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Crystal structure and magnetic properties of the organic antiferromagnet„C1TET-TTF …2Br
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Gunzi Saito
Department of Chemistry, Graduate School of Science, Kyoto University, Sakyo-ku, Kyoto 606-01, Japan

~Received 26 August 1996!

The organic charge transfer complex~C1TET-TTF!2Br was investigated for its crystal structure, band
structure, resistivity, electron spin resonance, and static susceptibility. The crystal structure is characterized by
two-dimensionalu-type donor sheets, where the donor arrangement consists of uniform stacking with the
absence of dimerized donor molecules. The electrical resistivity shows semiconductive behavior in conflict
with the quasi-two-dimensional metallic band structure calculated by the tight binding approximation. These
findings show characteristics of the Mott insulating state in this complex. The magnetic susceptibility indicates
the feature of anS5

1
2 two-dimensional triangular lattice Heisenberg antiferromagnet comprising localized

magnetic moments on the donor molecules. It shows an antiferromagnetic transition atTN53 K.
@S0163-1829~97!03506-6#
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I. INTRODUCTION

In organic charge transfer complexes composed of T
derivatives, thep-electron systems form a large variety
electronic structures among the superconducting st
charge density wave, spin density wave, and Mott insula
state in low-dimensional frames through the competit
among the transfer integral, on-site Coulomb interaction,
electron-phonon interaction.1–7 In recent years, these com
plexes have been found to show interesting features in
tallic state around the Mott boundary in relation
superconductivity.8–11 Contrary to this, the complexes be
longing to the Mott insulator regime remain not so well u
derstood, although they are expected to give a class
molecule-based low-dimensional magnets. We are intere
in the Mott insulating state in the view of the magnetism
the organic charge transfer complexes, because the unp
electrons delocalized over the molecularp orbitals on the
molecules in the Mott insulating state lead to features in th
magnetic behavior.12 Moreover, various types of low
dimensional structures will come to hand on the basis of
modification of the donor molecule arrangements as wel
the designing of donor molecules, providing the diversity
magnetic behavior. Consequently, the detailed investigat
of organic magnetic insulators will provide aspects of t
magnetism in view of the low-dimensional magnetic syste
that have been studied in inorganic compounds thro
many experimental and theoretical approaches.13,14 In the
past, several organic Mott insulators such asa8 and
b8-~BEDT-TTF! 2X @X5AuBr2, CuCl2, IBr 2, ICl 2 ~Refs.
1–6!# have been targeted as low-dimensional antiferrom
nets, in all of which a localized magnetic moment wi
S51/2 is generated in a BEDT-TTF~abbreviated as ET here
after! dimer unit associated with dimerized-donor bas
crystal structures. On the other hand, a class of orga
magnetic insulator ~C1TET-TTF! 2Br ~C1TET-TTF:
bis~methylthio!ethylenedithio-tetrathiafulvalene! we synthe-
sized recently, has a uniform donor arrangement with
550163-1829/97/55~6!/3649~7!/$10.00
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absence of dimerized structure that most charge tran
complexes of ET have. Thus, the investigations of this co
pound are expected to reveal interesting features of the m
netic properties among organic magnetic insulators in c
trast to ordinary ET salts. Moreover, it is possible to comp
the C1TET-TTF salt with ET salts in detail in view of the
crystal structure, electronic structure, and physical proper
because the molecular structure of C1TET-TTF is very close
to that of ET. In the present paper, we report the crys
structure, the band structure, the electrical resistivity, el
tron spin resonance~ESR!, and the magnetic susceptibility i
order to clarify the correlation between the crystal struct
and the magnetic properties.

II. EXPERIMENT

Single crystals of ~C1TET-TTF! 2Br were prepared
by the electrochemical method from C1TET-TTF and
@~C2H5!4N#2CuBr4 in ethanol under Argon atmosphere
room temperature. In the electrochemical ce
@~C2H5!4N#2CuBr4 was decomposed into Cu21 and Br2, so
that the produced crystal did not contain even a trace
Cu21 ions, according to energy-dispersive x-ray~EDX!
analysis. After the crystal growth period of two weeks, w
obtained black plate or block type single crystals with typic
dimension of 33130.05 mm3 or 23130.5 mm3, respec-
tively. It was found that the crystals with different shap
have the same crystal structure from the x-ray analysis.
found composition is C528.07, H52.37, and S560.25 %
from elemental analysis, which is in good agreement w
the calculated from the x-ray analysis for~C1TET-TTF!2Br
~C20H20S16Br!; C528.15, H52.36 and S560.12 %.

In the x-ray crystal structure analysis, the intensity d
were collected from Rigaku four-circle diffractomete
AFC-7S with graphite-monochromated MoKa radiation us-
ing v-scan technique (2u,55°), then the absorption wa
corrected. The structure was solved by the direct met
~SHELXS86!15 and refined using 3536 reflections by ful
3649 © 1997 The American Physical Society
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3650 55YAMAURA, MIYAZAKI, ENOKI, AND SAITO
matrix least-squares method~SHELXL93!.16 Anisotropic tem-
perature factors were used for all non-hydrogen atoms,
for hydrogen atoms we adopted calculated positions and
tropic temperature factors. The crystallographic data
listed in Table I.

We calculated the molecular orbitals of the C1TET-TTF
donor on the basis of the extended Hu¨ckel method.17 The
transfer integralt was estimated from the overlap integrals
using the equationt5Es, where theE is the constant value
of the order of highest occupied molecular orbital~HOMO!
energy210 eV.17 The band structure was calculated
means of tight binding method. The HOMO level of th
donor is considered to be 3/4-filled from the chemical f
mula.

The electrical resistivity to thec axis was measured b
four-probe method under ambient pressure in the temp
ture range 190–300 K. ESR measurements were carried
in the applied field parallel to thea* , b, andc axes in the
temperature range 3–300 K, using a conventionalX-band
ESR spectrometer~JEOL JES-TE200! and a helium continu-
ous flow type cryostat~Oxford ESR910! for temperature
control. The magnetic field and the microwave frequen
were calibrated by a Gaussmeter~JEOL NMR field meter
ES-FC5! and a frequency counter~Advantest microwave
counter TR5212!, respectively. A single crystal was mounte
on a Teflon rod by silicone grease, and sealed in an E
quartz tube with thermal exchange gas~He 10 Torr!. The
temperature dependence of the magnetic susceptibility
measured by a superconducting quantum interference de
magnetometer~Quantum Design MPMS-5! in the applied
field H510 kOe parallel to thea* , b, and c axes in the
temperature range 1.8–400 K. The single crystals, where
crystal axis were collimated, were mounted on a plastic st
with silicone grease. The spin susceptibility was estima
by subtracting the Pascal diamagnetic contributionxdia

TABLE I. Crystallographic data of~C1TET-TTF!2Br.

Chemical formula C20H20S16Br
Chemical formula weight 853.23
Cell setting Monoclinic
Space group P21/a
a ~Å! 27.71~5!

b ~Å! 11.11~2!

c ~Å! 5.037~8!

b (°) 90.6~1!

V ~Å 3) 1551~4!

Z 2
Dc ~Mgm23) 1.827
Radiation type MoKa
Wavelength~Å! 0.71073
Temperature~K! 293
Crystal size~mm3) 0.5030.3730.33
No. of independent reflections 3537
No. of observed reflections 2394„I.2s(I )…
R@F2.2s(F2)# 0.0685
wR(F2) 0.1988
Weighting scheme w51/@s2(F0

2)1(0.1452P)2

11.7684P, where
P5(F0

212Fc
2)/3
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524.4931024 emu/mol @1 mol5~C1TET-TTF! 2Br!#
from the total susceptibility. In the calculation of the co
diamagnetic susceptibility, the contribution of C1TET-TTF
donor is obtained from the observed valu
x522.0931024 emu/mol of neutral C1TET-TTF donor at
room temperature.

III. RESULTS

At the beginning of this section, we present the crys
structure of~C1TET-TTF! 2Br. The atomic coordinates an
the displacement parameters are listed in Table II and
intramolecular distances and bond angles are in Table
where the molecular structure and the atom indices
shown in Fig. 1. Also, the crystal structure is shown in F
2. There is one independent donor molecule in a unit c
while a Br atom is at the position of inversion center. Sin
all donor molecules are crystallographically equivalent, th
are expected to have the same partial charge10.5 taking into
account the donor-to-anion ratio of 2:1. There is the abse
of disordered sites of ethylene groups and methylthio gro
attached to the TTF moieties, although the thermal moti
of methylthio groups are a little large. The shortest interm
lecular S•••S contacts are 3.574~6! Å ~S3-S8! in the intrast-
ack direction (c axis! and 3.586~7! Å ~S6-S7! in the inter-
stack direction (b axis!, respectively, which are smaller tha
the sums of the corresponding van der Waals radii 3.60
As a consequence, C1TET-TTF donors form a two-
dimensional lattice in thebc plane, where the donor arrange
ment has zigzag feature with a head-to-tail configuration
the interstack direction. Every C1TET-TTF molecule is sur-
rounded by six neighboring donor molecules as shown
Fig. 3, which results in the formation of two-dimension

TABLE II. Fractional atomic coordinates and equivalent isotr
pic displacement parameters of~C1TET-TTF!2Br ~see Fig. 1 for
the atom indices!. Displacement parameterUeq is defined on the
basis of the following equationUeq5~1/3!( i( jUi j ai* aj* aiaj.

Atom x y z Ueq /Å
2

C1 0.2260~2! 0.5777~5! 0.1487~11! 0.031~1!

C2 0.1856~2! 0.5759~6! -0.0123~12! 0.034~1!

C3 0.2918~2! 0.5219~6! 0.4924~12! 0.034~1!

C4 0.3046~2! 0.6300~5! 0.3982~12! 0.034~1!

C5 0.1066~2! 0.5133~6! -0.2488~12! 0.036~1!

C6 0.1191~2! 0.6174~6! -0.3662~11! 0.036~1!

C7 0.3748~3! 0.5185~7! 0.8101~13! 0.045~2!

C8 0.3954~2! 0.5902~7! 0.5858~13! 0.044~2!

C9 0.0458~3! 0.3352~9! -0.0630~17! 0.071~3!

C10 0.0497~3! 0.7886~7! -0.4296~16! 0.059~2!

S1 0.23882~6! 0.4585~1! 0.3636~3! 0.037
S2 0.26803~6! 0.6927~2! 0.1493~3! 0.041
S3 0.14457~6! 0.4577~2! -0.0005~3! 0.040
S4 0.17267~6! 0.6860~2! -0.2488~3! 0.039
S5 0.32184~7! 0.4315~2! 0.7263~4! 0.050
S6 0.35674~6! 0.7127~2! 0.4796~4! 0.047
S7 0.05374~7! 0.4358~2! -0.3362~4! 0.052
S8 0.08615~6! 0.6865~2! -0.6222~3! 0.043
Br 0.0000 0.0000 0.0000 0.053
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55 3651CRYSTAL STRUCTURE AND MAGNETIC PROPERTIES . . .
hexagonal packing structure with the absence of dimeriza
similar to theu-ET2X salt „X5I 3, Cu2~CN!@N~CN!2#2….

19,20

In view of the symmetry of the structure, the donor mo
ecules of theu-ET salts are known to locate at centrosym
metric sites, in contrast to the present salt. The dihedral a
is estimated at 57.6~2!° between the molecular planes of a
jacent donors interrelated by the screw axis symmetry.
note that the asymmetric donor molecules are oriented in
same direction within a column, which is not so comm
among the asymmetric TTF derivative salts where do
molecules used to have a head-to-tail configuration in
column except the cases of the present salt and some
C1TET-TTF salts.21

The overlap integrals of the donor HOMO are calcula
on the basis of the two-dimensional donor arrangement g

TABLE III. Bond lengths and angles of C1TET-TTF ~see Fig. 1
for the atom indices!.

Bond length~Å!

C1-C2 1.377~9! C5-C6 1.346~9!

C1-S2 1.728~7! C5-S3 1.740~7!

C1-S1 1.745~6! C5-S7 1.751~7!

C2-S3 1.737~7! C6-S8 1.750~7!

C2-S4 1.742~7! C6-S4 1.765~7!

C3-C4 1.340~9! C7-C8 1.501~10!
C3-S1 1.748~7! C7-S5 1.804~8!

C3-S5 1.752~7! C8-S6 1.810~8!

C4-S2 1.748~7! C9-S7 1.788~9!

C4-S6 1.758~7! C10-S8 1.808~8!

Bond angle (°)
C2-C1-S2 123.8~5! S3-C5-S7 120.3~4!

C2-C1-S1 120.9~5! C5-C6-S8 124.4~5!

S2-C1-S1 115.3~4! C5-C6-S4 116.4~5!

C1-C2-S3 121.3~5! S8-C6-S4 119.2~4!

C1-C2-S4 123.5~5! C8-C7-S5 115.1~5!

S3-C2-S4 115.1~4! C7-C8-S6 113.1~5!

C4-C3-S1 117.0~5! C1-S1-C3 95.1~3!

C4-C3-S5 128.8~5! C1-S2-C4 95.3~3!

S1-C3-S5 114.2~4! C2-S3-C5 95.7~3!

C3-C4-S2 117.2~5! C2-S4-C6 95.3~3!

C3-C4-S6 127.2~5! C3-S5-C7 103.3~3!

S2-C4-S6 115.4~4! C4-S6-C8 99.2~3!

C6-C5-S3 117.6~5! C5-S7-C9 102.9~4!

C6-C5-S7 122.1~5! C6-S8-C10 99.8~4!

FIG. 1. Molecular structure of C1TET-TTF drawn by ORTEP
~see Ref. 18!.
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in Fig. 3, which shows the coexistence of intrastack (c) and
interstack (b1 , b2) interactions. The estimation provide
b155.4, b254.3, and c55.831023, that reveals a two-
dimensional character in the energy band caused by s
differences in the strengths of the transfer integrals in all
in-plane directions. Figure 4 shows the band structure
the Fermi surfaces calculated by the tight binding meth
The band calculation suggests the presence of t
dimensional metallic bands that generate two sets of qu
one-dimensional Fermi surfaces, though these band wi
are narrow ranging about 0.4 eV due to the small over
integrals. Since the degeneracy in theM -Y dispersion is
caused by the crystallographic symmetry, the 3/4-filled
ture is intrinsic. On the other side, the first Brillouin zone h
the half-filled feature taking into account the Harrison co
struction.

The electrical resistivity behaves semiconductive in
investigated temperature range 190–300 K with a single

FIG. 2. Crystal structure of~C1TET-TTF!2Br.

FIG. 3. The arrangement of C1TET-TTF donors projected on
the bc-plane. The calculated overlap integrals areb155.4,
b254.3, andc55.831023.
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3652 55YAMAURA, MIYAZAKI, ENOKI, AND SAITO
tivation energyEa50.6 eV and the room-temperature res
tivity value of r rt540Vcm. This observation is in disagree
ment with the band calculation which suggests meta
nature. This discrepancy will be discussed later. The E
signal shows the line shape of single Lorentzian type wh
g values and peak-to-peak line widths arega*52.0113,
gb52.0061, gc52.0055, and DHa*515.6, DHb514.6,
DHc517.6 G at room temperature in the applied field par
lel to thea* , b, andc axes, respectively. Taking into accou
that theseg values resemble those of ET donors22 having
similar electronic structure, the unpairedp-electrons ob-
served in the ESR measurements are considered to resid
the C1TET-TTF molecules. The temperature dependence
the line width and theg value are shown in Fig. 5. The lin
widths show a weak increase below about 100 K with
creasing the temperature and tend to saturate below abo

FIG. 4. Band structure and Fermi surfaces of~C1TET-
TTF!2Br. The energy scale is given on the basis of donor HOM
energy (210 eV!.

FIG. 5. Temperature dependence of ESR line widths~a! andg
values~b! in the applied field parallel to thea* (s), b (n), and
c (h) axes. The insets show the detailed behavior in the low te
perature range, which suggest the presence of an antiferromag
ordering atTN53 K.
-

c
R
e

l-

on
of

-
20

K, which suggests the presence of the magnetic short-ra
order effect. And, they exhibit a broaden out abruptly bel
5 K, indicating the onset of antiferromagnetic ordering in t
low-dimensional antiferromagnet. Theg values show
temperature-independent behavior above 20 K and a s
decrease with lowering the temperature below 20 K tha
generated by the short-range order effect,23 and then finally
they increase suddenly with the concomitance of the broa
out in the line width below 5 K.

Figure 6 shows the temperature dependence of the m
netic susceptibility and the reciprocal susceptibility as
function of temperature in the applied field parallel to thec
axis. The susceptibility shows the Curie-Weiss behavior
the high-temperature range, and then it shows a broad h
of low-dimensional antiferromagnetic short-range ord
around 12 K, that is considered to be related to the w
increase in the line width observed in the same tempera
range. In the temperature range 30–290 K, the susceptib
data in the field parallel to thea* , b, and c axes are well
represented by the sum of a Curie-Weiss term and a temp
ture independent one after the correction of Pascal diam
netic contribution;

x5
C

T2u
1x0 . ~1!

Using this equation, the analysis of thec-axis data gives the
Curie constantC50.45460.002 emu K/mol, the antiferro
magnetic Weiss temperatureu5217.360.7 K and the
temperature-independent diamagnetic susceptibilityx05
21.160.131024 emu/mol, where 1 mol involves one for
mula unit~C1TET-TTF! 2Br. These values for thec axis are
in good agreement with those for thea* andb axes. From
the Curie constant, the spin density (S51/2! is estimated at
N51.2 spin/mol using the ESRg value; namely, there exist
one localized magnetic moment ofS51/2 in two donors. It is
noticeable that the susceptibility contains the temperature
dependent termx0, even after the correction of Pascal di
magnetic contributionxdia. The magnitude of thex0 amount

-
etic

FIG. 6. Temperature dependence of magnetic susceptibility
reciprocal susceptibility in the field ofH510 kOe applied parallel
to thec axis. x0521.131024 emu/mol denotes the temperatur
independent term in the susceptibility. The mole unit correspond
the formula unit of~C1TET-TTF!2Br. The best fitting with a single
Curie-Weiss contribution gives the spin densityN51.2 spin/mol
and the Weiss temperatureu5217.3 K.



e
e
a
in
nc
re
o
co
e

fo

r
ar
n
h

se
ty
ur
r
n
p-
e
o
o
el

flo
sp

h
eld

rgy
on
n-
in-
re-

om-

he
ol-
the
u-
-
g
nd
s.
lled
ing
a-
the
in
sed
re-
in
al-
ott
are
er,
ag-

nge
all
the
ans-
ith
ion
ys-
ti-

gral

ter-

n to

the
the

e
net-
o

ttice

y

tic

x

d

55 3653CRYSTAL STRUCTURE AND MAGNETIC PROPERTIES . . .
about 25% of thexdia. The origin of thex0 is possibly due to
be thep-electron ring current in the donor molecule. Th
correction is expected to be affected by the valence stat
the donor, namely, we have used the observed core diam
netic susceptibility of the neutral donor for the evaluation
the charge transfer complex by neglecting the partial vale
feature~10.5! in the actual case. However, the temperatu
independent term is not solely explained by the correction
the core susceptibility because the enhancement in the
diamagnetism of ET complexes having similar extend
p-electronic structure to C1TET-TTF is only 4% from the
corresponding neutral donor.24 Therefore, the origin of the
temperature-independent term remains unsolved
~C1TET-TTF!2Br.

Figure 7 represents the detailed susceptibility behavio
the temperature region below 30 K in the applied field p
allel to thea* , b, andc-axes. The susceptibilities have a
antiferromagnetic short-range order hump around 12 K. T
difference of the susceptibility between thea* axis and the
b, c axes is explained by the difference in theg values.
Below T53 K, the susceptibility shows an abrupt increa
for thea* , b, andc axes. The behavior of the susceptibili
and the ESR line width broadening in the low-temperat
range suggest the appearance of an antiferromagnetic o
at TN53 K. It is worth noting the absence of magnetic a
isotropy belowTN among the susceptibilities in the field a
plied parallel to the three independent crystallographic ax
Although a possible explanation for this is the deviation
the easy spin axis from these crystallographic axes, the
gin remains unspecified. Magnetization curves in the fi
parallel to thea* , b, andc axes at 2 K up to 5 T show a
slightly concave with the absence of an apparent spin-
transition. The concave feature indicates that the large

FIG. 7. Temperature dependence of magnetic susceptibilit
low temperatures below 30 K in the applied field ofH510 kOe
parallel to thea* (h), b (L), and c (s) axes. The solid line
denotes the theoretical fitting for the two-dimensional square lat
Heisenberg antiferromagnet model~Ref. 31! in the temperature
range 8–290 K, where 0.5 spin withS51/2 is allotted to one
C1TET-TTF donor according to the charge distribution. The e
change interaction is estimated atJ526.1 K. An antiferromagnetic
transition is observed atTN5 3 K. The inset shows the detaile
behavior in the vicinity of the transition.
of
g-

e
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p
in

reduction in theS51/2 Heisenberg antiferromagnet wit
quantum spin fluctuation is suppressed by the external fi
in the ordered state.25,26

IV. DISCUSSION

The semiconductive nature with large activation ene
and the presence of localized magnetic moments
C1TET-TTF donors evidence features of Mott insulator ge
erated by the competition between the on-site Coulomb
teraction and the transfer integral. Comparison to the
ported ET-based Mott insulators1–6 provides a good
suggestion on the electronic structure of the present c
pound. For instance,a8- andb8-ET2X-type Mott insulators
have intrinsic half-filled bands, which are realized by t
band splitting due to the strong dimerization of donor m
ecules. Thus, in these cases, the competition between
interdimer transfer integral and the effective on-site Co
lomb interaction, the latter of which is given by the in
tradimer transfer integral,27 generates the Mott insulatin
state, where the magnetic moment is well localized arou
the region confined in the dimerized unit of ET molecule
On the contrary, the present compound has the 3/4-fi
band structure due to the uniform donor stacking, indicat
that this compound is not likely to the ordinary Mott insul
tor, although the band structure of this compound has
half-filled nature in the first Brillouin zone as shown
Fig. 4. In this sense, the picture of the donor-dimer-ba
Mott insulating state is failed here, suggesting that the
gion, where a localized moment exists, is extended widely
a unit cell. Consequently, the features of the electron loc
ization are considered to be situated far from those of M
insulator state realized in the ordinary ET complexes and
just around the Mott boundary in this compound. Moreov
it is possible that this less localized nature affects the m
netic behavior in~C1TET-TTF! 2Br.

Now, we discuss the magnetic structure and the excha
interaction mechanism in details. Taking into account that
donors molecules are crystallographically equivalent, all
donor molecules are equally charged due to the charge tr
fer to anions. Here, it is likely to assume that 0.5 spin w
S51/2 exists on a donor molecule within the considerat
of the x-ray average structure, although the underlying ph
ics behind it remains to be clarified in the future. The an
ferromagnetic exchange interactionJ}2t2/U between the
donor molecules is described in terms of the transfer inte
t and the on-site Coulomb interactionU. Thus, the above
consideration leads to the estimation of the exchange in
actions J1}2tb1

2/U;2tc
2/U and J2}2tb2

2/U for mag-
netic neighbors in the different three directions in thebc
plane, where the ratio of the exchange interactions is give
be J2/J1;0.5 from the extended Hu¨ckel electronic structure
calculation discussed before. From the information on
structure and the band calculation, as shown in Fig. 8,
predominant exchange interactionsJ1 form a distorted
square magnetic lattice, whileJ2 causes the frustration in th
spin arrangement. Therefore, the exchange interaction
work is described in terms of a triangular lattice with tw
kinds of antiferromagnetic exchange interactionsJ1 andJ2,
where the magnetic moments in the distorted square la
formed by the stronger interactionsJ1 are coupled to each

at

e

-
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3654 55YAMAURA, MIYAZAKI, ENOKI, AND SAITO
other through the weaker interactionsJ2. In the case of
J15J2, the magnetic system is described as a tw
dimensional regular triangular lattice antiferromagnet, wh
provides interesting models for classical and quant
spins.28,29Meanwhile, in the present case havingJ1.J2, the
magnetic lattice is expected to be the distorted triangu
one. It is possible to compare this compound w
CuCl2-graphite intercalation compounds~GIC!, where Cu21

magnetic moments form anS51/2 two-dimensional dis-
torted triangular lattice Heisenberg antiferromagnet.30 The
susceptibility of CuCl2-GIC has a magnetic short-range o
der hump characteristic of low-dimensional antiferromag
around 60 K and no magnetic phase transition above 0.5
which is explained by the spin frustration in theS51/2 tri-
angular lattice Heisenberg antiferromagnet.

Here, we examine the presence of the spin frustration
view of the estimation of the exchange interaction in t
compound. To our knowledge, there is no theoretical pre
tion for the susceptibility of the two-dimensional distorte
triangular Heisenberg antiferromagnet. Thus, we analyze
susceptibility with a hump by means of the two-dimensio
square lattice antiferromagnetic Heisenberg model31 with
predominant exchange constantJ1. The susceptibility is well
described by the two-dimensional square lattice Heisenb
antiferromagnet model with the exchange energy ofJ15
26.1 K as shown in Fig. 7. It is worth reminding that th
estimated exchange interaction is one order of magnit
small in comparison with the exchange interactions ofa8,
b8-ET2X, and u-ET2Cu2~CN!@N~CN! 2# 2 salts. Actually,
the transfer integral between the adjacent dimers ina8 and
b8-ET2X salts, which have a two-dimensional square an
ferromagnetic lattice with dimerized donors havin
S51/2,2,4,5 is in the same range to the transfer integrals of
present compound in spite of the large difference in the m
nitudes of the exchange interactions. Furthermore, inu-
ET2Cu2~CN!@N~CN!2#2 which has the similar distorted trian
gular antiferromagnetic lattice20 to the present compound

FIG. 8. Schematic representation of the triangular magnetic
tice for the C1TET-TTF layer with antiferromagnetic interaction
J1 andJ2.
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the transfer integral is also in the same range. In this case
ratio of the exchange interactions estimated atJ2/J150.1 is
considerably smaller than that in the present compound, s
gesting that the predominance ofJ1 makes spin frustration
considerably depressed. Consequently, the difference in
exchange interactions between the present compound an
above ET salts is supposed to be associated with the f
trated spin arrangement through the competition between
antiferromagnetic interactionsJ1 andJ2. In other words, the
competition between antiferromagneticJ1 andJ2 is consid-
ered to strengthen the features of spin frustration
(C1TET-TTF!2Br, resulting in the reduction of the appare
value of the estimated exchange interaction. It is also wo
pointing out the importance of the electronic structure for
magnetic features, that is, the less localized nature in
electronic structure, discussed before in relation to the pe
liar features realized in Mott boundary, is suggested to ca
the reduction in the strengths of exchange interactions
comparison with the ordinary organic magnetic insulat
having well localized magnetic moments on the donor m
ecules.

V. SUMMARY

We investigate the crystal structure and physical prop
ties of the organic antiferromagnet~C1TET-TTF! 2Br. The
donor molecules form two-dimensionalu-type donor ar-
rangements with the absence of donor dimerization that
ordinary ET complexes behaving as Mott insulators ha
The resistivity behaves semiconductive with a single acti
tion energyEa50.6 eV, which is in disagreement with th
band calculation. ESR and the magnetic susceptibility pr
the presence of localized magnetic momentsS51/2 on donor
molecules, whose concentration is given to be the assu
tion of 0.5 spin/donor. These findings appreciablely evide
the features of Mott insulating state in this compound,
though the absence of donor dimerization suggests that
magnetic moments are less localized. The temperature
pendence of ESR line width broadens out abruptly bel
5 K. The susceptibility shows Curie-Weiss behavior havi
the antiferromagnetic Weiss temperatureu5217.3 K in the
high-temperature range, it shows a broad hump of lo
dimensional antiferromagnetic short-range order arou
12 K, and finally suggests the presence of antiferromagn
long-range ordering belowTN53 K. The consideration base
on the calculation of the transfer integral reveals the feat
of an S51/2 two-dimensional distorted triangular Heise
berg antiferromagnetic lattice with exchange interactionsJ1
andJ2 having different strengths (J1.J2). The fitting to the
model of a square lattice Heisenberg antiferromagnet g
the estimate of exchange interactionJ1'26 K by neglecting
J2, which is considerably small in comparison with the sim
lar systems belonging to ET complexes. This demonstra
the important role played by the spin frustration in the tria
gular antiferromagnetic arrangement formed through com
tition of two antiferromagnetic interactions with differen
strengths. The less localized electronic state realized in
3/4-filled band structure is also considered to be respons
for the features of magnetism.
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