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We have investigated the physical properties of a new charge transfer salt based on an asymmetric donor 4,5-dibromo-
4’ 5'-ethylenedioxy-tetrathiafulvalene (EDO-TTFBr,) whose crystal structure contains a weakly dimerized donor stacking
structure. This salt is considered to be in a Mott insulating state in the vicinity of the metal-insulator boundary, taking
account of the highly conductive semiconducting behavior and the feature of the susceptibility explained by the one-
dimensional Heisenberg antiferromagnet model with an S = 1/2 localized spin per dimer and a large exchange interaction
of about —190 K. The large exchange interaction and the exceptionally small resistivity (0.06 £ cm at room temperature)
originate from the strong inter-dimer transfer integral. The results of the ESR not only suggest an antiferromagnetic
transition at 37 K, but also reflect the one-dimensional electronic state giving a negligible contribution to the spin-lattice

relaxation process.

' Among a large number of 4,5;4',5'-bis(ethylenedithio)-
tetrathiafulvalene (BEDT-TTF)-based charge transfer salts
having low-dimensional electronic structures, there is a group
of materials classified as Mott insulators,' where m-elec-
trons are localized to give localized spins under the influ-
ence of the strong on-site Coulomb interaction. Accord-
ingly, the charge transfer salts in the Mott insulating state
are expected to form low-dimensional magnet systems with
localized spins. At the same time, the important point which
has to be added in characterizing the BEDT-TTF-based Mott
insulators is a commonly observed structural feature that
their crystal structures are formed with dimerized BEDT-
TTF units. From this point of view, we have investigated the
magnetic properties of several BEDT-TTF charge transfer
salts in relation to the strength of the dimerization of donor
molecules.* The previous study suggests that the strength of
the donor dimerization crucially determines the degree of
the localization/delocalization of the carriers in the Mott in-
sulating regime, where, actually, there is a contrast between
two charge transfer salts, f'-(BEDT-TTF),ICl, with a strong
dimerization and &’-(BEDT-TTF),IBr, with a weak dimer-
ization. However, it still remains unsolved what happens in
the cases with the intermediate strengths of dimerization.

Recently a new asymmetric donor molecule of 4,5-di-
bromo-4’,5'-ethylenedioxytetrathiafulvalene (EDO-TTFBr,)
shown in Fig. 1(a) has been synthesized.® Asymmetric donor
salts generally tend to form dimerized donor molecule units,
and thus we picked out this salt as one of our target materials,
since the results of preliminary experiments suggested that
this salt would be a Mott insulating state having intermediate

strength of the dimerization. In this paper we report the
crystal structure, the resistivity, the susceptibility, and the
ESR measurements.

Experimental Single crystals were synthesized by
means of electrocrystallization using EDO-TTFBr; (4 mg)
and supporting electrolyte (n-C4Hg)sNAsF¢ (30 mg) in the
solvent of 1,1,2-trichloroethane (15 ml) with a constant cur-
rent of about 1 pA for 4 d. Typical samples had sharp needle
shapes with the size of ca. 3x0.4x0.1 mm? (corresponding
to the c-, b*-, and a™-axes, respectively). The crystal struc-
ture was analyzed using a Rigaku AFC-7R four circle X-
ray diffractometer with Mo K« radiation. The structure was
solved with the direct methods which resulted in a final R
factor of 0.035 for 2554 reflections.

The transfer integrals between donor molecules and the
energy band structure at room temperature were calculated
based on the tight-binding approximation using the extended
Hiickel Hamiltonian.5—® We carried out the resistivity mea-
surement by a four-probe method at ambient pressure and at
9 kbar using a clamp-type high pressure cell. The magnetic
susceptibility was measured under a magnetic field of 10kOe
using a SQUID magnetometer (Quantum Design, MPMS-5)
in the temperature range 1.7—300 K. About 30 single crys-
tals (ca. 0.5 mg) were aligned in the same directions using
Apiezon N grease. The spin susceptibility was obtained af-
ter the subtraction of the Pascal diamagnetic contribution of
—4.99x10™* emumol~! and a fractional Curie-tail at low
temperatures coming from magnetic impurities (0.4 %). The
ESR measurement was carried out with a single crystal, us-
ing an X-band ESR spectrometer (JEOL JES-TE200) in the
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Fig. 1. (a) Molecular structure of EDO-TTFBr,. Calculated
HOMO coefficients are indicated by numerals with arrows.
(b) and (c) The crystal structure of (EDO-TTFBr,),AsFs;
the view of the donor stacking structure projected on the
bc-plane (b) and the view along the side-by-side direction
(¢). Dotted lines are the inter-molecular atomic distances
and double arrows indicate the molecular pairs connected
by transfer integrals a, cl, c2, p, and q (see Fig. 2). The
numbers indicate the inter-molecular atomic distances (A).

temperature range 4.2—300 K.

Results

The crystallographic data and the atomic coordinates with
thermal parameters are summarized in Tables 1 and 2, respec-
tively. The crystal structure is shown in Figs. 1(b) and 1(c).
A head-to-tail arrangement of asymmetric donor molecules
is formed in the direction of face-to-face molecular con-
tacts along the c-axis, where the shortest intermolecular S—S
atomic contact 3.661 A is almost the same as the correspond-
ing van der Waals distance® 3.60 A. There is no sufficient
contact between Br and S/O atoms, whose shortest Br—O
distance is 3.581 A (> the van der Waals distance 3.37 A).
In the side-by-side direction along the a-axis as shown in
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Table 1. Crystallographic Data of (EDO-TTFBr;),AsFs

Formula (C8H48402B1'2)2ASF6
Crystal system Triclinic
Space group P1

a/A 7.099(5)
b/A 14.844(4)
c/A 7.019(3)
al® 93.16(4)
B/° 106.07(6)
y/° 79.81(8)
V/A® 699.9(8)
z 2
Observed reflections (I >20(l)) 2554

R 0.035

Table 2. Atomic Parameters of (EDO-TTFBr2),AsFs

Atom x y z Beq (A?)
S1 0.62046(15) 0.31489(7) 0.7416(2) 2.77(2)
S2 0.19761(14) 0.40244(7) 0.6432(2) 2.76(2)
S3 0.74203(14)  0.52008(7)- 0.8199(2) 2.64(2)
S4 0.31504(14) 0.59787(7)  0.7101(2) 2.86(2)
C1 0.4474(6) 0.4150(3) 0.7135(6) 2.41(6)
Cc2 0.4974(5) 0.5001(3) 0.7444(6) 2.32(6)
C3 0.4411(6) 0.2440(3) 0.6776(6) 2.86(7)
C4 0.2496(6) 0.2839(3) 0.6340(6) 2.70(6)
C5 0.6759(6) 0.6389(3) 0.8266(6) 2.47(6)
Cé6 0.4828(6) 0.6737(3) 0.7775(6) 2.50(6)
C7 0.3447(11) 0.1047(4) - 0.6859(15) 6.79(2)
C8 0.1529(10) 0.14344) 0.5607(12) 5.36(2)
01 0.5045(5) 0.1540(2) 0.6787(6) 4,01(6)
02 0.0927(5) 0.2399(2) 0.5857(5) 3.55(6)
Brl 0.88162(7) 0.70664(3) 0.90497(7) 3.31(10)
Br2 0.37195(7) 0.797003)  0.77951(7)  3.59(11)
As 0.0000 0.0000 0.0000 3.30(2)
F1 0.0539(6) —0.1129(2) 0.0610(6) 5.82(8)
F2 —0.0938(8) 0.0265(3) 0.1981(7) 8.21(2)
F3 0.2270(6) 0.0180(3) . 0.1349(8) 8.52(2)

The equivalent temperature factor Beq = 3 ZU,Ja a a;-aj.

Fig. 1(c), there are intermolecular S-S and S—O contacts of
3.775 and 3.640 A, respectively, which are a little longer
than the van der Waals distances (3.60 and 3.32A for S-S
and S—O contacts, respectively). Thus, the crystal structure
is characterized with a quasi two-dimensional donor layer
structure consisting of the two-dimensional arrangement of
one-dimensional donor chains along the c-axis, where the
presence of anion sheets in the galleries makes the two-
dimensional layers separated from each other. This struc-
ture is considered to be similar to that of (DIMET),AsF,!°
where DIMET is dimethylethylenedithiotetrathiafulvalene.
It is worth noting that an antiferromagnetic transition is ob-
served in (DIMET),X (X = SbFg, AsFg).!! The transfer in-
tegral network in the donor sheet in the ac-plane is shown
in Fig. 2(a). The transfer integrals #.; and 7, along the face-
to-face direction are more than 5 times larger than those in
the side-by-side directions, suggesting a one-dimensional
feature in the electronic structure. In the one-dimensional
chain, there is an alternation in the strengths of the trans-
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Fig. 2. (a) Schematic view of the crystal structure of (EDO-
TTFBr,)2AsF in the ac-plane. The inter-molecular transfer
integrals are as follows; #; = 27.5, to = 20.8, t, = 3.85,
t, = 1.24, and t; = —2.44x1072 V. (b) Band structure
and Fermi surface.
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fer integrals which is described in terms of dimerization in
other words. The band structure is shown in Fig. 2(b), where
the Fermi level is located around the mid-point of the upper
band according to the 2 : 1 donor-to-anion ratio, and the pres-
ence of a one-dimensional Fermi surface along the ¢*-axis
is consistent with the crystal structure.

The temperature dependence of the resistivity shown in
Fig. 3 is semiconductive with a room temperature resistivity
of about 0.06 €2 cm and an activation energy of 0.13£0.01
eV. The pressure dependence of the resistivity at room tem-
perature is shown in the inset of Fig. 3. The resistivity
decreases monotonously as the pressure increases. The tem-
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Fig. 3. Temperature dependence of the resistivity for (EDO-
TTFBr,)2AsFs. The solid lines are the Arrhenius fittings
with activation energies of 0.13 and 0.09 eV at ambient
pressure and 9 kbar, respectively. The inset shows the
resistivity change under pressure.
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perature dependence of the resistivity under pressure is also
semiconductive even at 9 kbar with an activation energy of
0.09+4:0.01 eV, as shown in Fig. 3.

Figure 4 shows the temperature dependence of the
susceptibility with a field parallel to the c-axis. The
susceptibility, whose room temperature value is about
5.540.5x10~* emumol ™!, is gradually reduced as the tem-
perature is lowered down to about 35 K, at which an anomaly
appears. It should be noted that the anomaly is observed in
the susceptibility which has been obtained by subtracting a
Curie-type impurity contribution from the experimental re-
sult (see the inset of Fig. 4).

The ESR signal is Lorentzian with the peak-to-peak line
width of about 20 Oe at room temperature. The ESR signal
intensity shown in Fig. 5(a) obeys the temperature depen-
dence of the susceptibility in the high temperature range
down to 45 K. It gets small below about 40 K and vanishes
below 37 K with the g-value shift, as shown in Fig. 5(b).
The temperature dependence of the line width is shown in
Fig. 5(c). It becomes narrow as the temperature is lowered
down to 45 K, followed by an upturn below 45 K which
diverges at 37 K.

Discussion

The temperature dependence of the resistivity indicates a
typical activation process as an insulator, in contradiction to
the metallic band structure predicted in Fig. 2, while the room
temperature value of about 0.06 € cm is remarkably small

0 100
T/K

Fig. 4. Temperature dependence of the susceptibility mea-
sured at H = 10 kOe for (EDO-TTFBr;),AsFg with an error
bar of about +0.5x 10™* emumol~". The solid curve is the
fitting result for the S = 1/2 one-dimensional Heisenberg
antiferromagnet model with J/ = — 190 K. The inset shows
the details at low temperatures. The susceptibility (open cir-
cle) is obtained from the observed susceptibility yobs (closed
circle) after the subtraction of an impurity Curie tail, Ycurie
(broken curve), where the Curie constant is estimated at
1.3x107* emu™" mol K.
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Fig. 5. Temperature dependence of the ESR data with the
field parallel to the c-axis for (EDO-TTFBr;),AsFs. (a)
ESR intensity I. The solid curve is a guide for the eyes. (b)
The g-value. (c) The peak-to-peak ESR line width. The
closed dot with the solid curve is the normalized y7 product
where y is the spin susceptibility shown in Fig. 4. The value
of yT at 280 K is normalized to the value of the line width
at the same temperature.

compared with insulators already investigated, suggesting
that the electronic structure is situated in the vicinity of the
metal-insulator boundary. High pressure investigation still
shows semiconductive behavior even at 9 kbar, although the
activation energy is reduced by about 30% from the value at
ambient pressure. In addition to the semiconductive behav-
1or, the presence of localized magnetic moments, which we
will see later, proves that the electronic state of this salt is
described as a magnetic semiconductor in the Mott insulating
state. On the basis of the resistivity vs susceptibility diagram
which gives a criterion for a Mott insulator as presented
in Ref. 4, this salt is placed empirically in the boundary
region between the Mott insulating regime and the metal-
lic regime, although the calculated band structure shown in
Fig. 2(b) slightly deviates from a simple effective half-filled
band structure, which is a requisite for a Mott insulator.

We here reexamine the structural features to consider the
small resistivity and the magnetic properties of this salt.
Figure 6(a) shows the schematic structure of the donor
molecule arrangement. The transfer integrals f.; and #,
form a one-dimensional stacking structure along the c-axis.
The intra-dimer transfer integral f.; is larger than the in-
ter-dimer transfer integrals, where the ratio of the intra-
dimer to the largest inter-dimer transfer integral #., is esti-
mated at finga/finter = %c1/%c2 = 1.3. Therefore, the dimeriza-
tion is considered to have a moderately weak strength com-
pared with the strong dimerization of 8’-(BEDT-TTF),ICl,
(fintra/ tinter = 2.7) and the weak dimerization of a’-(BEDT-
TTF),IBry (fintra/finter = 1.2).* The other transfer integrals,
fa, tp, and g, which are characterized with the side-by-side
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Fig. 6. Schematic structure of (EDO-TTFBr;),AsFs. (a)
A rectangle represents a EDO-TTFBr, molecule viewed
along the molecular long axis and an ellipsoid circling two
molecules represents a dimer unit. (b) Magnetic structure
predicted from Fig. 6(a). A circle represents a magnetic
unit consisting of a dimer with an S = 1/2 spin and a line
linking the circles represents an exchange interaction, where
the strengths of the interactions are on the order of bold solid
line (J) > thin solid line (J').

inter-molecular atomic contacts, are an order of magnitude
weaker than the intra-chain transfer integrals. Thus, from
the viewpoint of the localized model, the magnetic structure
based on the dimer unit is expected to be a quasi one-dimen-
sional structure, as shown in Fig. 6(b). The small resistivity
(ca. 0.06 Q cm at room temperature) can be attributed to the
large inter-dimer transfer integral 7, ( = 208 meV).

The susceptibility has a value of about 5.5x10~*
emumol~! at room temperature, which is in between the
value for a localized spin system in insulating state and that
for a conduction electron system in metallic state. The highly
conductive semiconducting behavior and the small paramag-
netic susceptibility obviously indicate a Mott insulating state
located in the vicinity of the metal-insulator boundary. The
temperature dependence of the susceptibility shows a grad-
ual decrease as the temperature is lowered. This behavior
cannot be fitted to the Curie—Weiss law, which makes dif-
ficult a quantitative estimation of the localized spin density.
We here try to fit the temperature dependence of the suscep-
tibility above ca. 100 K to the one-dimensional Heisenberg
antiferromagnet model'? as depicted with the solid curve of
Fig. 4, where we neglect the contribution of the inter-chain
interaction. The result of the fitting gives an intra-chain
exchange interaction of J = —190+25 K with a magnetic
moment of 1.73 ug per formula unit, which corresponds to
an S = 1/2 spin when we employ g = 2.002 from the ESR re-
sult. The fitting indicates a good quantitative agreement with
the experimental data, so the experimental finding suggests
the existence of almost an § = 1/2 spin per dimer, where the
antiferromagnetic exchange interaction ranging about 200 K
works between localized spins. Taking into account that the
exchange interaction is expressed by J =~ —#?/U, the strong
exchange interaction is explained by the large value of the
dominant inter-dimer transfer integral ., which connects two
dimer units one-dimensionally along the c-axis.

The temperature dependence of the ESR intensity is qual-
itatively consistent with the static susceptibility at high tem-
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peratures, while the ESR signal disappears below 37 K ac-
companied by a divergent upturn of the line width. Addi-
tionally, the g-value is shifted down steeply just above 37
K. Consequently, the ESR experimental results suggest the
onset of an antiferromagnetic ordering at 7y = 37 K. The
observed susceptibility in the field parallel to the c-axis that
has a finite value even well below Ty can be explained by the
behavior of the perpendicular susceptibility in the antiferro-
magnetic ordered state. If this is the case, the estimation of
the intra-chain exchange interaction J is also possible using
the value of the perpendicular susceptibility at 0 K, y, (0).
According to the spin wave theory,’ y, (0) is expressed as

2000) = 1} [1 — AS/S — e(0)/225], 4))

for a system with Hy<Hg where H, is the magnetic
anisotropy field and Hg is the exchange field. x{ is the
temperature-independent perpendicular susceptibility based
on the molecular field theory, 9 = Ng”u3/4zJ, z is the
number of the nearest neighbors, AS/S is the spin reduc-
tion term for the sublattice magnetization, and e(0)/2zS is
the correction for the real ground state spin energy. In
the present case with the value extrapolated to 0 K, which
is estimated at y, (0) ~4=+1x10"* emu mol~!, the relation
described in Eq. 1 gives a value of the inter-chain interac-
tion J~ —150=£50 K, using the values’® of AS/S = 0.350,
€(0) =0.69, z=2. The obtained value of J is in good quanti-
tative agreement with J ~ —190 K estimated from the higher
temperature region.

The ESR line width is a good indicator for characterizing
the electron transport process. According to the previous pa-
per which reported the correlation between the linewidth and
the electron localization/delocalization of the dimer-based
charge transfer salts in the Mott insulating state,* the behav-
ior of the line width shows different features depending on
the degree of electron delocalization that is well correlated
to the strength of dimerization, although static susceptibil-
ity can be described in terms of the localized spin scheme
irrespective of the degree of electron delocalization. The
contribution of the spin—lattice relaxation becomes domi-
nant to the line width of the delocalized electronic system,
which is related to the relaxation time of carriers in the con-
duction process. a’-(BEDT-TTF),IBr, having a small resis-
tivity (ca. 0.5 Q cm)' is a typical example with a delocalized
electronic system, which has a wide line width of about 60
Oe at room temperature.'* Meanwhile, in the localized elec-
tronic systems, the spin—spin relaxations governed by the
dipole—dipole interaction play a major role in the line width
where the line width is subjected to the exchange-narrow-
ing mechanism in an exchange-interaction-networked local-
ized spin system. S’-(BEDT-TTF),ICl, shows a typical
behavior in this regime, having a room temperature resistiv-
ity value of about 20 Q cm and the narrow ESR line width
of ca. 10 OQe. Moreover, from the spin-diffusion theory"
of the spin—spin relaxation mechanism, the combination of
the dipole—dipole and exchange interactions makes the line
width be proportional to ¥T at high temperatures in low-di-
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mensional magnets. Actually, the 5’-salt indicates a good
correlation with the behavior of 7 product.* The same com-
parison between the ESR line width and the 7" product for
(EDO-TTFBr;),AsFjg is shown in Fig. 5(c). Taking account
of the remarkably high conductivity even in the semiconduct-
ing state and the narrow line width, the excellent correlation
between the line width and y7 in Fig. 5(c) seems to be ex-
ceptional. However, if we pinpoint the dimensionality in the
electronic structure of (EDO—TTFBrg)gAst, the exceptional
feature in the correlation can be explained reasonably. The
transfer integrals obtained for (EDO-TTFBr,);AsFg give an
almost purely one-dimensional electronic feature in contrast
to the BEDT-TTF Mott systems already investigated. Ac-
cording to the spin-lattice relaxation theory,'® no spin-lattice
relaxation process is allowed in ideal one-dimensional con-
ductors. Eventually, the excellent correlation revealed in the
present case suggests the ineffectiveness of the spin—lattice
relaxation process in the donor one-dimensional electronic
system.

In conclusion, we have investigated the physical prop-
erties of an asymmetric donor salt (EDO-TTFBr;),AsFg.
The crystal structure features a one-dimensional dimerized
donor stacking along the c-axis. This salt is considered to
be in a Mott insulating state in the vicinity of the metal-
insulator boundary, taking account of the highly conductive
semiconducting behavior and the feature of the susceptibil-
ity explained with the one-dimensional Heisenberg antiferro-
magnet model with an §=1/2 localized spin per dimer and
a large exchange interaction of about —190 K. The mod-
erately weak dimerization is considered to give almost one
localized spin to a dimerized donor unit. The result of the
ESR suggests the presence of an antiferromagnetic transition
at 37 K. The correlation between the line width and the T
indicates the feature of the one-dimensional electronic state
giving negligible contribution of the spin-lattice relaxation
process. These experimental findings with the presence of
localized spins and the exceptionally good conductive fea-
ture are ascribed to a moderately dimerized structure of this
salt, in contrast with the behavior of the strongly dimerized
[3'-type salt and the weakly dimerized o’-type salts.

This work is supported by a Grant-in-Aid for Scientific
Research on Priority Areas No. 10149101 “Metal-assembled
Complexes” from the Ministry of Education, Science, Sports
and Culture.
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