting transition
to an insulating state with a fourfold superlattice, which is
associated with the ordering of the solvent CzH&Cls mole-
cules. The transition temperature is quite low in compar-
ison with that of a similar compound, (TMTTF)2C10&
( T, =75 K). The (2:1:0.5)-phase crystal is a two-
dimensional metal with a cooperation of the side-by-side
and the face-to-face interactions, where the ratio of the
transfer integrals is estimated to be ri/t~~ —1. ' ' The
two-dimensionality depresses the transition temperature
for the nesting transition. For a rapid-cooling run, the
nesting transition disappears, even though the resistivity
shows a small increase below about 20 K. The correla-
tion lengths for the establishment of the (2a Xb X2c) su-

perstructure are quite small even at low temperatures
around 20 K (i.e., g, =13 A, gi, ——25 A, and g, =55 A at
125 K), due to some intrinsic disorder remaining in the
host lattice. 2 The Curie tail of the susceptibility suggests
the presence of localized spins attributed to lattice irregu-
larities which might lead to a finite-chain behavior. Our
result indicates that the concentration of the chain-
interrupting species with localized spins is 0.1—0.3% of
the number of the BEDT-TTF molecules. This means the
existence of one chain-interrupting specie per 7—10
BEDT-TTF molecules in a donor chain is comparable to
the correlation range of the (2aXbX2c) superlattice
(g, /a —1, gslb —1.3, and g, /c-7). The presence of the
intrinsic disorder in the host lattice gives an incomplete
ordering of the CiH&C1& solvent molecules depending on
both the quality of samples and the cooling rate of the
sample. The intrinsic disorder will easily cause a consid-
erable degree of incompleteness in the ordering of the
CzHiCli solvent molecules for rapid cooling. The random
potentials generated by the incomplete ordering will ob-
scure the Fermi surface, leading to the suppression of the
nesting transition if the magnitude of randomness in the
potential (b, V) overwhelms the gap (b ) generated by the
transition. Therefore, the disappearance of the transition
for rapid cooling can be explained with the large random-
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ness 6V & h.
Next, we discuss the hnewidth depending on tempera-

ture. The linewidth is described by the contributions from
spin-lattice relaxation ( Ti ) and spin-spin relaxation ( T2).
In the case of the (2:1:0.5)-phase crystal, the contribution
from Ti, which is associated with dipole-dipole interac-
tions, is negligible due to motional narrowing, taking into
account the Lorentzian line shape. For metallic systems,
the spin-lattice relaxation is understood by means of the
Elliott mechanism, where the energy of a spin system
flows to a lattice system through a spin flip by the spin-
orbit interaction and a scattering of conduction electrons
by acoustic phonons. Since the relaxation by the Elliott
mechanism is forbidden in a pure one-dimensional con-
ducting system, the linewidth is quite narrow
[hH =2.5—5 G for (TMTTF)2X (X=PF6, Cia, and
Br ) ]. The large linewidth (lLFIi =33 G and ~~~ ——23
G) of the (2:1:0.5) phase suggests two-dimensionality,
where the relaxation is allowed through the interchain
hoppings. This is consistent not only with the small an-

isotropy in the resistivity, but also with the band calcula-
tion. ' ' The linewidth ~ is related to conductivity o in
the equations ~=Ti -(5g) /v and cr =ne ~/m,
where v is a relaxation time for the conduction. Since the
conductivity increases with lowering temperature, the
temperature dependence of the linewidth is qualitatively
in agreement with the Elliott mechanism.

B. (BEDT-TYP)3{C10&)2

The BEDT-TTF molecules are stacked along the [011]
direction in the b cplane, w-hile the biggest intermolecu-
lar overlapping is associated with the short side-by-side
S-S contacts between the BEDT-TTF molecules along the
[012] direction. The side-by-side intermolecular overlap-
ping gives a quasi-one-dimensional conducting chain
along the [012] direction. The two-dimensional network
of the BEDT-TTF molecules composed of the larger
side-by-side and the smaller face-to-face overlapping in
the b-c plane is separated from the adjacent ones by
C104 anions. The long axis of the BEDT-TTF molecule
is nearly parallel to the a ' axis.

The temperature dependence of resistivity shows a
metal-insulator transition at 174 K with an activation en-

ergy E, =0.26 eV. The susceptibility for the Pauli
paramagnetism in a one-dimensional metal is related to
the transfer integral t~~ parallel to the one-dimensional
chain by means of the tight-binding model by

p~N
(2)~»n(~W/2} t~~

where N' is the amount of charge transfer per donor mol-
Xz at T & T, (=150 K for the ESR measurement)

gives the transfer integral t~~ =0.06 e&, using Eq. (2) with
N'= —', . The small t~~ is consistent with the results of the
band calculation, though the estimation must be correct-
ed for U-1.3 eV. Below T„an exponential decrease in
the susceptibility suggests a singlet ground state. The
change in the g value g~ and g, at T, with a precursor in
the rather wide critical region (T, &T& -200 K), as
shown in Fig. 8, is considered to be associated with the

displacement of the BEDT-TTF molecules in a one-
dimensional chain. Since the (3:2} phase has a —', -filled

band, 2k+ and 4kF lattice distortions are equivalent. The
considerably large on-site Coulomb repulsion U prefers
the 4kF distortion with threefold periodicity. At room
temperature, x-ray analysis shows that the (3:2) phase has
the threefold periodicity of the BEDT-TTF molecules.
Taking into account the metallic properties revealed by
the susceptibility and resistivity, the energy gap due to the
periodicity is thought to be smaller than thermal energy at
T & T, . The metal-insulator transition may be explained
as a transition of the Peierls instability with the 4kF dis-
tortion, which is similar to that of (BEDT-
TTF}i(Re04}~.

The (3:2) phase has a large linewidth at room tempera-
ture; hH, ,=65, dChb 53, a—n—d ~,=44 G. The line

shape for the applied field parallel to the a' axis is in be-
tween a Gaussian and a Lorentzian shape. This means an
incomplete motional narrowing against the dipolar field is
due to the restricted spin diffusion in the low-dimensional

system, since the interchain hopping rate is very small
for the direction parallel to the a' axis, as expected
through the crystal structure and the anisotropy in the
resistivity p[parallel to the (100) plane]/p[normal to the
(100) plane]=10 . The large linewidth ~b and bH,
can be considered to be associated with the spin-phonon
mechanism allowed through the two-dimensionality, tak-
ing into account the Lorenztian line shapes. The
linewidth ~ is given by29

(Qg}2 fjAF. 2

1 2g pgtI)wj

where ~z is the scattering time perpendicular to the con-
ducting chain in the b-c plane and ~& is a typical molec-
ular orbital energy difference. The interchain hopping
rate in the b cplane is e-stimated to be 7.i —10 '3 sec from
Eq. (3), if we take bE'-4t~~j. This is consistent with the
band calculation which shows a quasi-one-dimensionality
in the transfer integrals.

IV. SUMMARY

The magnetic properties of two (BEDT-TTF)-C104 rad-
ical salts, (BEDT-TTF)zC10~(C2HiCli)os and (BEDT-
TTF)3(C104)2, have been investigated by means of ESR
measurement. In the case of the (2:1:0.5} phase, the mag-
netic susceptibility sho~s the Pauli paramagnetism down
to a nesting transition of 20 K for slow cooling of the
sample. The suppression of the thermal vibrations of the
ethylene groups in the BEDT-TTF donors by the interac-
tions between the ethylene group and the C2H3C13 solvent
molecule enhances the transfer integral t in a two-
dimensional BEDT-TTF conducting sheet at low tem-
peratures belo~ about 200 K, as the C2H3C13 molecules
begin to be ordered to form the (2a Xb X2c) superlattice
below the temperature. For rapid cooling, the metallic
properties persist even below T„consistent with the result
of the resistivity measurement. The random potentials,
which are generated by the incomplete ordering of the
C2H3C13 molecules at low temperatures associated with
intrinsic disorder in the host lattice, obscure the Fermi
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surface to suppress the nesting transition. The large
linewidth suggests the two dimensionality of the conduct-
ing system, consistent with the low T, for the transition.

The (3:2)-phase crystal has a metal-insulator transition
at T, =150 K. Below T„an insulating state with a spin
singlet is stabilized after the displacement of the BEDT-
TTF donor molecules in a one-dimensional chain through
the Peierls instability„judging from the exponential de-
crease in the susceptibility and the change in the g values.
An incomplete motional narrowing for the direction
parallel to the a axis is consistent with the very small in-

terchain hopping rate in this direction expected with the

large anisotropy in the resistivity p~~/pz
——10 . The large

linewidth hH~ and hH, suggests the large interchain
hopping rate in the b-c plane.
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