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Organic charge transfer complexes form a large variety of electronic structures from insulating state to metallic state
in low-dimensional frameworks, which are governed by the competition between the transfer integral and the on-site
Coulomb interaction. In the insulating regime, the generation of localized magnetic moments of st-electron origin provides
low-dimensional magnetic systems having the features of quantum spins. The increase in the transfer integral which
works to suppress the effect of on-site Coulomb interaction makes s-electrons delocalized, resulting in the appearance of
the systems with the coexistence of magnetism and electron transport as materials classified around the Mott—Hubbard
boundary. The introduction of localized magnetic moments of d-electrons in the complexes gives rise to the interaction
between the m-electrons and the magnetic moments of d-electrons. Localized magnetic moments of d-electrons embedded
in insulating complexes are expected to interact with each other through superexchange interaction mediated by the organic
nt-electron system, while localized d-spins in metallic complexes are coupled to each other via the t— interaction, leading
to the generation of molecule-based metal magnets. The studies of organic complex-based molecular magnets based on
TTF-type donor molecules performed in our group are reviewed.

Magnetism is one of the most essential issues in solid
state physics and chemistry, which deals with the behavior
of magnetic moments in solids. The behavior of magnetic
moments is governed by the competition between the thermal
agitation and the interaction working to couple the magnetic
moments. From the historical viewpoint, ferromagnetic ma-
terials, where magnetic moments are aligned parallel to each
other through exchange interaction, have been widely known
and interesting for the practical use, leading to the develop-
ment of various types of ferromagnetic materials. On the
other hand, antiferromagnetic materials with antiparallel ar-
rangement of magnetic moments have been attracting physi-
cists due to purely scientific interests, since the absence of
spontaneous magnetization, which is caused by the antipar-
allel spin arrangement, makes antiferromagnetic materials
less important from the point of applications. However,
the quantum mechanical features of antiferromagnetic spin
systems have provided important examples for quantum sta-
tistical physics, especially spin systems on low-dimensional
frames such as one- or two-dimensional ones. The studies
on magnetism up to now have been carried out on the ba-
sis of mainly inorganic materials which consist of magnetic
moments of transition metal and rare earth metal ions as-
sociated with unpaired electron spins in d- and f-orbitals,
respectively, since most organic materials are nonmagnetic
except radicals comprising unpaired electrons of molecular

origin.

On the contrary to the historical background of magnetism
on the basis of inorganic materials, the recent trends in the
investigation of organic solids have focused on the function-
ality of organic materials, whose roots are back to the discov-
ery of organic semiconductors in 1954.” Such studies have
opened a wide scientific area with a large variety of organic
materials having interesting features of electrical conducting

properties, magnetic properties, optical properties and so on.

In the area of organic solid state science, the field of magnetic
organic materials has become prevailed late behind other
fields, such as conducting materials and optical materials,
because of the difficulty in treating magnetism for chemists
who could develop new materials. The recent discovery
of an organic ferromagnet p-NPNN (=2-(4-nitrophenyl)-4.4,
5,5-tetramethyl-4,5-dihydro-1H-imidazolyl-1-oxy-3-oxide)?
has stimulated the investigation of organic magnetic systems,
resulting in the development of a large number of organic fer-
romagnets. At the same time, the developments of organic
conductors including organic superconductors®® have pro-
vided the bases of the research on molecule-based magnets.
The low-dimensionality of the organic solids clearly reveals
the favorable features of organic materials as the models of
quantum spin systems. Moreover, the cooperation of mag-
netic moments and conduction carriers in organic conductors
is expected to give organic versions of metal magnets. In the
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present accounts, we introduce the development of molecu-
lar magnets on the basis of charge transfer complexes, which
show novel magnetic properties.

Here, we make a brief perspective on the magnetism of
organic charge transfer complexes having m-electronic struc-
tures. Organic charge transfer complexes consist of electron
donors and acceptors, where a m-electron from the HOMO
of the donor is transferred to the LUMO of the acceptor. The
important structural feature of the organic donors/acceptors
is their planar.shape, so that the m-electron wave functions
that- protrude from the molecular plane can easily interact
with the wave function of the adjacent molecules. As a con-
sequence, the face-to-face molecular configuration, which is
stabilized through the intermolecular interaction associated
with the overlap of the m-orbitals, gives the molecular stack-
ing arrangements resulting in the formation of a one- or two-
dimensional lattice. Figure 1 shows a schematic model of
the molecular arrangement with the one-dimensional struc-
ture, which is characterized with one m-electron for each
HOMO/LUMO state of donor/acceptor (half-filled state) for
simplicity. From the physical viewpoint, the electronic struc-
ture of the molecular arrangement is explained in terms of
one-dimensional electronic system with the transfer integral
t and the on-site Coulomb repulsion U between two elec-
trons, the latter of which works when these are on the same
molecule. The transfer integral ¢ is defined for the inter-
molecular interaction as given by the following equation:

t= / Y0 Hifr (0)dx, M

where H is the Hamiltonian for the one electron term, and
;(x) is the wave function for molecular site i. The on-site
Coulomb interaction U is roughly described in terms of the
dielectric constant ¢ and the distance between two electrons
r as expressed by

U=é/er, v )

where r is scaled to the size of the molecule on which the
two electrons are staying. The transfer integral that works
to hop an electron from one molecule to the neighboring
molecule gives the mobile feature of electrons, while the on-
site Coulomb interaction makes it suppressed. As a conse-
quence, the electronic structure of the system is governed by
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Fig. 1. Schematic model of a one-dimensional electronic sys-
tem comprising the stacking of planar organic molecules
where each molecule has'a half-filled state except the
molecules related to the electron transfer process. The
transfer integral and the on-site Coulomb interaction are
denoted by # and U. The hopping of an electron requires the
energy elevation of U.

ACCOUNTS

the competition between ¢ and U, which varies from metallic
to insulating state depending on the ratio of #U. Namely,
the increase in the ratio favors metallic states, whereas the
decrease stabilizes insulating states. The important roles of
these two parameters in the electronic structures can be easily
seen on the basis of the combination between the molecular
orbital scheme and Heitler—London scheme. Figure 2 ex-
plains the change in the electronic structures depending on
the ratio #U in relation to these two schemes with a dimer
model of acceptor molecules having one electron in their
LUMO. In the Heitler—London scheme with a large U, where
an electron is localized in each donor molecule, the hopping
of an electron from one molecule to the other requires the
energy of U. Therefore, each acceptor in the ground state
possesses one localized electron with a magnetic moment,
which is well stabilized by the large excitation energy of U.
On the other hand, the molecular orbital regime with large
transfer integral 7 gives a delocalized electronic structure,
where two electrons are well delocalized in the dimer unit,
resulting in the disappearance of net magnetic moments due
to the antiparallel coupling of the spins of the two electrons
occupying the same molecular orbital. The intermediate re-
gion between the Heitler—London limit and the molecular
orbital limit is described in terms of the two parameters ¢ and
U. The ground state of the Heitler—L.ondon scheme is split
into two states due to the perturbation of 7, where the energy
splitting is given by 2£2/U. The competition between ¢ and
U gives any electronic structure ranging between the two
limiting cases in actual organic molecules. The concept of
electronic structures obtained on the basis of the dimer model
is generalized to bulk solids of organic charge transfer com-
plexes. The Heitler—L.ondon limit #U——0 corresponds to
the insulating state with localized magnetic moments, which
is called a Mott insulator in the solid state physics language,

H.L.Limit M.O. Limit
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—

Mott transition

Fig. 2. Schematic model of the electronic state of a dimer-
ized acceptor unit AA, which can be generalized to the
electronic structure of a bulk system. H. L. limit and M.
O. Limit denote the Heitler—London limit and the molec-
ular orbital limit, respectively. The transfer integral and
the on-site Coulomb interaction are given by ¢ and U, re-
spectively, while b and ab represent the bonding and anti-
bonding molecular orbitals, respectively, in the molecular
orbital scheme. In the case of the donor system, the equiv-
alent model is resulted by replacing electrons with holes.
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whereas the molecular orbital limit #/ U — oo gives a metallic
state with the absence of localized magnetic moments. The
interesting feature is the presence of the boundary between
the insulator state and the metallic state, which is called the
Mott-Hubbard boundary. A change of temperature or pres-
sure which modifies the transfer integral as an intermolecu-
lar-distance-sensitive parameter can make organic complexes
pass from the metallic state to the insulator state, resulting in
the metal-insulator transition (Mott transition).

The strategies for the development of organic complex-
based molecular magnets appear under the schemes with
¢t and U, which are categorized into three classes. In the
case of small #/U, localized magnetic moments are generated
on organic molecules which form a low-dimensional mag-
netic lattice such as a one- or two-dimensional lattice. The
overlap of wave functions between electrons on the adja-
cent molecules makes antiparallel spin arrangement, giving
antiferromagnetic interaction -with the strength of J~*/U.
Moreover, organic molecules consisting of light elements
such as C, H or S have small spin-orbit interaction, so that
the magnetic anisotropy whose main origin is eventually
the dipole—dipole interaction is considerably small. Conse-
quently, the complexes in this case are characterized basically
as low-dimensional Heisenberg antiferromagnetic systems
with the features of quantum spins, where the exchange in-
teraction is isotropic as described in the following equation:

H=-2JS;S;, ?3)

with spin operator S; at site i. The second category is
the case with the intermediate strength of #U around the
Mott—Hubbard boundary, where the features of metallic state
and insulator state coexist. We can realize the coexistence of
localized magnetic moments and metallic electron transport.
The correlation between magnetism and electron transport
provides attractive contemporary topics in this regime. The
case with a large #/U gives the third category belonging to
metallic states. Since there is the absence of localized mag-
netic moments of m-electrons, we need to introduce foreign
magnetic species having localized magnetic moments in this
case. The introduction of magnetic ions with d- or f-elec-
trons as a counterpart for an organic donor or acceptor is
employed for the development of organic complex-based
magnets. In this case, wt-conduction carriers work to medi-
ate the exchange interaction between the localized magnetic
moments of d-electrons, where the m—d interaction brings
about the molecular version of metal magnets, in contrast to
ordinary inorganic metallic magnetic systems with transition
metals realized through the s—d interaction. The low-di-
mensional metallic systems occasionally tend to be changed
to insulating states due to the instability (Peierls instability)
inherited to the low-dimensionality in their electronic struc-
tures. Even in such cases, m-electrons work to couple the
magnetic moments of d-electrons through the superexchange
mechanism.

Under the viewpoint on molecular based magnets men-
tioned above, we have investigated the magnetic properties
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of organic complex-based molecular magnets with the em-
ployment of TTF-type organic donors; BEDT-TTF, C; TET-
TTF, and M(dddt), listed in Fig. 3. The present accounts
introduce some studies on organic complex-based molec-
ular magnets in our group. In Section 1, the discus-
sion is devoted to the materials classified in the first and
second categories; S’-(BEDT-TTF),X (X=ICl;, AuCl),
(C{TET-TTF),Br, and (BEDT-TTF),Br-CH,(OH)CH,OH.
S'-BEDT-TTF),X (X=ICl,, AuCl,) show the features of
two-dimensional square lattice Heisenberg antiferromagnets.
In (C; TET-TTF),Br, spin frustration affects magnetic behav-
ior as a two-dimensional triangular Heisenberg antiferromag-
netic system. (BEDT-TTF),Br-CH,(OH)CH,OH isrevealed
to be located around the Mott—Hubbard boundary with the
coexistence of magnetism and electron transport. In Section
2, we discuss the systems with localized magnetic moments
of d-electron in the third category. C; TET-TTF-FeBry, [Ni-
(dddt),]3(FeXy4), (X=Cl, Br) and [M(dddt),],FeXs (M=Pd,
Pt, Au; X=Br) undergo three-dimensional magnetic long
range order through the m-electron-mediated superexchange
interaction. In (BEDT-TTF);CuBr4 the cooperation of d-lo-
calized magnetic moments and st-conduction carriers gives a
novel correlation between magnetism and electron transport
through the n—d interaction. The conclusion is given in Sec-
tion 3 with comments on the future prospects of the organic
complex-based magnets.

1. nt-Electron-Based Magnets

1-1. Two-Dimensional Magnetic Systems.  The low-
dimensional structures of TTF-based organic charge transfer

O~
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S__S. S.__S
N/
(I L)
78" s7 s
M(dddt),

Fig. 3. Structures of TTF-type donor molecules; BEDT-TTF
(bis(ethylenedithio)tetrathiafulvalene), C;TET-TTF (bis-
(thiomethyl)ethylenedithiotetrathiafulvalene), M(dddt),-
(M=Nij, Pd, Pt, Au; H,dddt=>5,6-dihydro-2,3-dimercapto-1,
4-dithiin).
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complexes give low-dimensionality in their magnetic prop-
erties. In addition to this, magnetic moments of m-electrons
(S=1/2) on organic molecules are considered to characterize
the magnetic systems as low-dimensional Heisenberg an-
tiferromagnets with the features of quantum spins, taking
into account the absence of strong magnetic anisotropy due
to the spin-orbit interaction. Here, we discuss two kinds
of magnetic systems classified in two-dimensional antifer-
romagnetic systems; 8'-(BEDT-TTF),X (X=ICl,, AuCl,)”
and (C; TET-TTF),Br.?

B’- (BEDT-TTF),X (X=ICl,, AuCl,) with space
group P1 have quasi-one-dimensional isostructural crys-
tal structures,”™'" where intermolecular side-by-side S---S
atomic contacts between BEDT-TTF molecules play a role
in the formation of linear chains of dimerized BEDT-TTF
molecules oriented parallel to the b-axis. The face-to-face
S---S atomic contacts, which are relatively weak in compari-
son with the side-by-side interactions, give two-dimensional
arrays of the linear chains in the bc-plane which are sepa-
rated from each other through an anion layer.® This structural
feature suggests the quasi-two-dimensionality in the elec-
tronic structure, as supported by the extended Hiickel band
calculation'? showing a metallic state. Electrical resistivity
behaves as a semiconductor with a large activation energy
Er=0.12 eV for both ICl, and AuCl, salts, in contradiction
to the band structure prediction. The magnetic suscepti-
bility proves the presence of localized magnetic moments
with §=1/2 per BEDT-TTF dimer unit. Consequently, the
complexes are classified among Mott insulators, whose mag-
netic systems are characterized as quasi-two-dimensional
Heisenberg antiferromagnets with the presence of intra- and
inter-chain exchange interactions Jy,, J.. Figure 4 shows the
temperature dependence of magnetic susceptibility for the
ICl, salt. The magnetic susceptibility of the AuCl, salt has
a trend in the behavior of temperature dependence similar
to that of the ICl, salt. Namely, it has a broad peak around
110 K which is suggestive of the development of magnetic
short range order for both salts, and then it has a discontinu-
ous change at an onset temperature of Ty=22 and 28 K for
three-dimensional long range order in the ICl, and AuCl,
salts, respectively. The strengths of the intra- and inter-
chain exchange interactions in the two-dimensional layers
are roughly estimated based on the extended Hiickel elec-
tronic structure calculation, taking into account the relation
between the transfer integral and the exchange interaction
Jox?. The estimate gives the ratio of the exchange interac-
tions J./J»,=20.5, where the numbers of neighboring spins are
given to be z.=2 and z,=2 from the numbers of transfer inte-
grals connecting neighboring donor dimer units. Theoretical
fitting'¥ to the observed magnetic susceptibility gives the
rough estimate of the exchange interaction /=59 K for both
the ICl, and AuCl, salts, assuming that the magnetic lattices
are characterized as two-dimensional square lattices with
Jo=J.=J. The calculation of interlayer interaction J' based
on the Green function method'® that relates J' with J and
Ty gives J'/J~10~* and 1073 for the ICl, and AuCl, salts,
respectively. The structural trend that the inter-layer distance

ACCOUNTS

T

E | l

o u|

‘%_3_ - O H//a* .

-~ —E A H//b* .

= g O Hike 1

og 1 1 1 1 1 1

0 100 200 300

T/K

Fig. 4. Temperature dependence of the susceptibility of 5’-
(BEDT-TTF),ICL, in the field parallel to the three crystal-
lographic axes. A solid line denotes the best fitting for the
two-dimensional square lattice Heisenberg antiferromagnet
model.’®

is shortened by 1.32% as we change anions from larger ICl,
to smaller AuCl, is in good agreement with the change in
the strengths of the inter-layer exchange interactions. The
appearance of anisotropy in the magnetic susceptibility be-
low Ty shows that the easy spin axis is oriented parallel to
the c-axis. In Fig. 5 are shown the magnetization curves at
2.0 K for the ICl, salt. A spin-flop transition is observed at
Hg=1.1 T when the magnetic field is applied parallel to the
c-axis, in good agreement with the spin axis suggested by
the anisotropy of the magnetic susceptibility. The spin-flop
field Hy is related to the exchange field Hg and anisotropy
field H, through the relation;

Hg =+/Ha(2Hg — Hp) . “)

Using the value of Hg obtained from the exchange in-
teraction J and Hg, we estimate the anisotropy field
Hy/Hg~2.0x 107>, The small anisotropy field is considered
to be caused by the dipole—dipole interaction,' consistent
with the features of the Heisenberg spin system.

Next, we discuss the magnetism of (C;TET-TTF),Br.
(C,TET-TTF),Br is a novel organic ¢ation radical salt char-
acterized in ferms of the charge localization and low-di-
mensional magnetism of localized m-electrons on the donor
molecules.® Figure 6 shows the crystal structure and the over-
lap integrals of (C; TET-TTF),Br. Since all donor molecules
are crystallographically equivalent, they are expected to have
the same partial charge +0.5 taking into account the stoi-
chiometry of 2:1. C,;TET-TTF donors form a two-dimen-,
sional lattice in the bc-plane, where the donor arrangement
has zigzag feature with a head-to-tail configuration in the in-
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Fig. 5. The magnetization curves of 8’-(BEDT-TTF)ICl,
at 2 K in the field parallel to the three crystallographic axes.

Fig. 6. Crystal structure of (C; TET-TTF),Br and the overlap
integrals which are b1=5.4, b2=4.3 and ¢=5.8x 107> in the
bc-plane.

terstack direction. The overlap integrals of the donor HOMO
calculated by extended Hiickel method'® are given to be
b1=5.4, b2=4.3, and ¢=5.8x 1073, which reveals a two-di-
mensional character with small differences in the strengths
of the transfer integrals. Figure 7 shows the band struc-
ture and the Fermi surfaces calculated with the tight binding
method.'” The band calculation suggests the presence of
two-dimensional metallic bands which have the narrow band

widths in the range of 0.4 eV due to the small overlap inte-

grals. Since the degeneracy in the M—Y dispersion is caused
by the crystallographic symmetry, the 3/4-filled nature 1s in-
trinsic. On the other hand, the first Brillouin zone has the
half-filled feature, taking into account the Harrison’s sim-
ple band construction.’® The electrical resistivity behaves
semiconductively with an activation energy of E,=0.2 eV
and the room temperature resistivity value of prr=40 Q cm.
This result is in disagreement with the band calculation that
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Fig. 7. Band structure and Fermi surfaces of (C,TET-

TTF),Br. The energy scale is given on the basis of donor
HOMO energy (—10 eV).

suggests a metallic behavior.

Figure 8 represents the temperature dependence of the
magnetic susceptibility in the applied field parallel to the b-
axis. The susceptibility shows the Curie—Weiss behavior
in the high temperature range, and then it indicates a broad
hump of low-dimensional antiferromagnetic short range or-
der around 12 K. The susceptibility data in the field par-
allel to the a*, b, and c-axes are well represented by the
sum of a Curie~Weiss term and a temperature independent
one after the correction of the Pascal diamagnetic contribu-
tion above 30 K. The Curie constant C, the antiferromag-
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Fig. 8. Temperature dependence of the magnetic suscepti-
bility in the applied field of H=1 T parallel to the b-axis.
The inset shows the temperature dependence of magnetic
susceptibility below 30 K in the applied field parallel to the
a* (@), b (0), and ¢ (()-axes. The theoretical fitting (solid
line) for the two-dimensional square lattice Heisenberg an-
tiferromagnet model'® in the temperature range 8—290 K
gives the exchange interaction of J=—6.1 K, where 0.5 spin
with S=1/2 is allotted to one C; TET-TTF donor according
to the charge distribution. An antiferromagnetic transition
is observed at Tn=3 K.
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netic Weiss temperature @, and the temperature indepen-
dent diamagnetic susceptibility yp are estimated at C=0.454
emuKmol~!, @=—17.3K, and yp=—1.1x10"* emumol !,
respectively, where the mole unit involves one formula unit
(C,TET-TTF),Br. From the Curie constant, the spin density
N (S§=1/2) is estimated at N=1.2 spinmol~! using the ESR
g-value, suggesting the existence of one localized magnetic
moment of S=1/2 in two donors. The detailed susceptibil-
ity is exhibited in the inset of Fig. 8§ in the low temperature
region below 30 K in the applied field parallel to the a*, b,
and c-axes. Below 3 K the susceptibility shows an abrupt
increase irrespective of field direction. The behavior of the
susceptibility and the ESR line width broadening in the low
temperature range suggest the onset of an antiferromagnetic
order at Ty=3 K. However, it is worth noting the absence
of magnetic anisotropy below Ty among the susceptibilities
in the field applied parallel to the three independent crystal-
lographic axes. Moreover, magnetization curves in the field
parallel to the a*, b, and c-axes at 2 K up to 5 T show a
slight concavity with the absence of an apparent spin-flop
transition.

Let us now discuss the feature of the charge localization
on the donor molecules in this compound. The semicon-
ductive behavior with a large activation energy and the pres-
ence of localized magnetic moments on C; TET-TTF donors
suggest features of a Mott insulator generated by the com-
petition between the on-site Coulomb interaction and the
transfer integral. Comparison to the reported BEDT-TTF-
based Mott insulators>’—2" provides an important sugges-
tion on the electronic structure of the present compound. For
instance, @’ and ’-(BEDT-TTF),X type Mott insulators
have intrinsic half-filled bands realized by the band split-
ting due to the strong donor dimerization.. In these salts,
the competition between the interdimer transfer integral and
the effective on-site Coulomb interaction, the latter of which
is given by the intradimer transfer integral,” generates the
Mott insulating state, where the magnetic moment is well
localized around the region confined in the dimerized unit
of BEDT-TTF molecules. On the other hand, the present
compound has the intrinsic 3/4-filled band structure due to
the uniform donor stacking, indicating that it is not likely to
be an ordinary Mott insulator, although it has the half-filled
band structure in the first Brillouin zone, as shown in Fig. 7.
In this sense, the picture of the donor-dimer-based Mott in-
sulating state seems to fail here; thus, a localized moment is
thought to be extended widely over a unit cell. Consequently,
the features of the electron localization are considered to be
situated far from Mott insulators in the ordinary BEDT-TTF
complexes, demonstrating that the present compound lies
just around the Mott boundary. Moreover, it is suggested
that this less localized nature affects the magnetic behavior
in (C; TET-TTF),Br.

Now, we move on to the discussion on the magnetic struc-

- ture and the exchange interaction mechanism in details. Tak-
ing into account the result that all donor molecules are crystal-
lographically equivalent, all the donor molecules are equally
charged due to the charge transfer to anions. Thus, we assume
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that 0.5 spin with S=1/2 exists on each donor molecule within
the consideration of the X-ray average structure, although
the underlying physics behind it remains to be clarified. The
antiferromagnetic exchange interaction J=~*/U between the
donor molecules is described in terms of the transfer integral
t and the on-site Coulomb interaction U. From the result of
the extended Hiickel calculation, the ratio of the exchange
interactions is given to be J,/J;~0.5, where the exchange in-
teractions are estimated by J,~ty, 2/ U=t.>/U and Jo~tyy2/U
for magnetic neighbors. Therefore, the exchange interac-
tion network is characterized as a distorted triangular lattice
with the stronger interaction J; and the weaker interaction
J,, as shown in Fig. 9. In the case of J;=J, the magnetic
system is regarded as a two-dimensional regular triangular
lattice antiferromagnet, where the next nearest neighbor of
a magnetic site becomes involved in the nearest neighbors
of the magnetic site. In the regular triangular structure‘con-
sisting of three magnetic sublattices, the antiferromagnetic
interaction causes a frustration feature in the spin arrange-
ment, which provides interesting models for classical and
quantum spins.??? Actually, in such a case, an antiparallel
spin arrangement between two sublattices makes spins on
the remaining sublattice frustrated; in other words, the an-
tiparallel coupling of two spins is achieved at the expense
of the energy stabilization of the spins which do not par-
ticipate in the antiparallel spin arrangement. Meanwhile,
in the present case having J; >J,, the magnetic lattice is
expected to be the distorted triangular one. Here, we ana-
lyze the susceptibility with a hump at 12 K by means of the
two-dimensional square lattice antiferromagnetic Heisenberg
model'? only with predominant exchange constant J; in or-
der to find out the features of the spin frustration. As a result,
the susceptibility is well described by the two-dimensional
square lattice Heisenberg antiferromagnet model with the
exchange energy of J;=—6.1 K. It is worth recalling that
the estimated exchange interaction is one order of magni-
tude lower than the exchange interactions of @', f/-(BEDT-
TTF),X>» and §-(BEDT-TTF),Cu,(CN)[N(CN),], salts.?®
Actually, the transfer integral between the adjacent dimers
in @’ and B'-(BEDT-TTF),X salts, which have a two-di-
mensional square antiferromagnetic lattice of the dimerized

,’.‘\\\
T~e— "
T~ot
e | e

\./

Fig. 9. Schematic representation of the triangular magnetic
lattice for the C, TET-TTF layer with antiferromagnetic in-
teractions J; and J>, where the ratio of the interactions
is estimated at J>/J1~0.5. Solid circle denotes the donor
molecule which is regarded as the site having 0.5 spin of
S=1/2.
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donors having $=1/2,>1%9 is in the same range as the trans-
fer integrals of the present compound in spite of the large
difference in the magnitudes of the exchange interactions.
Furthermore, 8-(BEDT-TTF),Cu,(CN)[N(CN), 1>, in which
the transfer integral is also in the same range, forms a sim-
ilar distorted triangular antiferromagnetic lattice®® to that
of the present compound. In this salt, the ratio of the ex-
change interactions estimated at J»/J;=0.1 is considerably
smaller than that in the present compound, suggesting that
the predominance of J; makes the spin frustration consider-
ably depressed. Consequently, the apparent decrease of the
estimated exchange interaction in the present compound is
proved to be associated with the frustrated spin arrangement
through the competition between the antiferromagnetic inter-
actions J; and J,. Inrelation to the feature of spin frustration,
the ordered state below T is considered to be characterized
as the z; vortex state in the triangular antiferromagnetic sys-
tem with quantum spins,”?”?® judging from the absence of
‘magnetic anisotropy shown in Fig. 8 in addition to the con-
cave feature of the magnetization curve. It is also worth
pointing out the importance of the novel electronic structure
related to the magnetic features. That is, the less localized
nature in the electronic structure, as discussed before, may
cause the reduction in the strengths of exchange interactions,
in comparison with the ordinary organic Mott insulators that
have well localized magnetic moments on donor molecules.

1-2. Magnetic System Around the Mott—Hubbard
Boundary.  As in the examples presented in the preced-
ing section, radical ion salts with the stoichiometry of 2:1
* provide a useful target for examining the physical properties
with varying the #/U ratio. In these salts, the donor molecules
have a tendency to form dimers as in the case of §/-(BEDT-
TTF),ICL,” and in this case the effective on-site Coulomb
repulsion U is expressed approximately as Uegs~2|finral,
where fir, is the intradimer transfer integral.*® The #U ratio
is therefore governed only by the ratio of fiper/fintra (finter: 10~
terdimer transfer integral), which can be regulated by chem-
ical modification such as anion and/or solvent substitution.
To date, chloride and bromide salts of BEDT-TTF are found
only in the coexistence of neutral solvent molecules, such
as H,O0, incorporated within the crystal. =2 In such salts,
an anion-solvent molecule network is formed with the aids
of the hydrogen-bonds between the anions and the neutral
molecules. This means that the solvated salts of BEDT-TTF
can be good candidates for our present purpose, as the sol-
vent substitution will lead to the modification of the #iyter/fintra
ratio.

(BEDT-TTF),Br-CH,(OH)CH,OH crystallizes in a space
group P2/n.3® atroom temperature. In the crystal two donor
molecules are aligned in parallel to form a face-to-face dimer;
such dimers are then stacked along the a-axis to make a col-
umn, as exhibited in Fig. 10. The intradimer overlap integrals
are more than 5 times larger than the interdimer overlaps,
which leads to the strong electron correlation. Since the
long axes of donor molecules in the adjacent dimers facing
each other are aligned obliquely, the strengths of the inter-
dimer overlap integrals along the a-axis are about a half of
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Fig. 10.  Crystal structure of BEDT-TTF,Br-CH>(OH)-
CH,OH at room temperature viewed along the b-axis. For
simplicity, only donor molecules located around y~0 are
drawn. Hydrogen atoms, anions and solvents are also omit-
ted.

those along the c-axis, which makes the electronic system of
the salt quasi-one-dimensional. Between the adjacent donor
sheets, the bromide anions and the ethylene glycol molecules
form hydrogen-bonded chains, where the solvent molecules
are conformationally disordered.®®

Around room temperature this salt behaves as a metal,
with the room temperature resistivity of 0.6 € cm along the
c-axis as shown in Fig. 11, where weak temperature depen-
dence in the resistivity above 200 K suggests the effect of
the electron correlation.> The metallic behavior is consis-
tent with the results of the band structure calculation based on
the room-temperature crystal structure using the tight-bind-
ing approximation with the extended Hiickel Hamiltonian.'®
Within the first Brillouin zone, there are two pairs of one-
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Fig. 11. Temperature dependence of the résistivity of BEDT-
TTF,Br-CH,(OH)CH,OH measured along the c-axis; @ -
temperature decreasing, O - temperature increasing.
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dimensional warped Fermi surfaces, predicting the metal-
lic behavior. When one decreases the temperature with the
cooling rate of 1 Kmin~!, there is a resistivity jump at 185
K, and below this temperature the salt becomes a semicon-
ductor with an activation energy of E4 =350 K. During the
heating process with a similar heating rate, the discontinuity
of the resistivity appears at 195 K. Thus there is a first order
phase transition at 7;; =190 K accompanied by hysteresis
with the temperature difference of 10 K, which is also con-
firmed with the detection of latent heat (3.21 kJmol~!) by
DSC measurement.

Despite the metallic behavior in the conductivity, the
static susceptibility has a character of the localized mag-
netic moments even above about 200 K, as shown in
Fig. 12.3¥ This fact demonstrates that the high tempera-
ture phase above 1¢; is characterized as a highly corre-
lated metal with the coexistence of magnetism and electron
transport. The value of susceptibility at room temperature
is 1.1x1073 emumol~!, which is one order of magnitude
larger than the values for ordinary metallic BEDT-TTF salts,
such as (BEDT-TTF),ClO4-(CHCL,CH,Cl)o5 (4.2x107*
emumol ~1).39 The susceptibility obeys the Curie-Weiss law
with the antiferromagnetic Weiss temperature @ =—83 K.
From the value of the Curie constant, the spin concentration
is estimated at one spin S=1/2 per BEDT-TTF donor dimer,
in good agreement with the one expected from the stoichiom-
etry of 2 : 1 on the basis of the localized spin model. The sus-
ceptibility drops abruptly by one half at T;; with a hysteretic
behavior, consistent with the result of the resistivity measure-
ment. Below 7, where the salt becomes semiconductive,
the susceptibility gradually decreases according to the tem-
perature decrease. Since the Bonner—Fisher one-dimensional
Heisenberg model®® or the alternating-chain model*” does
not explain the experimental data well enough, the origin of
this behavior is not well characterized yet. However, judg-
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Fig. 12. Temperature dependence of the static magnetic sus-
ceptibility of BEDT-TTF,Br-CH,(OH)CH,OH for heating
process. Two phase transition points, T¢; and T, are also
shown at 190 and 80 K, respectively.
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ing from the crystal structure, it may be reasonable to think
that this gradual decrease in the susceptibility is related to
the low-dimensional feature of the localized spin system as
a result of the transition at T;;. At Tc;=80 K it drops again
with the exponential decay toward zero as the temperature
decreases. The absence of hysteresis around 7, indicates the
onset of a second order phase transition. The exponentially
decaying behavior below T, shows the singlet ground state
of this system with a magnetic gap of 120 K.

The results of ESR measurements characterize the phase
transition around T¢; as a structural transition accompanied
with the orientational change of the donor molecules. The
ESR signal shows a Lorentzian shape with g=2.0025 and
the peak-to-peak line width AH~1 mT. The line width is
smaller than that of ordinary metallic BEDT-TTF salts (e.g.

(BEDT-TTF);HSO4: 5—7 mT),*® but rather close to semi-

conductive ones (e.g. ' -(BEDT-TTF),ICL,: 1 mT).” On
lowering the temperature, the line width decreases gradually
in the metallic phase, and at T¢; it increases discontinuously
about 40%. At this point the g-value for H//a-axis leaps
from 2.0025 to 2.0030, which corresponds to the molecular
rotation of ca. 1°. Consequently, the phase transition at T
is found to involve a structural transformation accompanied
with the orientational change of the donor molecules. On
the other hand, there is no significant change in the g-values
at Tcp, and below this temperature the line width decreases
monotonously as the temperature decreases. Therefore, the
structural change at T, is a subtle one even if it exists, which
is consistent with the second-order nature of the transition.
The most interesting property of this material is the angu-
lar dependence of the ESR line width as given in Fig. 13.39

by 1y
120
6
Fig. 13. Angular dependence around the c-axis of the ESR
peak-to-peak line width (top) and the g-value (bottom) of
BEDT-TTF,Br-CH,(OH)CH,OH at 280 K (@), 150 K (A),
and 60 K (H).



T. Enoki et al.

In the metallic regime, both the g-value and the line width
have ordinary sinusoidal angular dependence, with a max-
imum appearing in the external field applied along the b-
axis. Below T,, however, two maxima of the line width
emerge when the sample is rotated around the c-axis. When
the temperature of the sample is lowered down to 60 K, the
mean value of the line width decreases, and the positions
of the maxima are shifted so that the line width has the pe-
riodicity of roughly 90°. Obviously this double-maximum
feature does not come solely from the lattice low-dimen-
sionality, which should show the maxima at the magic angle
(54.7°).*9 In addition, the ESR line width can not be ex-
plained from the magnetic dipole~dipole interaction. Using
the second moment method, the dipolar line width along
the b-axis is estimated at 21 mT, which is 15 times larger
than the experimental value, suggesting the presence of an
exchange narrowing effect. The anomalous angular depen-
dence of the line width, which cannot be explained only
by the dipole—dipole interaction, demonstrates the important
role of the anisotropic exchange interaction that contributes
to adding a trace of Ising spin characteristics in the magnetic
system.*” The detailed analysis based on this line is now in
progress.

2. n—d Interaction Systems

2-1. Molecular Magnets with n-Electron-Mediated Su-
perexchange Interactions.  For the realization of novel
physical properties based on the m—d interaction, a num-
ber of radical ion salts containing metal halide anions as
counter anions have been developed.'**2—® Most of them
show, however, little interaction between magnetic anions.
Their magnetic susceptibility just obeys the Curie~-Weiss law
with a small absolute value of the Weiss temperature, and no
magnetic ordering such as ferro- or antiferromagnetic tran-
sition is observed. Two remarkable exceptions are (BEDT-
TTF)3CuBry and A -(BEDT-TSF),FeCl,.’” The next section
is devoted to the details of the former salt. In the latter salt,
an antiferromagnetic transition drives the onset of a metal-
insulator transition at 7,=8 K. In order to develop ni—d in-
teracting systems, there are several things to be considered.
Firstly, the d-electrons of the counter anion should be suf-
ficiently delocalized to the ligand atoms. Secondly, there
should be close contacts between the ligand of the counter
anion and the chalcogen atoms of donor molecules. These
two points can be good guiding principles for selecting the
donor and anion molecules for realizing the n—d system.

As counter anions, we mainly employ FeX, ™ and CuX,*~
anions (X=Cl, Br) for the following reasons. Comparing an-
tiferromagnetic transition temperatures and the Weiss tem-
peratures of 34 transition metal halides MX,; (M=Mn, Fe,
Co, Ni, Cu; X=F, Cl, Br, I), the magnetic interaction between
d-electrons is stronger in order of Mn<Fe<Co<Ni<Cu and
F<Cl<Br<1.°® Especially, CuBr, has a remarkably large
exchange interaction between the localized spins, due to the
spin polarization largely extended to ligand bromine atoms
caused by the delocalized feature of d-electrons on the cop-
per atom, suggesting the advantage of using CuBrs?~ as a

Bull. Chem. Soc. Jpn., 70, No. 9 (1997) 2013

counter anion. From the practical aspects in sample prepara-
tion, however, this anion exists in the solution only under the
high concentration of Br—;*” hence Br~ salt tends to be sta-
bilized instead of desired CuBr42~ salt. This situation makes
the preparation of CuBry salts rather difficult except for the
case of (BEDT-TTF);CuBry4. On the other hand, FeX, ™ ions
are relatively stable and are easily handled in the preparation
of complexes. In addition, it is possible to replace the anion
with diamagnetic GaX, ™~ anion without changing the crystal
structure,®$Y which is useful to clarify the role of rt-spins on
the donor in these systems.

Here, we introduce the m—d systems obtained between
FeX4~ and two kinds of TTF-type donors C;TET-TTF and
M(dddt),. As the first example, we investigate FeXs (X=Cl,
Br) salts of C; TET-TTF, expecting the emergence of the close
inter-molecular atomic contacts between donors and mag-
netic anions by making use of the unshared electron pairs of
the sulfur atoms of the flexible methylthio groups.”®* These
salts are isostructural to each other with the 1: 1 stoichiom-
etry, regardless of the counter anion. Figure 14 presents the
unit cell of the representative salt C;TET-TTF-FeBry pro-
jected on the [101] plane. The donor molecules forming a
head-to-tail dimer are stacked along the c-axis. The molec-
ular axes of the adjacent dimers cross nearly orthogonally
and there are no close side-by-side S---S contacts between
the adjacent donor molecule dimers, suggesting that direct
interaction between donors is negligibly weak. Two adjacent
FeBr,™ anions are related with the twofold screw symmetry,
and the counter anions form zigzag chains through X---X
contacts, whose distances (Br---Br: 3.783(2), Cl---Cl: 3.67
A) are close to the twice the van der Waals radii (Br---Br:
3.80, Cl---Cl: 3.67 A).%? Since the X---X distances between
the chains (Br---Br: 4.301(4), Cl---Cl: 4.48 A) are longer
than that in a chain, direct interactions between anion chains
are considered to be negligible. On the other hand, there
are a number of close X---S contacts between the counter
anion and the six-membered ring of the donor, whose dis-

bt 4

Fig. 14.

Structure of C;TET-TTF-FeBr4 projected on the
) [IOT] plane. Intermolecular close contacts (see text) are
also shown with the dashed lines.
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tances (X=Br: 3.608(3), X=Cl: 3.45 A) are shorter than the
sum of van der Waals radii (Br---S: 3.65, Cl---S: 3.55 A).2
Therefore the zigzag anion chains are connected with each
other by donor dimers, resulting in the formation of a sheet
structure, as seen in Fig. 14.

These salts behave as semiconductors (orr=2x10""7
Scm™!, Ex=043 eV), as a consequence of the 1:1 stoi-
chiometry and the dimerization of donor molecules. Fig-
ure 15 shows the magnetic susceptibility of the FeBry salt,
after the subtraction of the core diamagnetic contribution.®
The susceptibility obeys the Curie-Weiss law with the anti-
ferromagnetic Weiss temperatures of @=—6.5 and —16 K
for FeCly and FeBry salts, respectively. From the Curie
constants (X=Cl: 4.41, X=Br: 4.64 emuKmol™!), the
observed magnetic moments are assigned to the high-spin
FeX,™ ion (§=5/2), consistent with the spin singlet ground
state of C; TET-TTF dimers suggested by the ESR and mag-
netic susceptibility investigations of the isostructural GaXy
salt. Although the differences in the X.--X and X---S dis-
tances between .FeCly and FeBry salts are reasonably ex-
plained from the differences in their van der Waals radii,
the magnitudes of the exchange interactions are remarkably
different. Namely, no distinct magnetic ordering is found
for the FeCly salt, whereas for the FeBr, salt the peak of
the magnetic susceptibility accompanied by the appearance
of anisotropy is observed around 9 K, then an antiferromag-
netic transition takes place at Ty=4.2 K, below which the
spin axis is oriented parallel to the a™-axis in the ordered
state. This difference can be understood as the effect of the
polarizability of the anions. The magnetic orbitals of the
FeBr, ™ anion are more delocalized to the ligands than those
of FeCly™ anion, hence the intermolecular exchange inter-
action of the FeBry salt is stronger than the FeCly salt. It
should also be noted that when the external field is applied
parallel to the b-axis (hard axis), a cusp is observed around
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Fig. 15. Temperature dependence of the magnetic suscep-

tibility along the a*- (0), b- (A), and c-axes ((J) in the
applied field of H=1 T, and along the b-axis (A) in 3 T for
CiTET-TTF-FeBiy.
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TN, below which a remarkable field dependence in the y(7)
trace is recognized. On the magnetization curves, besides
the presence of a typical spin-flop transition for the a*-axis
at Hg=2.5 T, a discontinuous change is observed along the
b-axis at the same transition field. Such behavior of the b-
axis susceptibility and magnetization is indicative of weak
ferromagnetism, whose origin is attributed to the spin cant-
ing (//b-axis) due to the Dzyaloshinsky—Moriya asymmetric
exchange interaction,*—%® judging from the absence of any
inversion centers between the adjacent anions along the anion
chain.

In the spin ordering, the participation of the donor sin-
glet pair is indispensable for the following reasons. Firstly,
the ESR spectrum at room temperature of the FeBr, salt
shows only one broad signal (g=2.03, AH~100 mT), and
no sharp signals from thermally excited state of the singlet
donor, just as seen for the isostructural GaBry salt (g=2.007,
AH=~1 mT), are detected. This reveals the existence of an
exchange interaction between the d-electrons on the anion
and the m-electrons on the donor units. Secondly, if only the
nearest neighbor exchange path along the zigzag anion chain
(Fe—Br---Br—Fe) is taken into account, the Néel temperature
and the absolute value of the Weiss constant should coincide
under the molecular field approximation. In practice, the
Néel temperature Ty=4 K is suppressed compared with the
Weiss constant @=—16 K, suggesting the existence of the
Fe—Br---(donor),---Br—Fe exchange path as a second-near-
est neighbor antiferromagnetic interaction, which works to
frustrate the Fe>* spins, resulting in the lowering of the Néel
temperature.

For the next magnetic systems, we discuss FeX, (X=Cl,
Br) salts of metal-dithiolato complexes, M(dddt), (M=Ni,
Pd, Pt, Au), from the following viewpoint. “These donors

" have similar molecular structures to that of BEDT-TTF. Ac-

cording to the results of extended Hiickel molecular orbital
calculations, the HOMOs of M(dddt), have the same sym-
metry as those of BEDT-TTF, with the larger coefficients
on the outer sulfur atoms. The larger orbital overlappings
between donors and anions are therefore expected.

When nickel is used as a central atom of the donor,
the resulting salt has the 3:2 stoichiometry,'®* which is
often observed in the Ni(dddt), salts.5%® The salts [Ni-
(dddt),]3(MXy), (M=Fe, Ga; X=Cl, Br) crystallize in mono-
clinic space group P2;/n and are isostructural to each other.
The unit cell of [Ni(dddt),]3(FeBr4), viewed along the c-axis
is presented in Fig. 16. Three donor molecules stacked along
the a-axis form an A-B-A trimer (A is related to A by inver-
sion symmetry), with the angle of ca. 25° between the long
axes of molecules A and B. While molecule B lies on the
inversion center and almost planar, the molecules A and A
are significantly bent, probably due to the steric effect. The
FeX4™ anions form chains along the c-axis through X.--X
contacts (distances: Cl: 3.92(2), Br: 3.872(3) A), then these
chains are connected to each other by other X---X contacts
along the a-axis (Cl: 4.09(2), Br: 4.070(4) A) to make two-
dimensional corrugated sheets. Close X---S contacts (Br---S:
3.519(3), Cl1---S: 3.48(1) A) are also obser_ved between the



T. Enoki et al.

oé?f“ a

Fig. 16.  Crystal structure of [Ni(dddt),]s(FeBrs), viewed
along the b-axis. )

six-membered rings of the donors and the anion sheets. Com-
pared to the sum of the corresponding van der Waals radii,*?
the intermolecular contacts between halogen atoms are rela-
tively weak, while the donor-anion contacts are significantly
strong; hence the 71— interactions through the latter contacts
are readily expected.

These salts show semiconductive behavior with similar
room temperature conductivities and activation energies, re-
gardless of the counter anions (prr=3 cm, E5=0.13 eV).
In addition, the ESR investigation gives no distinguishable
signal for the isostructural GaBry salt, indicating the m-elec-
trons on the donor molecules have singlet ground state, which
agrees with the energy band structure calculation showing the
energy gap £,=0.06 eV between the conduction and valence
bands. The magnetic susceptibility obeys the Curie—Weiss
law with Weiss temperatures @=—4.7 K (X=Cl) and —12.5
K (X=Br), as shown in Fig. 17. The absence of the short-
range order peak in the susceptibility curve suggests three-
dimensionality in the superexchange path network. For both
salts, antiferromagnetic transitions are observed at Ty=2.5
and 6.0 K for X=Cl and Br, respectively, below which the
easy spin axis is oriented along the c-axis, as shown in the
inset of Fig. 17. Consequently, the three-dimensional feature
in the magnetism proves that, besides the intralayer exchange
interaction between the FeX;~ anion through the X.--X
contacts, the superexchange interlayer interaction through
Fe—X.--[Ni(dddt),]s---X~Fe should play an essential role in
the realization of the magnetic long range order. Figure 18
schematically illustrates a possible magnetic structure in the
ordered state. Since one donor trimer working to medi-
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Fig. 17. Temperature dependence of the magnetic suscep-

tibility of [Ni(dddt),}s(EeBrs), along the a™- (@), b- (A),
and c-axis ((J) in the applied field of H=1T.

Fig. 18. Schematic drawing of the magnetic structure of [Ni-
(dddt);]3(FeBry),. The arrows with shaded circles denote
magnetic Fe** sites, while bunches of ellipsoids give donor
trimers. Contacts between counter anions are depicted with
solid lines, and contacts between donors and anions are
drawn with dashed lines.

ate antiferromagnetic superexchange paths contacts to four
neighboring FeBr,~ anions with an antiparallel spin align-
ment on the FeBr, ™ anion layer, the competition between

- antiferromagnetic interactions makes the Néel temperature

(6.0 K for X=Br) suppressed compared to the Weiss constant
(@=-12.5 K for X=Br).

If the dithiolato complexes of Pd, Pt or Au are used
as donor molecules, the salts with 2:1 stoichiometry are
obtained.*” Judging from the cell constants and the system-
atic absence of their Bragg reflections, all salts belonging to
this group are isostructural to each other, regardless of the
metal atoms of the donor (Pd, Pt, Au), the anions (Fe, Ga),
and the ligand atoms of the anion (Cl, Br). Figure 19 shows
the unit cell of [Au(dddt);],GaBr,4 viewed along the b-axis.
Two donor molecules form a dimer coupled by a metal-metal
contact and, as a result, the molecules are bent from the
planarity. The strength of the contact depends on the cen-
tral metal ([Pd(dddt),],FeCly: 3.019(1), [Pt(dddt),],FeCly:
2.966(1),” [Au(dddt),],GaBry: 3.430(2) A). The donor
dimers are then stacked along the a+b direction to form
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Fig. 19. Crystal structure of [Au(dddt); ],FeBr4 viewed along
the b-axis. Close intermolecular contacts between donors
and anions are shown with dashed lines.

the donor columns, between which there are a number of
S---S contacts closer than twice the van der Waals radius of
sulfur (3.70 A).®» The nearest intermolecular halogen—halo-
gen distance is too large (4.694(8) A for [Au(dddt),],GaBry)
for the localized Fe?* spins on the anions to interact directly
with each other. On the other hand, there are two close
halogen---sulfur contacts between the donor and the anion,
as indicated with the dashed line in Fig. 19. Since the dis-
tance of the closest one (3.674(9) A for [Au(dddt),],GaBry)
is close to the sum of van der Waals radii (Br---S: 3.65 A),%
the counter anions are connected through these contacts to-
ward the donor dimer.

These salts show semiconductive behavior with the room
temperature conductivity of ogr=0.1 Scm™! and the activa-
tion energy of E4=800 K, regardless of the central metals of
the donor molecules and counter anions. The band structure
calculation, however, predicts the metallic behavior with the
presence of two Fermi surfaces. One possible explanation
of this discrepancy is the emergence of the Peierls state,
as a consequence of the one-dimensional character of the
Fermi surfaces. Another possibility is the effect of the large
on-site Coulomb repulsion coming from the dimerization of
the donor molecules, which derives the localization of the
conduction electrons within the donor eolumns. Since the
magnetic susceptibility of [Au(dddt),],GaBr; shows Curie-
like behavior, the second explanation is more plausible. .

The magnetic susceptibility of [M(dddt),],FeCly (M=Pt,
Au) obeys the Curie law regardless of the center metal atoms,
hence there is an absence of appreciable interaction between
the magnetic anions in these materials. On the other hand,
the susceptibility of [M(dddt),]]FeBr4 shows the Curie—Weiss
behavior M=Pt: ©®=—59 K, M=Au: @=—4.6 K) with
a maximum at 4.5 K for Pt and 2.8 K for Au complex, as
shown in Fig. 20. For the Pt(dddt), salt, an antiferromagnétic
transition takes place at Ty=4.5 K, below which the spin
easy axis is oriented along the g-axis. Since there is no direct
contact between the anions, the exchange interaction between
two Fe** §=5/2 spins should be mediated by one S=1/2 spin
localized on the dimer unit [M(dddt),], through the path of
Fe—Br---[M(dddt),],---Br—Fe. In these salts the difference
in magnetic behavior between the FeCly and FeBry salts can
be understood again as the result of high polarizability of

_FeBr4_ anions. Furthermore, the difference between the Pt-
(dddt), and Au(dddt), salts can be explained qualitatively
from the result of the extended Hiickel molecular orbital
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Fig. 20. Temperature dependence of the magnetic suscepti- -

bility of [Pt(dddt);],FeBr. along the a- (O) and b-axis (A)
in the applied field of H=1T.
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calculations. The magnetic orbitals of the donors in these two
salts correspond to the HOMO of the neutral Pt(dddt), (bsy)
and the SOMO of Au(dddt), (by,), respectively, as presented
in Fig. 21. Only for the by, orbital the contribution of the
metal d-orbitals exists and the donation of st-electrons from
the ligand to the metal occurs; hence the electron density on
the outer sulfur atoms of the b;, orbital is smaller than that
of the b3, orbital. Therefore the unpaired electron spin of
the Pt(dddt), dimer is more delocalized to the outer sulfur
atom than the Au(dddt), dimer, which makes the transfer
integral between Pt(dddt), and the anion larger than that of
the Au(dddt), case. .

2-2. System with the Coexistence of Magnetism and
Electron Transport. (BEDT-TTF);CuBr,4 belongs to a
novel class of organic cation radical salts including a mag-
netic counter anion.*6#725370 Tt has interesting phase tran-
sitions at T.=59 K and Tx=7.65 K with drastic changes in
magnetic properties related to the coexistence of the m—d
interaction.

b3u

Fig. 21.  Schematic drawing of the frontier orbitals of
M(dddt), molecules. For M=Pt, b3, and by, orbitals cor-
respond to HOMO and LUMO, respectively, whereas for
M=Au, they correspond to NHOMO and SOMO, respec-
tively.
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This salt consists of alternating stacking of BEDT-TTF
ni-electron sheets and Cu?* magnetic counter anion sheets.
Figure 22 shows the crystal structure at room tempera-
ture projected along the central C=C bonds of BEDT-TTF
molecules.””~" The anion layer forms a quasi square lattice
with the Cu?* magnetic moments. The donor layer has two
independent BEDT-TTF molecules; that is, one A molecule
in the neutral state and two B molecules with a +1 charge
in a formula unit (BEDT-TTF);CuBry. In the anion layer,
the shortest anion—anion (Br---Br) distance is 4.190(1) A,
which is considerably larger than the sum of corresponding
van der Waals radii 3.70 A. Meanwhile, there are several
close donor—anion (Br---S) contacts with the distances of
3.699(3), 3.752(3), 3.774(3), and 3.821(3) A for the external
S atoms of BEDT-TTF molecules having the small density
of m-electrons in the HOMO level, in comparison with the
sum of corresponding van der Waals radii 3.65 A.®» Thus,
in the present compound, the donor—anion interaction is sug-
gested to dominate the magnetic interaction over the direct
anion—anion interaction from the consideration of the inter-
molecular atomic distances.

Figure 23a shows the temperature dependence of the spin
susceptibility in the applied field of H=0.4T parallel to the b-
axis. The magnetic susceptibility shows the Curie—Weiss be-
havior above T,=59 K. Since the ESR signals of the BEDT-
TTF cation radical and the CuBr42~ anion coalesce, there
is strong exchange interaction between the m-electrons on
the BEDT-TTF molecules and the localized Cu d-electrons.
We can therefore analyze the susceptibility using a single
Curie—Weiss equation above T.. The analysis gives the an-
tiferromagnetic Weiss temperature @=—100 K and the spin
density N~3 with $=1/2 in a formula unit. Taking into ac-
count that BEDT-TTF B molecules are in the cation radical
state with a +1 charge, the observed spins are assigned to two
BEDT-TTF B molecules and one CuBr4>~ ion having mag-

B A

Fig. 22. Structure of (BEDT-TTF)3;CuBr; at room temper-
ature projected along the central C=C bonds in the BEDT-
TTF molecules. The Cu®* jons form a two-dimensional
quasi square lattice. A and B denote two independent
BEDT-TTF molecules, where A is in the neutral state and
B has a +1 charge.
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Fig. 23. - a) Temperature dependence of magnetic suscepti-

bility in the field of H=0.4 T applied parallel to the b-axis.
The mole unit corresponds to the formula unit of (BEDT-
TTF);CuBr4. b) Temperature dependence of magnetic sus-
ceptibility in the applied field parallel to the a* (O), b (@),
and ¢ ([J)-axes in the low temperature region below 30 K.
The antiferromagnetic transition temperature is estimated at
Tn=7.65 K from the appearance of the anisotropic behavior.

netic moments with S=1/2. At T.=59 K, the susceptibility
drops discontinuously by 40% from the value just above 7,
without the appearance of any anisotropy between the a*, b,
and c-axes. The decrease of the spin density at T is inter-
preted as the disappearance of the localized st-electron spins
on BEDT-TTF B cation radicals, judging from the absence
of the contribution of the donor spin to the ESR spectra and
the theoretical fitting of the static susceptibility (N~1). As
a consequence, only Cu?* spins contribute to the magnetic
behavior below T.. Below T, the susceptibility has a hump
around 28 K due to the magnetic short range order in the
low-dimensional antiferromagnet, and then it shows a small
peak of an antiferromagnetic transition at 7x=7.65 K. The
Cu?* sites form a distorted square magnetic lattice; thus,
taking into account the isotropic nature of Cu?* spins, the
susceptibility with the hump can be fitted to the theory of the
two-dimensional square lattice Heisenberg antiferromagnet
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model," which gives an estimate of the intralayer exchange
interaction of J;—4s=—15.7 K between Cu?* spins. Figure 23b
shows the detailed temperature dependence of magnetic sus-
ceptibility below 30 K in the field applied parallel to the a*,
b, and c-axes. Below Ty, the susceptibility for the b-axis
drops, while it is elevated for the a* and c-axes with de-
creasing the temperature, which indicates that the magnetic
easy axis lies almost on the b-axis. The existence of the
antiferromagnetic transition evidences the important role of
_ the interlayer interaction between the Cu?* layers, because
no long range order exists at a finite temperature in pure two-
dimensional Heisenberg antiferromagnets.*”

The temperature-pressure phase diagram related to the
electronic and magnetic properties is summarized in Fig. 24,
based on the results of the resistivity and 'HNMR under
pressure.”®”>79 In the phase diagram, the high temperature
insulator phase I(I) with the localized magnetic moments of
BEDT-TTF B molecules borders the low temperature insu-
lator phase I(Il) where the magnetic moments disappear. In
the high temperature range above the boundary of insulator
phase I(I), the increase of pressure changes the phase from
the insulator I(T) to the metallic M(I) around 7 kbar, and fi-
nally stabilizes the metallic M(Il) phase above 13 kbar. It
should be noted that the magnetic susceptibility in the phase
I(I) becomes reduced in the vicinity of the phase boundary
to M(I). The application of pressure makes the Néel tem-
perature for the Cu?* magnetic lattice increase linearly and
approach to 15 K around 20 kbar.

First, we discuss the electrical and magnetic properties
in the insulator I(I) phase above T.=59 K under ambient
pressure. The presence of localized spins on BEDT-TTF B
molecules indicates that the electronic and magnetic states
of the BEDT-TTF layer in the high temperature I(I) phase is
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Fig. 24. Temperature—pressure phase diagram 679 I(I)

and I(II) denote the insulator phases, while M(I) and M(II)
do the metallic phases. The dash-dotted line indicates the
pressure dependence of the antiferromagnetic transition for
the Cu®* magnetic lattice obtained by 'HNMR.
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characterized as a Mott insulator where the on-site Coulomb
repulsion overwhelms the transfer integral. However, the
composition of the present compound gives 2/3 filled band
structure, if we neglect the difference between the A and B
sites. This is not favorable for an ordinary Mott insulator
because Mott insulators require the half-filled band structure
within the one electron picture, where the on-site Coulomb
repulsion works most effectively. The experimental finding
proves the presence of the charge separation between +1 (B)
and neutral (A),””® which is thought to give the HOMO
level splitting into upper four-fold and lower two-fold sub-
levels.” Therefore, the upper band has the intrinsic half-
filled band structure, which causes the Mott insulating state.
It is worth noting the presence of strong antiferromagnetic
interaction between the localized m-electrons on BEDT-TTF
molecules and the localized d electrons on CuBr4?~ ions, as
evidenced by the large negative Weiss temperature @=—100
K in addition to the single Lorentzian ESR lineshape. As
a consequence, this compound is characterized as the “m~d
composite magnet” in the I(T) phase with the strong exchange
interaction between the BEDT-TTF m-spins and Cu®* d-
spins.

The changes in the pressure and temperature bring about a
large variety of phase changes, as summarized in Fig. 24. In
this connection, the behavior at high pressures toward metal-
lic states gives important information related to the compe-
tition between the transfer integral and the on-site Coulomb
interaction in the Mott—Hubbard system. Thatis, the applica-
tion of pressure enhances the transfer integral, while it dose
not change the on-site Coulomb interaction effectively.” As
a matter of fact, the remarkable decrease in the resistivity””
proves the increase of the transfer integrals in comparison
with the small change of the on-site Coulomb interaction,
resulting in the appearance of the metallic phases. More-
over, in the high pressure region, the application of pressure
enhances the donor—anion contacts, which brings about the
increase of the magnetic interaction between the conduction
m-electrons and the localized d-electrons. In this sense, the
conduction m-electrons are scattered by the localized d-elec-
trons through the exchange interaction, which reminds us
of the s—d interaction in ordinary magnetic metals of inor-
ganic transition metal compounds. Consequently, in the high
pressure metallic regions M(I) and M(II), this compound is
considered to behave as the “m—d Kondo system”, which is
expected to give a molecule-based metal magnet. The feature
of the magnetic ordering of the Cu?* lattice gives interest-
ing behavior in this connection. According to the result in
Fig. 24, the application of pressure raises the Néel tempera-
ture for the Cu?* magnetic lattice, while it lowers the phase
boundary between the metallic M(II) and the insulating I(IT)
above 15 kbar, resulting in the stabilization of the metallic
state. The Néel temperature tends to cross the metal-insu-
lator boundary around 25 kbar. Therefore, we can expect
interesting magnetic features realized as a molecule-based
metal magnet in the high pressure range.

In the case of the phase transition from I(I) to I(Il) at T,
the structural deformation plays the key role that drives the
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change in the electronic structure. As mentioned above, the
Mott insulating state I(I) is closely related to the charge dis-
proportionation between BEDT-TTF A and B molecules. In
the meantime, the charge distribution becomes almost uni-
form below T according to the X-ray structure analysis.”™®
The disappearance of the charge separation implies that the
I(ID) phase below T is not characterized as a Mott insulating
state, which is in good agreement with the experimental find-
ings that the magnetic moments on BEDT-TTF molecules
disappear at 7T.. Moreover, the electrical resistivity shows
the semiconductive behavior with a small activation energy
below T.. These results suggest that the electronic structure
in the I(I) phase can be described by a band insulator with a
narrow band gap. As a consequence, the structural transition
at T, with the disappearance of the magnetic moments on
BEDT-TTF B molecules is thought to be the transition from
the Mott insulator to the band insulator.

Now, we discuss the origin of the strong n—d interaction.
The exchange interaction energy of J;—y=—15.7 K between
the Cu?* sites is significantly large in spite of the long inter-
atomic distances Cu---Cu (8.724(1) A) and Br---Br (4.190(1)
A) between the nearest neighbor CuBr4%~ anions in the Cu?*
magnetic layer. In order to clarify the reason for the large
exchange interaction, we calculate the electronic structure of
CuBr4?~ using DV-Xa method. The result suggests that, in
the HOMO wave function, the Cu 3d electron is delocalized
to the peripheral ligand region of the CuBr4%~ anion through
the hybridization of the Cu-3d and Br-4p orbitals.” This
is a specific feature in the electronic structure of CuBry?~
different from other transition metal halide anions, that is
related to the trend in the strengths of exchange interactions
in the family of 3d-transition metal halides®® as mentioned in
Section 2-1. Therefore, the extended nature of the localized
d-electrons is thought to cause partly the large interlayer in-
teraction, in spite of the long inter-anion atomic distances in
the magnetic layer. Moreover, the large Weiss temperature
and the Lorentzian line shape of ESR above T indicates the
presence of the strong antiferromagnetic exchange interac-
tion between the localized m-spins on BEDT-TTF molecules
and the Cu?* d-spins. Taking into account that the van der
Waals distance is 3.8 A for the Br---S atomic contact,’> we
find that the shortest distance of 3.699(3) A between the Br
atom of CuBr42~ and the external S atom of BEDT-TTF B
molecule is short enough to realize the orbital overlap. Thus,
the delocalized d-electrons, which are the origin of magnetic
moments of the Cu?* ions, can easily interact with the st-elec-
trons delocalized on the BEDT-TTF donors. Therefore, the
cooperation of the novel electronic structure of CuBr4%~ and
the close donor-anion contacts causes the strong exchange
interaction between the donor s-electrons and the localized
d-electrons.

Finally, we discuss the mechanism of the antiferromag-
netic ordering below Ty, which takes place on the Cu?*
magnetic lattice. According to the mean field theory, the
perpendicular susceptibility at 7=0 is given by y, (0)=
NgcoUs/4zcudi—4, wWhere N, zcy=4 and gc, are the num-
ber of Cu* spins and the number of nearest neighbors for
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the Cu?" magnetic square lattice, and the g-value of the -
Cu?* spin, respectively. Meanwhile, in the low-dimensional
Heisenberg antiferromagnet, the quantum spin fluctuation
causes the spin contraction that lowers the perpendicular
susceptibility below Ty in comparison with that expected by
the mean field theory. From the equation of the spin wave
theory,?” the perpendicular susceptibility at T=0 is estimated
at y, (0)=3.07x 10~3 emumol ', while the observed value
of the perpendicular susceptibility for the c-axis is extrap-
olated to y, (0)=4.8x1073 emumol~! at 7=0 K, which is
56% as large as the predicted susceptibility value. Since the
enhancement in the dimensionality reduces the zero-point
spin contraction,” the difference between the predicted and
the observed values can be ascribed to the presence of the in-
terlayer interaction. Nevertheless, the interlayer interaction
is not realized through the ordinary superexchange path of o-
bonds because the interlayer distance 17 A of CuBrs2~ ions
is too long. Consequently, it is suggested that the interlayer
interaction between Cu®* spins is mediated by the superex-
change path of the m-orbitals on BEDT-TTF molecules. This
is supported by the result that the magnetic heat capacity
obeys the cubic temperature dependence, which evidences
the presence of the three-dimensional nature in the antiferro-
magnetically ordered state.3**) In conclusion, the antiferro-
magnetic ordering in the Cu?** magnetic lattice is associated
importantly with the interlayer interaction through the m-
orbitals on BEDT-TTF molecules.

3. Conclusion

TTF-type organic donors form charge transfer complexes
with various kinds of anions, which give a large variety of
low dimensional electronic systems among insulators, semi-
conductors, metals and superconductors consisting of w-elec-
trons. In these materials, the relative ratio of transfer integral
to on-site Coulomb repulsion plays an important role in their
transport properties; that is, the increase in the transfer in-
tegral varies the materials from insulating state to metallic
one, whereas the decrease in the transfer integrals, which em-
phasizes the role of the on-site Coulomb interaction, brings
about the localization of electrons, leading to the formation
of insulating states.. Form the aspect of magnetism, the lo-
calized m-electrons generated in the insulating regime give
rise to low-dimensional magnetic systems based on their lo-
calized magnetic moments. The introduction of magnetic
anions having d-electrons into the organic charge transfer
complexes also generates magnetic systems, where the -
electrons, if the m-electronic system has delocalized features
in the metallic regime with large transfer integrals, can give
organic analogues of metal magnets through the t—d inter-
actions. In the meantime, localized magnetic d-electrons
embedded in insulating complexes are expected to interact
with each other through the superexchange paths mediated by
organic m-electrons, if there are inter-molecular interactions
between organic molecules and counter ions with magnetic
d-electrons.

We have developed magnetic systems based on TTF-type
organic donors. In the present accounts, we present two
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Fig. 25. Overview of magnetism appearing in the organic charge transfer complexes through the interplay among the transfer integral
t, the on-site Coulomb interaction U and the 5i~d interaction J,—;. Low-dimensional Heisenberg antiferromagnet is abbreviated as
“low-D H-AF magnet”, while “magnetic supercond” denotes magnetic superconductor.

kinds of magnetic systems; mt-electron-based low-dimen-
sional molecular magnets and magnets with m—d interac-
tions. In the class of m-electron-based low-dimensional
magnets, f’-(BEDT-TTF),X (X=ICl,, AuCl,) give features
of two-dimensional square lattice Heisenberg antiferromag-
netic systems, while (C; TET-TTF),Br is described in terms
of two-dimensional distorted triangular lattice Heisenberg
antiferromagnetic system, where its quantum spin charac-
teristics induce a large spin frustration effect. (BEDT-
TTF),Br-CH,(OH)CH,OH is in metallic state around room
temperature with the presence of localized magnetic mo-
ments, revealing the feature of a highly correlated metallic
system. The variety of phase transition behavior related
to magnetism and electron transport gives attractive issues
of spin-charge separation in the highly correlated electron
systems. C; TET-TTF-FeBry, [Ni(dddt),]3(FeBry4),, and [M-
(dddt),],FeBry (M=Pd, Pt, Au) undergo three-dimensional
magnetic long range ordering through the m-electron-medi-
ated superexchange interaction. In (BEDT-TTF)3;CuBry, the
cooperation of d-localized magnetic moments and 5t-conduc-
tion carriers gives the novel correlation between magnetism
and electron transport through the mt—d interaction.

As mentioned above, organic complex-based molecular
magnets are found to be good targets for the current topics on
the development of molecular magnetism, molecular design
for functional materials and the physics of highly correlated -
electron systems. As a strategic overview, Fig. 25 summa-
rizes a diversity of magnetism emerging in the charge transfer
complexes through the interplay among the transfer integral,
the on-site Coulomb interaction and the 7i—d interaction. The
molecular design on the m-electron-based low-dimensional
magnetic systems will provide a novel class of quantum spin
systems that have never been known in ordinary inorganic
magnetic systems. m-electron based complexes are an im-
portant mine of highly correlated electron materials, with
which physicists can try to figure out the problems on the
Mott—Hubbard systems. In connection with the wt—d sys-
tems, superexchange-mediated m—d composites in the insu-
lating regime are expected to provide ferrimagnets, weak
ferromagnets or helical magnets, while metallic 1—d sys-
tems happen to become organic magnetic superconductors®

by chance unless the m—d interaction is strong enough to
bring about the pair breaking against the superconducting
state. Moreover, in addition to (BEDT-TTF);CuBry, organic
complexes being recently found (DMe-DCNQI),Cu®>*® and
A-(BEDT-TSF),FeCl,”"* have been currently targeted as
prototypical systems of the m—d interaction for their pecu-
liar correlation between magnetism and electron transport.
The 71—d interaction in metallic complexes will open a new
frontier field of organic metal magnets with strong magnetic
interaction.
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