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Chapter 1

Introduction

Charge transfer salts show various electronic properties from metal to insulator, where the
importance of a Coulomb interaction between the conduction electrons has been pointed out
since the early stages of this field. In strongly correlated systems the Coulomb interaction
leads to a large number of interesting physical phenomena, for example ferromagnetism of
transition metals, heavy fermion, and high-T superconductor. The extremely large Coulomb
interaction in a half-filled band structure compels the electrons to be localized, that is to say
the Mott insulator.

We are interested in the electronic states of the charge transfer salts in the strongly
correlated system, and thus try to approach this regime from the view of the Mott insulator
as an extreme state. To clarify the aim of this work, first we explain the Mott insulator in
§ 1.1. Second, we guide the outline of magnetism (§ 1.2) and the effect of the low-dimesionality
(§1.3). Third, the characteristic features of the charge transfer salts are discussed with several
topics in § 1.6. Finally, we explain the aim of this work in § 1.7, and afterward the crystal

structures of our target salts are introduced.

1.1 Mott insulator
1.1.1 Transfer integrals and Coulomb interactions

Let us arrange the hydrogen atoms one-dimensionally with an electron per atom as shown
in Fig. 1.1(a), which corresponds to a half-filled state. We treat this one-dimensional sequence
of hydrogen atoms as a model to consider the Mott insulator. A sufficiently small distance
between atoms which gives large overlap between the atomic orbitals, will enable the jump of
an electron on a site to the adjacent site easily, producing an electron current in the metallic
state, where this one electron transfer causes the energy destabilization associated with the
on-site Coulomb interaction U (Fig. 1.1(b)). In the metallic state, the Coulomb interaction
between electrons running fast on the line of the atoms is well described by the mean-field
theory such as the Hartree approximation. When the atoms are gradually separated, where

the overlap between atomic orbitals gets small, the electrons tend to localize on each atom.
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Figure 1.1: Transfer integral ¢ and on-site Coulomb energy U. The large circles are hydrogen
atoms arranged one-dimensionally with an electron (small circle) per atom, where the elec-
tronic state is characterized by the competition between stabilization by ¢ and destabilization
by U.

As a result, the reduction of the transfer integrals brings about the localization of electrons on
each atomic site, and finally the electron current with metallic behavior hardly flows becoming
an insulating state called the Mott insulator, where the tight-binding approximation will be
suitable for the description of the system. The feature of the Mott insulator is therefore the
existence of intrinsic magnetic moments localized at atomic sites since the electron has an
S=1/2 spin (see in § 1.2.1).

1.1.2 Hubbard model

As mentioned in § 1.1.1, the tight-binding approximation describes the motion of electrons
strongly restricted in the atomic orbital, where the on-site Coulomb repulsion acts between
two electrons when they are located on the same site simultaneously. For the description of

this electronic state, the simplest model is the following Hubbard Hamiltonian:

H= Z Eocjacw + Z t,‘jc;cjg + % Z Uc;cwcz_aci_g, (1.1)
io i£4,0 io
where 7 is the lattice site, o is the spin quantum number, ¢! and ¢ are the creation /annihilation
operators, and t;; is the transfer integral from the j- to i-site, respectively. One electron in
the i-site has the energy of Fy, and the coexistence of two electrons in the same site gives
the increase of the energy by U. Here, we consider a half-filled state with t;;(=t) much
smaller than U working between the nearest neighbor sites (Mott insulator state), where the
half-filled state is defined as the same number of electrons with atoms exist. The reduction
of the energy based on the second perturbation approximation gives rise to an antiparallel
spin arrangement between adjacent spins because of the Pauli principle, which is estimated

at,

AE;; = —2t*/U. (1.2)



Using the spin on the i-site, S;, we can express Eq. (1.1) in the following form:

R 1

H=-) 2J; [si .S - Z] , (1.3)
(i.5)

Jij = —|ti;|*/U. (1.4)

Thus, Egs. (1.3) and (1.4) indicate the correspondence between the Hubbard Hamiltonian
under the condition U > ¢ and the S=1/2 Heisenberg antiferromagnetic Hamiltonian for a

localized spin system.

1.1.3 Effective on-site Coulomb interaction for dimer/trimer systems

We consider two adjacent radical anions with an electron per molecule [1]. When the
overlap between the wave functions of molecules is small, the ground state gives unpaired
electrons localized on each molecule, and the lowest excited state is a charge transfer state
from a molecule to the other molecule. The energy of the excited state must be larger than
the ground state by an energy of the on-site Coulomb interaction, Uy. The on-site Coulomb
energy is considered to be intrinsic for the molecules, which is known to range about 1-2 eV
as depicted in Fig. 1.2.

Next, in the same way, we treat the effective on-site Coulomb interaction for dimerized
molecules having an electron per dimer, assuming that the intra-dimer transfer integral ¢;ut;5
is sufficiently larger than the inter-dimer transfer integral fiy,. In the ground state, the
electrons are localized on each dimer, which can be excited with one electron transfer to the
another dimer. For the calculation of the energies of excited states, we use the Hubbard

Hamiltonian described as,

H = tingea (¢l 20 + ¢3010) + Un Y nipnyy. (1.5)
o i=1,2

Using four basis of [1,0), [T,1), |4, 1), and |0,1]), Eq. (1.5) gives the lowest excited state
with a singlet coupling of two electrons on a dimer. The energy gap between the ground

state and the lowest excited state, U.g, is obtained as

Uet = 2|tintral + [Uo — /U + 16t?ntra] /2. (1.6)
When Up > tintra, Eq. (1.6) is approximated as
Uett = 2[tintral- (1.7)
The similar calculation for a trimer unit [2] can be carried out, which gives

Ueff ~ \/i‘tintra‘- (18)
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Figure 1.2: On-site Coulomb interactions for several molecules [1].

Figure 1.3: Schematic energy level configuration associated with the Hubbard model. (a)

The definition of Uy for a molecule. In the ground state, each electron (circle) is located on
each molecule (rectangle). (b) The definition of Ueg for a dimer.



1.2 Magnetism

The magnetic moment of an atom originates from the electron giving a paramagnetic
contribution and the change in the orbital moment induced by an applied magnetic field
giving a diamagnetic contribution. Generally, the magnetic susceptibility of a substance is
defined as
where M is the magnetization of the net magnetic moment per mole of the substance and B
is the applied magnetic flux density. Substances with a negative magnetic susceptibility are

called diamagnetic, and those with a positive magnetic susceptibility are called paramagnetic.

1.2.1 Electron spin

The angular momentum for an electron in the quantum theory is associated with the
rotational degree of freedom of an electron as a classical sphere, that is the spin angular
momentum of (1/2)h for an electron. The spin angular moment is understood electromag-
netically in terms of an induced magnetic moment by a ring current based on the rotation
of the electron charge. Taking into account the Dirac’s theory, the relationship between the

spin angular moment (s) and the spin magnetic moment (fgy;,) is described as

Hspin = —YspinBS, (110)

where ggpin is the g-factor and pp is the magnetic moment of the electron, that is Bohr

magneton:
uB = eh/2mec = 9.27 x 10~ **emu. (1.11)

1.2.2 Diamagnetism of an atom with a closed shell

To specify the state of electrons in an atom, four quantum numbers of n, [, m;, and my are
required. The electron configuration in the atom (or ion) with a filled electron shell structure
is settled on the basis of the Pauli principle and the Hund’s rule as a ground state having
L=S=0, which is the total orbital/spin angular momentum where L=>[; and S=)"s; (I;
and s; are an orbital/spin angular momentum of an electron). Therefore, the summation of
the whole orbital and spin magnetic moments becomes zero, causing no intrinsic magnetic
moment in the closed shell structure. This electronic state with the disappearing magnetic
moment is the diamagnetism.

When an external field is applied to an atom (ion) with the closed shell structure, the
motion of the electron within the shell is classically explained by the Lenz’s rule where an

induced current flows to vanish the change of the field, and thus the magnetic moment is



induced toward the opposite direction to the external field. The diamagnetic moment induced
by the field H is described as

Al’l’dia = <T2>H7 (112)

B 6m,

where \/(r2) is the average radius of the distribution for the atom (~ 1 A). The diamagnetism
depends on the electron configuration within the closed shell where the excitation energy of
about 10° K is needed to change the configuration, and thus the diamagnetic susceptibility
does not show any temperature dependence in the temperature range around room temper-
ature. Ordinary organic compounds, whose molecular orbitals have closed shell structures,
therefore indicate the temperature-independent diamagnetic properties. The susceptibility
of these organic compounds, X, can be approximately estimated by the summation of the

diamagnetic contributions from the atoms composing the molecule (Pascal’s additive rule):

X= XatA (1.13)

where ¥, is the core diamagnetic susceptibility and A is the correction term dependent on the
specific molecular structure such as carbon-carbon double bond. This rule is experimentally
well justified, whereas it does not always stand up, for example, in 7-conjugated compounds

because of the difficulty to estimate the correction terms which come from the 7-electrons.

1.2.3 Exchange interaction and magnetic dipole-dipole interaction

Two important interactions, an exchange interaction and a magnetic dipole-dipole in-
teraction, feature a magnetic systems consisting of large number of spins. The exchange

interaction energy is described by the quantum mechanics,
Ug = —2JijSi . Sj, (1.14)

where S; and S; are the spins in the i- and j-sites, respectively, and J;; is the exchange
interaction between S; and S;. The positive and negative values of the exchange interaction
make the the parallel and antiparallel spin configuration stable, respectively.

The magnetic dipole-dipole energy is well understood on the basis of two bar-magnets in
the classical mechanics as shown in Fig. 1.4, that is,

_ 1My 3(py ) (pg - r)
3 rd

Uy : (1.15)

where the two dipole moments p; and p, are separated in the distance of r.

The weakness of the dipole-dipole interaction corresponding with the order of the thermal
energy of about 1K at most, which is estimated for the system consisting of 1 up dipoles
located in a distance of a few A, does not explain the strong interactions of permanent
magnets. The exchange interaction works in short-range and has a hundred to thousand

times larger strength than that of the dipole-dipole interaction.



Figure 1.4: Schematic view of the magnetic dipole-dipole interactions. The bold arrows are
the magnetic moments.

1.2.4 Mbolecular-field theory of paramagnetism

Let us first consider the most basic Heisenberg spin system, having no interaction between
spins in an applied field along the z-axis, which is described with a Hamiltonian consisting

of only the Zeeman energy,

H=-) gusS; - H (1.16)

(2

= —gusH.» _S;. (1.17)

(2

This Hamiltonian gives the Curie law through a statistic treatment based on the Boltzmann

distribution of the spins, which describes the paramagnetic susceptibility:

C
= 1.18
X =7 (1.18)
where C' is the Curie constant,
Ng?u3S(S +1
C— 9" pgS(S+1) (1.19)

3kp ’
in which, C=0.375 emu/mol K for an S=1/2 system. The effective Bohr magneton p is
defined as

p=o/SET), (120

indicating that a spin S has a magnetic moment of p ug. The Curie law well explains the
spin system having negligibly small exchange interaction or in the high temperature region.

Next, we consider the exchange interaction in addition to the Zeeman term,

H= _ZJijSi'Sj_ZgMBSZ‘ZHz- (1.21)
(i7) i
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Figure 1.5: Schematic view of the Curie-Weiss law. (a) ©=0. (b) ©>0, with a ferromagnetic
transition at Tc=06. (c¢) © < 0, with an antiferromagnetic transition at Tn=|0|.

Equation (1.21) has not been solved exactly as a typical many-body problem, because (S; -
S;) is too complicated to treat statistically, where an application of a molecular-field (MF)
approximation, (S; - S;) = §;(S;), gives the Curie-Weiss law,

C

—_— 1.22
= (1.22)

X:

where O is the Weiss constant whose positive or negative value indicates a ferromagnetic or
antiferromagnetic interaction, respectively. The Curie law (Eq. (1.18)) obviously corresponds
with the Curie-Weiss law with ©=0, as shown in Fig. 1.5(a).

In the system with a ferromagnetic exchange interaction, the Weiss constant is equiva-
lent to the transition temperature of a ferromagnetic long-range ordering state as shown in
Fig. 1.5(b), that is the Curie temperature 1¢,

25( S
Tc=6= +1 ZJ (1.23)

However, the experimental result of the Curie temperature is generally smaller than the
estimated value from Eq. (1.23), indicating the inappropriateness of the MF theory (as a
mean-field approximation), since the rough approximation (S; - S;) = S;(S;) is applied.
The correlation function, (S; - S;), indicating the degree of the correlation between two
spins, develops near the phase transition having large spin fluctuation, that is the short-
range ordering. Therefore, the MF theory neglecting the feature of the correlation function
is justified when the temperature is sufficiently higher than the Weiss constant. Moreover,
the inaccuracy in the MF theory gets remarkable with decreasing of the dimensionality from

three-dimensional to one- or two-dimensional system, as will be discussed in § 1.3.

1.2.5 Molecular-field theory in ferromagnetic ordering state

The ferromagnetic Heisenberg model obeys the MF theory sufficiently above the Curie
temperature (I¢), as mentioned in § 1.2.4. Here we consider the behavior below T¢ as

schematically depicted in Fig. 1.6(b). All the spins below T¢ tend to orient toward the same
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Figure 1.6: Schematic view of the spin configurations for (a) a paramagnetic state, (b) a
ferromagnetic ordering state, and (c) an antiferromagnetic ordering state.

direction (the magnetic easy-axis), which will be subjected to the dipole-dipole interaction
or the spin-orbit interaction, giving a spontaneous magnetization (S). The anisotropy in
the susceptibility below T¢ is characteristic of the ordering state. When the field parallel to
the easy-axis is applied , the parallel susceptibility is estimated near T¢ using power series
method for (S2);

C

X| = 20 -T1)’ (1.24)

which is not correct in much lower temperatrue region than T¢, since (S?) becomes large.
Equation (1.24) indicates the susceptibility decreases down to ~ zero at 0 K, where all the
spins are frozen toward the easy-axis direction.

On the other hand, the susceptibilities in the field perpendicular to the easy-axis diverge
below T¢, since ferromagnetic Heisenberg systems usually have a small anisotropy giving
identical spins in all directions, and thus the spontaneous magnetization along the easy-axis
turns toward the field.

1.2.6 Molecular-field theory of antiferromagnetic (AF) ordering state

The magnetic easy-axis of antiferromagnets corresponds with the direction along which
the spins are arranged in an antiparallel configuration as displayed in Fig. 1.6(c). The
parallel susceptibility in an antiferromagnet is similar to that in ferromagnets which gradually
decreases as temperature is lowered. In contrast, the perpendicular susceptibilities to the
easy-axis, called as the magnetic hard-axes, are independent of temperature under the MF
theory,

N(QMB)Q

1.25
4z|J| (1.25)

XL =

The field dependence of the magnetization in the antiferromagnetic (AF) state indicates
the spin flop transition reflecting the magnetic anisotropy as shown in Fig. 1.7. This phe-

nomenon is observed at lower temperature than the Néel temperature, where the AF ordering
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Figure 1.7: Field dependence of the magnetization for Heisenberg antiferromagnets with the
field parallel to (a) the hard-axis and (b) the easy-axis with the spin flop transition at the
spin flop field of Hg.

is sufficiently developed. When the field is applied perpendicular to the easy-axis, as shown
in Fig. 1.7(a), the two sublattice magnetizations M; and My are gradually canting toward
the field direction. The net magnetization saturates to the constant of |M; + Ms| in the
external field H larger than the AF exchange field,

Hy = 215 (1.26)
guB

where z is the number of the nearest neighbor spins and (S) is the thermal average of the
sublattice spins. Meanwhile, in the field parallel to the easy-axis (Fig. 1.7(b)), when the field
is smaller than a critical field (Hgt), the magnetization is hardly induced, which is exactly
zero at absolute zero temperature. When the field gets larger than Hgf, the sublattice mag-
netizations suddenly rotate to stabilize the magnetic energy, that is the spin flop transition.
The spin flop field Hgf is described as

Hy = \/2HAHE/(1 —X|/X1); (1.27)

where Hp is the anisotropy field.

10



1.3 Low-dimensional magnetism

The neglect of the spin-spin correlation is not a serious problem in paramagnetic states
of ordinary three-dimensonal magnets, because the short-range ordering region exists only
just above the phase transition to long-range ordering state as discussed in § 1.2.4. However,
when the dimensionality is reduced, the short-range order is extended to a wide temperature
region, which makes the molecular-field (MF) theory useless.

Figure 1.8 shows the schematic view of low-dimensional magnets. The (bark) crystal of
a low-dimensional magnet has the three-dimensional packing structure, and thus the three-
dimensional magnetic dipole-dipole interaction always exists, which is featured by the weak
and long-range contribution as described in Eq. (1.15). Meanwhile, the strong and short-
range force, the exchange interaction, gives the low-dimensional network for the system. The
difference between the low-dimensional and three-dimensional magnets is experimentally re-
flected in the specific heat or the susceptibility around the long-range ordering transition,
since the reduction of the dimensionality gives the increase of the spin fluctuation. In this sec-
tion, we discuss the behavior of the susceptibilities based on several low-dimensional magnet

models.

spin

(a) 3D (b) 2D () 1D

Figure 1.8: Schematic view of low-dimensional magnetic structures concerned with a simple
cubic system. A sphere represents the spin connected by the exchange interaction (bold
lines). (a) Three-dimensional (3D), (b) two-dimensional (2D), and (c) one-dimensional (1D)
structures are represented.

1.3.1 One-dimensional Heisenberg antiferromagnet model

J. C. Bonner and M. E. Fisher [3] studied a linear chain of S=1/2 spins by exact calcu-

lations for N=2 to 11 with antiferromagnetic coupling. The Hamiltonian is

N N
H=-27)[S; S;]—gus > _ H S, (1.28)
i=1 =1
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Figure 1.9 shows the result of the calculations, where the behavior of the susceptibility of an
infinite chain at low temperatures is estimated by extrapolation. The intra-chain exchange

interaction is approximately estimated at
J ~ kpTmax/1.282, (1.29)

where T}, is the temperature at which the susceptibility shows a broad maximum.
To utilize the result for the infinite chain conveniently, a numerical fitting [4] has been

carried out;

:Ng2u]23 A+ BX +CX?

1.30
ksT 1.0+ DX + EX2 + FX3’ (1.30)

where X=|J|/kpT, and the constant coefficients A=0.25, B=0.14995, C=0.30094, D=1.9862,
E=0.68854, and F'=6.0626.

1.3.2 Two-dimensional Heisenberg antiferromagnet model

The spin Hamiltonian for a two-dimensional square-lattice Heisenberg antiferromagnetic

model [5] is described as

H=-27) 8;-Sj—gup» H-S, (1.31)
(i3) ¢

where the summation is carried out for all the nearest neighbors through the same exchange

interaction J. The high temperature power series expansion method for the calculation of

the sum over states gives the temperature dependence of the inverse susceptibility,

Ng*ug — Cn

=30 — 1.32

2XJ + Z gn—1’ ( )
n=1

where 0 = kT /2JS(S + 1) and coefficients C,, is calculated from the general formalism of

the cumulant expansion displayed for S=1/2 in Table 1.1. Figure 1.10 shows the temperature

dependence of the reciprocal susceptibility for several different spin values. The intra-layer

exchange interaction is approximately estimated at
J = kBT max/2(1.125(S + 1) 4+ 0.10). (1.33)

1.3.3 Spin-dimer model (Singlet-triplet model)

We consider N spins, where two S=1/2 spins coupled by the exchange interaction form
a spin-dimer and there is no inter-dimer interactions. This is called the dimer model, or the
singlet-triplet model in other words, because the ground and excited states of a dimer are

singlet and triplet, respectively.
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The Hamiltonian of this model is reduced to a simple summation of two-spins Hamilto-
nian,

. N
H==—
2

[—2J.S'1 -85 — guB(Slz + SQZ)H], (1.34)
where the field is applied along the z-axis, S; and Sy are each spin operators. This Hamil-
tonian is strictly solved through a statistical treatment, and gives the susceptibility for N

spins:

‘= Ng2u]23 exp(—2|J|/kp) (1.35)
kgT 1+ 3exp(—2|J|/ksT)’ '

This model can be applied to substances having negligible inter-dimer interactions.

1.3.4 Alternating chain Heisenberg antiferromagnet model

An adoption of the inter-dimer interaction for the spin-dimer model is the alternating
chain model which consists of one-dimensional sequence of N/2 dimers as shown in Fig. 1.11.
The absence of the inter-dimer interaction, J’, gives the correspondence with the dimer
model, and conversely, J'=J gives the one-dimensional model (Bonner-Fisher model). The

result of a numerical calculation [6] for a=J"/J=0 to 1 was fitted [7] as

Ng? A+ BX +CX?
x =2 HB o2t and (1.36)
kgT 1.0+DX + EX2+ FX?

X =|J|/ksT, (1.37)

where, when 0 < a < 0.4,

A = 0.25,

B = —0.12587 + 0.22752a,

C =0.019111 — 0.13307a + 0.509670a2 — 1.3167a> + 1.0081a,
D = 0.10772 + 1.4192a,

E = —0.0028521 — 0.42346 + 2.1953a% — 0.824120°,

F = 0.37754 — 0.067022a + 6.98050% — 21.678a° + 15.838a*,

and when 0.4 < a <1,

A =0.25,

B = —0.13695 + 0.26387«,

C = 0.017025 — 0.12668a + 0.49113a2 — 1.1977a° + 0.87257a,
D = 0.070509 + 1.3042q,

E = —0.0035767 — 0.40837cx + 3.4862a% — 0.73888°,

F = 0.36184 — 0.065528c + 6.65875a2 — 20.9450° + 15.4250a%.
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1.3.5 Three-dimensional interaction in low-dimensional magnets

There are three-dimensional interactions even in low-dimensional magnets, which give a
magnetic long-range ordering transition whereas ideal low-dimensional magnets have no long-
range order at a finite temperature except two-dimensional Ising spin systems. Therefore,
the long-range ordering state in the low-dimensional Heisenberg magnets originates from the
three-dimensional interactions. Oguchi [8] discussed the contribution of the three-dimensional
interactions in low-dimensional magnets by means of a Green function, which is a general
method to describe correlation functions. Figure 1.12(a) shows a one-dimensional chain
system through the intra-chain interaction (J) along the z-direction with four nearest inter-
chain interactions (J') along the z- and y-directions. The expression for the Néel temperature,

TN, is obtained as follows:

ksTx  4S(S+1)/3

_ , 1.38
7 1) (1.38)
where
1 T dq.dqydq,
I = , 1.39
() w3 ///0 n(1l — cosgy) +n(l —cosqy) + (1 —cosq,) ( )
n=J/J, (1.40)

where ¢z, gy, and ¢, are the components of a wave number vector g, and the extreme
conditions n=0 and n=1 reduce this model to one-dimensional chains and a simple cubic-
lattice structure, respectively. Equation (1.39) was numerically calculated giving the results
for various 1 shown in Table 1.2.

For the quasi two-dimensional square-lattice model in the zy-layer with inter-layer inter-
action (J') along the z-direction as shown in Fig. 1.12 the similar expression with Eq. (1.39)

is obtained in the following equation,

1 ™
I(n) = _/// d4:dg,dq; . (1.41)
73 o (I —cosgy) + (1 —cosqy)+n(l—cosg,)

1.3.6 Spin reduction in low-dimensional magnets

The expected value of S, for an S=1/2 spin in the ground state based on the simple MF
theory is 1/2, however the improvement of the MF theory results in the reduction of the
expectation value. The spin reduction is usually observed for quantum spin systems having
small S, experimentally reflected in the perpendicular susceptibility at 0 K. The MF theory
gives the perpendicular susceptibility,

Ng*ug

1.42
w7 (1.42)

X1 =
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where z is the number of the nearest neighbor spins. The spin-wave theory [9] gives a extended
result of Eq. (1.42) reflecting the spin reduction,
it AS(e) e(a)

XL(O):1+a/2 L= S (2+a)2S)’ (143)

where « represents the degree of the anisotropy: a = Ha/Hg using the anisotropy field
(Ha) and the exchange field (Hg). The second term of the Eq. (1.43), AS(0)/S, is the
spin reduction for the sublattice magnetization, and the third term e(a)/(2 + «)zS is the
correction for the real ground state spin energy. When the anisotropy field is smaller than

the exchange field, that is a=Ha /Hg < 1, Eq. (1.43) is reduced to
A
S e(o)] . (1.44)

)~y [1-22 &Y
O

Table 1.3 shows the value of e(0) dependent on the lattice network and the number of

the nearest neighbors, and Table 1.4 shows the spin reduction term by several methods.
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Figure 1.9: The temperature dependence of the antiferromagnetic susceptibility for S=1/2
finite Heisenberg chains (solid and dotted curves) and the estimated limit for infinite chains
(dashed curve) [3].
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MOLECULAR
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RPA GREEN'S
FUNCTION

kT/JS(S+1)

Figure 1.10: The temperature dependence of the reciprocal susceptibility for a two-
dimensional square-lattice Heisenberg antiferromagnet model. Typical errors resulting from
the extrapolation procedure are indicated on the figure and increase with decreasing temper-
ature. The molecular field and random phase approximation (RPA) Green function suscep-
tibility curves are also plotted [5].

S=1/2 spin

Figure 1.11: Schematic view of a one-dimensional alternating chain model. S=1/2 spins
(circles) are connected through the exchange interactions J and J’ alternately (J > J').

Figure 1.12: Low-dimensional magnetic structures based on a simple cubic lattice. (a) A
quasi one-dimensional structure along the z-direction with inter-chain interactions in the z-
and y-directions. (b) A quasi two-dimensional structure in the zy-layer with the inter-layer
interaction along the z-direction.
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Table 1.1: Coefficients C), of series in Eq. (1.32) for S=1/2 [5].

n 1 2 3 4 5 6
C, 4 2667 1185 0.149 -0.191 0.001

Table 1.2: The results of calculation I(n) in Eq. (1.39) [8].

n___ I(m) (D) I(y (2D)
1 0.505 0.505
0.1 1.963 0.963
0.01 6.405 1.477
0.001 20.323 2.051
0.0001 - 2.608

Table 1.3: The values of e(0) [9].

z spin wave Fisher-Oguchi Davis

linear chain 2 0.726 0.692 0.736
quadratic layer 4 0.632 0.572 0.656
simple cubic 6 0.582 0.548 0.599

Table 1.4: The values of spin reduction [9].

spin wave Fisher-Oguchi Davis

linear chain ~ —55[1 + = In2a] 0.350 0.5185
quadratic layer 0.1975°1 0.146 0.2363
simple cubic 0.0785~1 0.090 0.1275
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1.4 ESR
1.4.1 Fundamental principle of ESR

Electron spin resonance (ESR) is a favorable technique to investigate the environment of
magnetic moments, which gives a large amount of information. An S=1/2 spin in an applied

field H along the z-direction is described using the following equation of motion,

ds
h— = p x Hy. 1.45
o =M< Ho (1.45)
The magnetic moment,
p = (Acos(wpt + ), Asin(wpt + ), const.), (1.46)

indicates that p is rotating around the z-direction with an angular velocity wo=—vHy (Lar-
mor precession) where v is the gyromagnetic ratio.

The application of a field H results in the Zeeman split between the states having opposite
spins,

AU = g/j,BHQ = %Hg = th)Q. (147)

Therefore, when an incident electromagnetic wave of the same energy with hwg(=hyy) is
introduced, the spin in the lower state can absorb the electromagnetic wave with the transition
to the higher state.

One of the important information from ESR is the g-value of the spin,

g = hvo/psHo, (1.48)

which is 2.0023 for a free electron spin, whereas generally the g-value in solid state substrates

deviates from this value.

1.4.2 ESR line width and relaxation process

The ESR line width is an important factor to characterize the electronic structures. The
line width is governed by the ESR relaxation process of the excited electrons to the higher
state of the Zeeman split. Generally there are two kinds of the relaxation processes: between
electrons and the lattice system (spin-lattice relaxation, 77) and among spins (spin-spin
relaxation, T5). The spin-lattice relaxation process contributes to the line with of the metallic
state having delocalized electrons, while the spin-spin relaxation governs the localized spin
systems by the magnetic dipole-dipole interaction and the exchange interaction.

We compare with the electronic states between metal and magnetic insulator on the basis
of the contribution to the ESR line width. Regardless of the electronic states, the magnetic

dipole-dipole interaction exists as a spin-spin relaxation process. However, the line width
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of the metallic state is contributed by the spin-lattice relaxation related to the relaxation
time of the conductive carriers. The rapid motion of the carriers makes the line width by
the dipole-dipole relaxation completely disappear due to the motional-narrowing process. In
a similar way, the line width in the localized spin system is associated with the exchange
interaction J which corresponds with the relaxation time of J/h giving the steep relaxation
process (the exchange narrowing).

The quantum mechanical treatment for ESR, the Kubo-Tomita theory, gives a description
of the ESR line width. We explain the useful expression of the line width on the basis of
the second moment method, although we do not discuss the complicated theoretical process
in detail here. We consider a system having the exchange interaction and the dipole-dipole
interaction between spins, where the ESR signal is known to have a Lorentzian-type line

shape. This line shape is described in a scale of the angular momentum, w, as follows:

w3 /we 1
T (W= wo)? + (w]/we)?

I(w) = : (1.49)

where w?l is the second moment of the dipole-dipole interaction, and we is the angular mo-
mentum corresponding to the strength of the exchange field. From Eq. (1.49) the line width
Auw is roughly estimated at

2

Aw~ 2, (1.50)
We

where a constant prefactor dependent on the spin configurations is actually added, such as
10/3 for the simple cubic structure.

The estimate of wy is numerically carried out, which makes a qualitative discussion for
the origin of the line width possible, nevertheless the calculation of w, is difficult. The
description! of wq is expressed as
35(S + 1) g*ug (3cos? 01, — 1)?

3 6
4 " Tk

w3 =

: (1.51)

where the rj;; is the distance between the j-spin located in the origin and the k-spin, 0,
is the angle between the direction to the k-spin from the origin and an applied field. The

summation is carried out for 100-1000 spins.

1.4.3 ESR of low-dimensional magnets

The ESR spectra of low-dimensional magnets behave characteristically because of the
strong influence for the relaxation process of the excited spins by the resonance. Here,
temperature dependence of the line width and the g-value shift are introduced featuring the

low-dimensional spin system.

Tt is worth noting that the calculation in Eq. (1.51) must be carried out on the basis of the CGS system
of units.
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The temperature dependence of the ESR line width for three-dimensional antiferromag-
nets are obtained as
C

< (1.52)

AH(T) = AH ()

where X is the spin susceptibility, AH (o) is the line width as 7" — 0, C is the Curie constant,
and ( is a function dependent on temperature. For three-dimensional magnets, { is approxi-
mated to ~1 in the high temperature region, and thus the temperature dependence of the line
width is proportional to (xT')~*, however ¢ is not so simple for low-dimensional magnets. Fig-
ure 1.13 shows the temperature dependence of ¢ based on the theory for three-dimensional
antiferromagnets, the experimental results of two-dimensional Heisenberg antiferromagnet
(CuF3-2H50), and one-dimensional magnet (KCuF3), indicating that the difference in the
temperature-dependent behavior becomes conspicuous as the dimensionality is lowered. This
behavior of { is caused from the low-dimensional relaxation effect, which finally gives the line
width proportional to x7" [10]. This approximation is experimentally known to be applied
in the high temperature region above the temperature at which the thermal energy be-
comes comparable to the exchange interaction. Figure 1.14 shows the ESR line width of
CuCly-2NC5H;5 [10] which is a typical one-dimensional Heisenberg antiferromagnet with the
exchange interaction of 13.4 K and a three-dimensional antiferromagnetic ordering temper-
ature Tn=1.135 K. The solid curve of the normalized 7 indicates a good agreement with

the experimental result.
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Figure 1.13: Temperature dependence of the factor ¢ in Eq. 1.52. The theoretical curve for
the three-dimensional system becomes constant in much higher temperature region than the
Néel temperature, whereas the experimental results for low-dimensional magnets indicate a
large deviation from the theoretical curve.
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Figure 1.14: Temperature dependence of the ESR line width for CuCly-2NC5Hs. The solid
curve is the normalized x7T at 77 K [10].
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1.5 Thermoelectric power

The thermoelectric power is one of the transport phenomena which appear in electrical
conductors and is a sensitive probe of carriers [11]. The thermoelectric power is describes as
the entropy per carrier.

The temperature dependent behavior of the thermoelectric power depends on the elec-
tronic state of the system, metal or semiconductor. In a metal as a degenerated electron
gas at temperatures much lower than the Fermi temperature, the thermoelectric power is

described as

S = k—BkB—T, (1.53)
q Er

where Ey is the Fermi energy and g equals —|e| or |e| for the electron or hole carrier, respec-
tively. Thus, the characteristic thermoelectric power of metals decreases with the decrease
of temperature and is smaller than kg/|e| ~ 87uV/K. Contrarily, in semiconductors, the
electron carriers excited to the conduction band having the energy gap of £, contributes to
the thermoelectric power,

_ ks E,

T g 2kpT

(1.54)

indicating the characteristic contrast with that of metals, especially in the temperature de-
pendence. Considering the roles of electron and hole carriers, Eq. (1.54) is extended to as
follows:

ks [b—1 E, 3. m

P +Zlnm_z , b= pe/pn, (1.55)

where pe, iy, and me, my, are the mobilities and effective masses of the electrons and holes,
respectively. Regardless of the electronic state which is metal or insulator, the thermoelectric
power provides two information: the sign of the charge of the carriers and the characteristic
energy associated with the carriers, that is, the Fermi energy for a metal and the energy gap

for a semiconductor.

1.5.1 Thermoelectric power in strongly correlated systems

The simplest model in a strongly correlated system is the Hubbard model as described
in § 1.1.2. The high-temperature limit for the thermoelectric power of a system of strongly
correlated localized electrons is governed by the entropy change when an electron is added

to the system. That is to say,

1 /do
S=—|— 1.56
e (dN)E,V’ ( :

where o is the entropy of the system, N is the number of electrons, and E and V are

the internal energy and volume, respectively. The entropy can be calculated in the high
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temperature region by o=kpln g, where g is the degeneracy of the states. Therefore, the

thermoelectric power is estimated at

kpdlng
S=-—— . 1.57
e dN ( )

This relation indicates that the thermoelectric power reflects the entropy per carrier. In the
regime of the electronic state governed by the on-site Coulomb repulsion, the degeneracy of
the states is

Ny!

— ]|
N, (1.58)

g:

where N4 and N are the number of the sites and the electrons, respectively. Equation (1.58)

leads to the thermoelectric power [12],

Sz—k—BlnM, (1.59)

le 0
where o is the number of electrons per site, and indicates temperature-independent behavior.
Figure 1.15 shows the thermoelectric power of quinolinium(TCNQ)2 [13,14] as an example
for application of this relation, which is almost temperature independent in the high temper-
ature region. In this compound, the number of electrons per TCNQ is considered to be 1/2,
giving S=—60 pV/K from Eq. (1.59), which shows good agreement with the experimental

result.

Ef-gego- E’? fof,q*.:
-601 @@’ ]

x
o0

Vv

N

=
G S

100 200 300
T (K)

Figure 1.15: Thermoelectric power of quinolinium(TCNQ)2 [13] explained as a strongly cor-
related system [14].
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1.6 Charge transfer salts

We explain a few topics on charge transfer (CT) salts: the charge transfer interaction
stabilizing the CT salts, historical background of the CT salts, and a useful band calculation

method to describe the electronic states of the CT salts.

1.6.1 Charge transfer interaction

A charge transfer (CT) salt consists of a donor and an acceptor, where the donor gives
electron(s) to the acceptor. The CT interaction explained by Mulliken gives the ground state
U stabilized by the charge transfer as a quantum resonant state between the initial state
without the charge transfer (¥'pa) and the final state in which one electron charge transfer

was completed (¥p+4-),
U =a¥pp + b¥p+a-. (1.60)

When the system has a small CT interaction with the normalizing coefficient a > b, the

energy of U is obtained using a second perturbation method,

(H — SEpa)?

E = EDA - )
Ep+a- — Epa

(1.61)

where Epp and Ep+a- are the eigen values of Upp and W+, -, respectively, and the reso-

nance integral H and the overlap integral S are as follows:
H= /\IJDAE{\IJD+A_dT, (1.62)
S = /\I]DA\I]D+A—dT- (163)

The second term of Eq. (1.61) must be non-zero for the energy stabilization by the CT
interaction, and additionally, the larger value gives the stronger stabilization for the resonant
state. Thus, a small denominator (EFpa — Fp+a-) and a large numerator (H — SEpy) are
favorable for the stabilization in the CT salts. The former condition needs the small energy
for the charge transfer from the donor to the acceptor, corresponding to the small ionization
energy of the donor and the large electron affinity of the acceptor. The latter one requires a
large overlap between Upa and ¥p+ -, that is, the large overlap integral between the donor

and acceptor molecular orbitals.

1.6.2 Outline of organic conductors

Figure 1.16 shows structures of several donor molecules and the ellipses of the molecules.
The syntheses and physical characterization of a large number of organic materials with
unusual electrical and magnetic properties have been started in the 1960’s. An important

organic conductor, TTF-TCNQ [15] shown in Fig. 1.17, consisting of two kinds of molecules
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TCNQ (7,7,8,8,-tetracyano-p-quinodimethane) and TTF (tetrathiafulvalene) was synthesized
in 1970, where the the metallic conductivity above 60 K [16] became a center of attraction.
After the appearance of TTF-TCNQ, an innovative step was the discovery of the super-
conductivity below 1 K under pressure of about 5-12 kbar in TMTSF;X (X=monovalent
anions) [17] called as “Bechgarrd salts”. The crystallographic feature of the Bechgarrd
salts is the one-dimensional stacking structure of donor molecules as shown in Fig. 1.18,
which gives the physical properties of one-dimensional electronic systems, such as an spin-
density wave (SDW) ground state. Afterward, an epock-making molecule BEDT-TTF (or
ET; bis(ethylenedithio)tetrathiafulvalene), which has additional four outer sulfur atoms on
the outside of the TTF skeleton prepared in 1972, has given the superconductivity under
ambient pressure. Typical BEDT-TTF salts have quasi two-dimensional electronic states,
which contrast with the Bechgarrd salts. The critical temperature of the superconductivity
in the CT salts was raised to 10.4 K of x-(BEDT-TTF);Cu(NCS); synthesized in 1987 [18].
Furthermore, k-(BEDT-TTF)2Cu|[N(CN);]Cl was raised to 12.8 K under pressure of 0.3 kbar.

The structural feature of these salts is the donor molecules based on the TTF skeleton,

therefore these salts can be named as “I'TF-based charge transfer salts”.
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Figure 1.16: Structures of important donor molecules.



Figure 1.17: (a) Molecular structures of TTF and TCNQ. (b) Crystal structure of
TTF-TCNQ [16].

Figure 1.18: Crystal structure of TMTSF;X (X=PFg, AsFg, SbFg) [17].



1.6.3 Band calculation

TTF-based organic charge transfer salts give a large variety of low dimensional electronic
states consisting of m-electrons, from metallic states to insulating states. A band calculation
[19] based on the tight-binding approximation is a powerful method to describe the metallic
states.

The molecular orbitals of the donor are represented by the extended Hiickel method as
a linear combination of the atomic Slater orbitals, since the size of the donor molecules is
large. The inter-molecular overlap S of the HOMO is calculated, and the transfer integrals
t are estimated using the relation ¢t = ES, where E is a constant of the order of energy of
the HOMO. The value of —10 eV for E is ordinarily used [19], because it has given realistic
values of the transfer integrals for a number of CT salts. Using a standard tight-binding
method through the one-electron approximation, the band structure of the conduction band
and the shape fo the Fermi surface are obtained.

Here, we introduce two examples of the band calculations: (TMTSF),AsF¢ [20] and (-
(BEDT-TTF)2AuCly [21] . Figure 1.18 shows the stacking structure of the TMTSF salt
having strong one-dimensional overlap along the a-axis, and actually the estimated band
structure shown in Fig. 1.19 has a one-dimensional Fermi surface consistent with the metallic
conductivity. In contrast, the band structure of 5’-(BEDT-TTF)3AuCl; also indicates a one-
dimensional Fermi surface as shown in Fig. 1.20, whereas the band structure is inconsistent
with the semiconductive behavior implying the Mott insulating state. (The detail of the
crystal structure and resistivity for the 5’-type salt is discussed in § 1.8.) This inconsistency
between the calculation and the experiment is considered to come from the strong on-site

Coulomb interaction ignored on the basis of the one-electron approximation.
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Figure 1.19: Band structure and the Fermi surface of TMTSF4AsFg based on the crystal
structure shown in Fig. 1.18 [20].
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Figure 1.20: Band structure and the Fermi surface of 5’-(BEDT-TTF)3AuCly [21].

1.6.4 Mott insulator and dimerization in 2:1 salts

The band calculation based on the one-electron approximation as discussed in § 1.6.3
cannot be employed to CT salts in the Mott insulating state. We discuss a suitable model
to describe the electronic state of the Mott insulators. A structural feature of the CT salts
in the Mott insulator regime is the strong dimerization of the donor molecules,? and thus we
here treat the strongly dimerized system with 2:1 ratio of the donor to anion.

The dimerization of the donors through the intra-dimer transfer integral, ti,ia, gives
an energy gap of 2tiny, between the lower and upper orbitals as shown in Fig. 1.21(b).
Here, we have two extreme approaches to treat the transfer integrals between dimers titer
(K tintra): a free electron approximation and a tight-binding approximation. The former
condition corresponds to the negligible on-site Coulomb interaction Uy, where a free electron
band model can be applied giving two bands produced from the lower and upper orbitals,
respectively, and the Fermi surface (Fig. 1.21(c)). However, when the contribution of Uy is
large, we should consider the tight-binding approximation shown in Fig. 1.21(d), where a
sequence of the upper orbitals of dimers are depicted. If there is an electron transfer from
an orbital to the adjacent orbital, the energy of the electron configuration gets larger than
that of the ground state by Ueg. From the two configurations, moreover, tinter produces the
two band structures having the band width W (Fig. 1.21(e)). These two bands are called the
Hubbard sub-bands, which is different from ordinary band structures because of the band
gap E, is originated from the electron-electron repulsion, and the each atom has an electron
in both upper and lower bands as depicted in Fig. 1.21(d). As a result, the energy gap of the

Mott insulator is considered to be

Ey=Usg — W. (1.64)

2However, the dimerized donor doesn’t always generate the Mott insulating state, such as (BMDT-
TTF)2Au(CN)2, whose donor molecules are strongly dimerized, while the conductive behavior is metallic.
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U 0 P
tight-binding approximation Hubbard sub-band

Figure 1.21: Several energy configurations based on the dimer structure of 2:1 salts with 3/4-
filling orbitals. (a) Isolated two HOMO energies. (b) An intra-dimer transfer integral (fintra)
gives two energy states splitted by the energy of 2|tingal|. (c) A free electron approximation
leads to the two bands when the inter-dimer interaction (finter) is much smaller than tintra.
The band width W is associated with #inter. (d) A sequence of spin orbitals of the upper
orbitals in the strongly correlated localized system where the on-cite Coulomb interaction
Uest > tinter- (€) The Hubbard sub-band structure. The band width is considered to come
from tipter. When Ugg < W, the system becomes a metallic state.
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1.7 Aim of research

The variety of electronic states in the charge transfer (CT) salts is caused by the compe-
tition between the transfer integral and the Coulomb interaction, that is, a metallic state ap-
pears when the transfer integral is superior to the Coulomb interaction, whereas the Coulomb
interaction superior to the transfer integral leads to an insulating state as a Mott insulator
where the m-electrons are localized on the donor molecules. This insulating state, where the
one-electron band picture on the electronic state fails (§ 1.6.3), results in the appearance
of localized magnetic moments on the molecules, which is the most characteristic feature
of these compounds as a localized spin system. Consequently, the localized magnetic mo-
ments of the m-electrons aligned on the low dimensional lattice of the molecules provide a
low-dimensional magnetic system.

In Fig. 1.22, the correlation between the resistivities and the susceptibilities at room tem-
perature is mapped for various charge transfer salts to see how Mott insulators are featured.
Here, we classify the CT salts into Mott insulators, metals, and band insulators based on the
temperature dependence of the resistivity and the behavior of the susceptibilities. Namely,
the insulators are defined as the materials whose conductivity is explained in terms of the
activation process, while the conductivity shows an increasing trend with lowering of the
temperature in the metals. The Mott insulator is characterized with the presence of local-
ized magnetic moments whose values are expected for S=1/2, whereas no localized spins
are present in the band insulator. As explained consistently with the definitions, the Mott
insulators occupy a specific region (shaded area) having large resistivities and susceptibilities,
most of which are isolated from the metallic compounds (circles) and the band insulators
(diamond). It is worth noting that the application of pressure, which works to reduce the
resistivities, makes Mott insulators changed to metals through a critical region.

Here, we have a group of molecular-based Mott insulators which have a specific structural
feature, that is, dimerization or trimerization of donor molecules in their crystals. In these
materials, the strength of the on-site Coulomb interaction is roughly represented by that of
the intra-dimer/trimer transfer integral (fintra) as discussed in § 1.1.3, which is in the same
order of magnitude to the inter-dimer/trimer transfer integral(tintey). Therefore, the ratio
between tintra and tinter, which depends on the degree of dimerization/trimerization and thus
can be controlled by changing temperature and/or pressure, is varied to make a systematic
investigation with a large variety of Mott insulators including those located just around the
metal-insulator border.

The purpose of this work, therefore, is to investigate systematically the magnetic and
electrical properties of dimer/trimer-based Mott insulators by means of the magnetic suscep-
tibilities, ESR spectra, resistivities, and thermoelectric powers. We aim at seven CT salts
covering the whole Mott-type insulator region shown in Fig. 1.22 (closed squares), where the

well investigated k-type salts (marked by [, m, and n) exist at the bottom and left-side parts
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Figure 1.22: The diagram of the resistivities vs susceptibilities at room temperature for
various TTF-based charge transfer salts: Mott insulators (square), metallic compounds (cir-
cle), and band insulators (diamond). The relation between marks and the compounds are
summarized in Table 1.5. Closed squares are the target salts in this work.

of the region. The structure and physical properties are overviewed in § 1.8.5. The seven CT

salts containing two newly-synthesized compounds are as follows:
1. B-(BEDT-TTF)2ICly (the B’-ICly salt)
2. B-(BEDT-TTF)3AuCly (the 8’-AuCl, salt)
3. (BEDT-TTF)2GaCly (the GaCly-salt)
4. o’-(BEDT-TTF)2IBry (the o’-IBry salt)
5. (EDO-TTFBrj)2AsFg
6. (BMDT-TTF)3Cl04(1,2-dichloroethane) (the ClO4 salt)
7. (BMDT-TTF)3AsFg(1,1,2-trichloroethane) (the AsFg salt)

which will be referred to as the each anion’s name, if any confusion. The No. 5 and 7 are the
new salts whose crystal structures are summarized in § 3.4.1 and 3.6.1. The other crystal

structures are explained in § 1.8 with the reported results of several physical properties.
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Table 1.5: The resistivities and susceptibilities at room temperature for several charge trans-
fer salts.

p (Qcm)  x (1073 emu/mol)

a [-(BEDT-TTF)ICl, 20 0.96
b -(BEDT-TTF)3AuCl, 20 0.96
¢ (BEDT-TTF),GaCly 10 1.0

d o-(BEDT-TTF)sIBr, 0.4 1.0

e (EDO-TTFBrs)2AsFg 0.06 0.5

f  (BMDT-TTF)3ClO4DCE ¢ 260 1.3

g (BMDT-TTF)3AsF¢TCE b 15 1.3

h  o’-(BEDT-TTF)3AuBry [22] 200 0.92
i o’-(BEDT-TTF)2CuCly [22] 30 0.90
j a’-(BEDT-TTF)3Ag(CN)y [22] 30 0.93
k. o’-(BEDT-TTF)2Au(CN)2 0.3 0.85
[ (CITET-TTF)2Bry [23] 5 1.1

m  k-(BEDT-TTF),Cu[N(CN)2|Cl [24] 0.5 0.45
n k- (BEDT-TTF)2Cu|[N(CN)y|Br [25] 0.021 0.45
o Kk-(BEDT-TTF)3CuS(CN)y [18] 0.025 0.45
p o~ (BEDT-TTF)qI3 [26] 0.005 0.68
q ﬁ—(BEDT—TTF)gIg [26] 0.02 0.46
r  [-(BEDT-TTF)zAuly [27] 0.10 0.34
S (T )QCUCIQ [28] 0.4 0.1

t (BEDT-TTF)2ClO4TCE 5 [29] 0.04 0.42
u (BEDT-TTF):BF4TCEg 5 [ 0] 0.01 0.64
v (BEDT-TTF),BF,DBE 5 ¢ [30] 0.024 0.64
w (BEDT-TTF),BF4DCEq 5 [30] 0.04 0.53
z (BEDT-TTF)3(ClOy4)2 [29] 0.02 0.62
y (TMTSF),AsFg [21] 0.002 0.16
z  (TMTTF)2AsFg 0.2 0.65
A (BMDT-TTF)2Au(CN)2 [32] 0.003 0.40
B (BEDT-TTF)HgBr; 10000 0.10

“DCE; 1,2-dichloroethane.
*TCE; 1,1,2-trichloroethane.
‘DBE; 1,2-dibromoethane.
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1.8 Crystal structures and reported physical properties

We here introduce the crystal structures and the reported results of the physical prop-
erties of the charge transfer salts targeted in the present work, and in addition, the k-type
salts which are considered to be in the Mott insulating state. See § 3.4.1 and 3.6.1 for the
crystal structure of (EDO-TTFBry)2AsFg and (BMDT-TTF)3AsFg(1,1,2-trichloroethane),

respectively.

1.8.1 [-(BEDT-TTF),X (X=ICl,, AuCl,)

B-(BEDT-TTF)2X (X=ICly, AuClp) [21,33-35], which are located with marks a and
b around the top of the shaded region in Fig. 1.22, have the same structure as shown in
Fig. 1.23, where the b-axis is the stacking direction of dimerized molecules and the c-axis
corresponds with the side-by-side direction. The transfer integrals between donor molecules
are indicated in Fig. 1.23(c). Since the largest transfer integral ¢,; is more than 2 times
larger than the other transfer integrals, BEDT-TTF molecules are strongly dimerized by
face-to-face contact t; in the be-plane.

Figure 1.24 shows several reported results of the physical properties. The temperature
dependence of the resistivity [36] is shown in Fig. 1.24(a) with the room temperature con-
ductivity about 0.03 S/cm and an activation energy of 0.12 eV. The temperature dependence
of the susceptibility [36] is shown in Fig. 1.24(b) where there is no comment on the analysis.
Taking account of the ESR intensity and the line width shown in Fig. 1.24(c) and (d) [37],
respectively, the behavior of the susceptibility in the low temperature region implies the anti-
ferromagnetic ordering below ~ 20 K, however, the susceptibility is very small as a localized
spin system. Thus, we consider that much detailed studies of the magnetic properties are
needed to discuss the electronic states of Mott insulators systematically. The antiferromag-
netic resonance [38] has been studied as shown in Fig. 1.25 indicating the antiferromagnetic

transition in the low temperature region.

1.8.2 (BEDT-TTF),GaCl,

(BEDT-TTF)2GaCly [39] marked by c is located near the (’-salts in Fig. 1.22. Fig-
ures 1.26 and 1.27 show the crystal structures for (BEDT-TTF),GaCly. The crystal structure
consists of four crystallographically independent BEDT-TTF molecules (molecules A, B, C
and D), where the packing structure along the stacking direction shown in Fig. 1.26 indicates
the strong dimerization between A—B molecules and C—D molecules. Figure 1.27 shows the
stacking along the b-axis forming the dimerized A-B and C—D pairs through the intra-dimer
transfer integrals tint,a=tp3 and %7, respectively. The strength of the dimerization is ev-
idenced by the considerably large intra- to inter-dimer transfer integral ratio ty,3/t,3=5.3,
th1/tp1=2.8.
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The temperature dependence of the resistivity [39] is shown in Fig. 1.28(a) with the
room temperature conductivity of about 0.1 S/cm and an activation energy of 0.21 eV.
The temperature dependence of the susceptibility [39] is shown in Fig. 1.28(b) which was
measured on randomly oriented crystals using a Faraday balance below 0.9 T. The room
temperature susceptibility is ~ 8 x 10~% emu/mol and the temperature dependence indicates
an rise below 20 K. Figure 1.29 shows the result of the ESR measurement [39]. They insist

the antiferromagnetic transition at low temperatures.

1.8.3 «’-(BEDT-TTF),IBr,

a’-(BEDT-TTF)2IBrs [40,41] is located at the lower right place (d) in the Mott insulator
region (Fig. 1.22). The structure of this salt shown in Fig. 1.30 contains two independent
BEDT-TTF molecules (molecules A and B) coupled weakly through the largest transfer
integral (ty2), which are arranged on the ab-plane. The each A and B molecules forms
stacking structures along the a-axis as shown in Fig. 1.30, however the strongest transfer
integral 1,5 is not the necessarily featured by face-to-face inter-molecular contacts.

The temperature dependence of the resistivity [36] is shown in Fig. 1.31(a) with the
room temperature conductivity of 3 S/cm, an activation energy about 0.16 ¢V around room
temperature, and in addition, a large anomalous change at about 200 K. The temperature
dependence of the susceptibility [36] is shown in Fig 1.31(b) indicating a maximum around
60 K, which is consistent with the temperature dependence of the ESR intensity shown in

Fig. 1.32. They suggest an structural phase transition at 60 K.

1.8.4 (BMDT-TTF);Cl0,(1,2-dichloroethane)

The crystal structure of (BMDT-TTF)3Cl104(1,2-dichloroethane) [42,43] as a weak trimer
system is shown in Fig. 1.33 having two independent BMDT-TTF molecules, A and B. The
bond lengths of the donor molecules summarized in Table 1.6 imply the charge separation
between A and B molecules. The donor molecules form a two-dimensional sheet in the ac-
plane, and the anion and solvent molecules are sandwiched in every gallery of donor sheets
separate the molecular stacking layer along the b-axis. Figure 1.34 shows the packing of the
donor molecules in the ac-plane, where the largest transfer integral ¢.3 along the diagonal
side-by-side direction gives leaning trimer units. The ClOy4 salt is located at the right-side
edge of the Mott insulator region.

No physical property has been reported on this salt except the room temperature con-

ductivity of ca. 1 S/cm.

1.8.5 k-(BEDT-TTF),Cu(SCN),

The x-type salts are well investigated since they give the highest T to the superconduct-

ing state. The electronic state around room temperature is understood to be a Mott insulating
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state, and thus we introduce the physical properties of the k-(BEDT-TTF)2Cu(SCN)y for
the comparison with this work.

The crystal structure [46] of k-(BEDT-TTF)2Cu(SCN)y viewed along the molecular long
axis is shown in Fig. 1.35. The k-type salts have a crystallographic feature of the strongly
dimerized donors arranged two-dimensionally, which is contrast with the standard face-to-
face stacking structure shown in a large number of CT salts. The band structure [46] is
shown in Fig. 1.36. The strongly dimerization makes the band structure to be an effective
half-filled state, and the Fermi surface indicates the quasi two-dimensionality of this salt.

The temperature dependence of the resistivity along the b-axis [18,44] is shown in Fig. 1.37(b)
with the room temperature conductivity of about 14 S/cm. The resistivity is metallic down
to around 250 K with an upturn around 90 K, and after passing through the maximum at
90 K, the resistivity decreases rapidly. The superconductivity is observed with T¢=10.4 K
defined as the midpoint of the resistive transition. The temperature dependence of the sus-
ceptibility [18] is shown in Fig. 1.37(a) having almost the temperature-independent value of
~ 4.5 x 10~* emu/mol above the superconducting transition temperature. Figure 1.38 shows
the result of the ESR measurement [18,45], where the ESR line width is about 60 G with an

increasing trend as temperature is lowered.
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Figure 1.23: Crystal structure of 3’-(BEDT-TTF);X (X=ICly, AuCly). (a) View along the
c-axis. (b) View along the direction perpendicular the molecular layer. (c) View along the
molecular longest axis indicating the transfer integrals: t,1=27.2 (26.4), t,2=10.0 (10.0),
ty=6.6 (6.5), tq=—1.6 (-2.0) and te=1.6 (2.3)x 102 eV for the ICly (AuCl,) salt.
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Figure 1.24: Several physical properties of 5’-(BEDT-TTF)9ICly. (a) Temperature depen-
dence of the resistivity [36], (b) the susceptibility [36], (c) the ESR intensity [37], and (d) the
ESR line width [37].

Figure 1.25: Angular dependence of the antiferromagnetic resonance for 5’-(BEDT-TTF)o-
IClyaround (a) the a*-axis and (b) the b*-axis, respectively [38].
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Figure 1.26: View of (BEDT-TTF),GaCl, along the molecular stacking direction for (a) A
and B molecules, (b) B and C molecules, (c) C and D molecules, and (d) D and A molecules.

Figure 1.27: Crystal structure of (BEDT-TTF),GaCly from the view along the a-axis. There
are four crystallographically independent molecules A, B, C, and D. The transfer integrals are
th1=22.4, t12=3.69, t1,3=26.9, t1,4=3.55, t1=-0.80, t.2=2.86, t.3=2.63, t.4=-4.20, t,1=8.02,
tp2=1.96, t53=5.04, and t,4 = 4.71 x 1072 eV.
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Figure 1.30: Crystal structure of a’-(BEDT-TTF)2IBr; along the molecular longest axis. The
transfer integrals are t,1=4.02, t,9=0.78, t,3=2.30, t,y=1.11, t1,1=-7.72, t,2=9.04, t;,3=7.16,
and t,,=-5.79x1072 eV [41].
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Figure 1.31: (a) Temperature dependence of the resistivity and (b) temperature dependence
of the susceptibility for a’-(BEDT-TTF),IBrs [36].
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Table 1.6: Bond lengths (A) of the C=C double bond and the C-S single bond in the A and
B molecules for (BMDT-TTF)3Cl04(1,2-dichloroethane) [43].

A(+1) B(0) S S e s
a 141 1.35 b

b 173 176 < I >f< EI >
¢ 173 1.74 S S S S
d 136 132

Figure 1.34: Crystal structure of (BMDT-TTF)3ClO4(1,2-dichloroethane) along the b-axis
having two crystallographically independent molecules A and B. The transfer integrals [43]
are ta1=—6.22, tag=-5.52, tey=—11.2, tey=11.6, and t;3=14.1x 102 eV.
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Figure 1.35: Crystal structure of xk-(BEDT-TTF),Cu(SCN)g [18]. The values of the transfer
integrals are ty,1=25.7, t,,=10.5, t,=11.4, t,,=10.0, t;=-1.7, and t;=-2.9 x1072 eV.
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Figure 1.36: Band structure and Fermi surface of k-(BEDT-TTF);Cu(SCN)4 [46]. The band

width is estimated at W ~ 0.56 eV.
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Chapter 2

Experimental

2.1 Syntheses and characterization

To investigate the physical properties, single crystals having high quality and sufficiently
large size are needed. Several methods [47] for the growth of single crystals proposed: for
example, a slow cooling method, an diffusion method, and an evaporation method. We
applied an electrochemical method in organic solvent for the syntheses of charge transfer
salts. Figure 2.1 shows the apparatus for the electrochemical crystallization, where donor
(D; a few mg) and electrolyte (A; a few times larger than donor, ~10 mg) put in each leg
of the apparatus are dissolved in organic solvent (~15 mg). A small constant current (a few
pA) through two platinum electrodes induces the oxidation reaction; D — DT + e. Usually
several nucleus of the crystals are formed in a few days, and afterward crystals suitable for

experiments are grown in a few weeks.

2.1.1 Preparation of donor and electrolyte

Neutral BEDT-TTF and EDO-TTFBr, for syntheses of the single crystal were provided
by Saito Laboratory in Kyoto University and by Iyoda Laboratory in Tokyo Metropolitan
University, respectively. Neutral BMDT-TTF was purchased from Tokyo Chemical Industry
Co., (B1218).

An electrolyte working as an anion is required to have large solubility in organic solvents.
Therefore, we used the complex salt consisting of the anion and a cation of (n-C4Hg),NT
(tetra(buthyl)ammonium cation; TBA™) which has four good oleophilic groups, giving good
solubility.

TBA-ICly was stoichimetrically synthesized [48] from TBA-Cl (white powder) and ICI
(brown liquid) in acetic acid solvent at ice-cold temperature. The yellow colored powder
after recrystallization was obtained (yield 46 %, m.p. 63-65 C). TBA-IBry was synthesized
in the same way using TBA-Br and IBr (yield 63 %).

For the synthesis of TBA-AuCly, TBA-AuCly solved in absolute ethanol was reduced
by phenylhydrazinium chloride (PhNH-NH9,HCIl) at 40-50 ‘C, and after 1 hour the initially

45



current source |

TRn

glass filter 12cm

donor - electrolyte
1.5cm¢

Figure 2.1: Schematic view of the apparatus for an electrochemical method.

yellow solution had become slightly orange. With placed in refrigerator for 10 hours, white
crystal was obtained (yield 68 %, m.p. 79-81 C).

TBA-AsFg (white crystal) was obtained from the reaction between TBA-Br and KAsFg
in distilled water. The recrystallization was carried out using absolute methanol (yield 67 %,
m.p. 240-241 C).

2.1.2 Electrocrystallization

All the single crystals of our target salts were prepared electrochemically in the conditions
summarized in Table 2.1 and the typical sample sizes and the corresponding crystal axes were

summarized in Table 2.2.

2.1.3 Crystal structure and band calculation

The cell constants were checked by X-ray diffraction using a Rigaku AFC-7 automated
four-circle diffractometer with Mo-Ka radiation for all the compounds which were sum-
marized in Table 2.3. The crystal structures analyses of the structure were carried out
for (EDO-TTFBr3)2AsFg and (BMDT-TTF)3AsFg(1,1,2-trichloroethane) by direct methods
(SHELXS-86) and least-squares method (SHELXL-93).

The band structures were calculated using a tight-binding approximation with single
molecular orbitals (HOMO), which is estimated on the basis of an extended Hiickel method
(see § 1.6.3).
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Table 2.1: Synthetic conditions for the charge transfer salts of our target.

solvent donor electrolyte current voltage days
(mg) (mg) (nA) V)
B’-(BEDT-TTF),ICl* THF 9 158 0.5 0.5 14
B’-(BEDT-TTF),AuCl,®  THF 6 33 1 6 4
(BEDT-TTF)2GaCly® DCE 12 41 1 1 6
o’-(BEDT-TTF),IBry¢ THF 9 110 0.3 0.2 8
(EDO-TTFBrg)2AsFg TCE 4 32 1.5 6 4
MT;3ClO4DCE® DCE 2 100 0.25 0.3 4
MT3AsF¢TCE TCE 3.6 40 0.5 1.5 5
“Ref. [34].
"Refs. [21,35].
“Ref. [39].
“Ref. [49].
“Ref. [42].

Table 2.2: Typical size of the crystals and the corresponding directions.

size (mm?)

corresponding axes

3-(BEDT-TTF),ICl, 1.2x0.4%0.1
@-(BEDT-TTF)2AuCly  0.8x0.2x0.1
(BEDT-TTF),GaCly 0.8x0.1x0.05
«’-(BEDT-TTF),IBr, 1x0.8x0.01
(EDO-TTFBr;)2AsFg 3%0.4x0.1

MT;3C104,DCE 1x1(x ~0.005

MT3AsF¢TCE 1x1(x ~0.005

c, b*, a
c, b*, a
c, b*, a
a, b, c*
c, b*, a

ES
ES
ES

E3

) a,c, (b)very thin
) a,c, (b)very thin

Table 2.3: Cell constants. The space group is P1 for all the 2:1 salts, and Pnma for the

3:1 salts, respectively.

a(d) b(A) cA) o) B(C) () VA Z
B’-(BEDT-TTF),IClp* 12937  9.778 6.636 98.59 100.98 8&7.19 814.6 1
ﬁ’—(BEDT—TTF)gAuClgb 12.766  9.763  6.640 99.47 100.58 86.4 801.2 1
(BEDT-TTF)2GaCly® 31.911 16.580 6.645 98.15 85.60 90.55 3470 4
a’—(BEDT—TTF)QIBer 8.905 12.031 16.403 85.16 88.66 70.86 1652 2
(EDO-TTFBrg)2AsFg 7.099 14.844 7.019 93.16 106.07 79.81 699.9 2
MT;3Cl104DCE*® 12,728 33.302 10.204 90 90 90 4325 4
MT3AsFgTCE 12.65  35.35 10.310 90 90 90 4609 4
“Ref. [33].
"Ref. [21].
‘Ref. [39].
“Ref. [40].
“Ref. [42].
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2.2 Measurements
2.2.1 Susceptibility and magnetization

The susceptibilities were measured using a SQUID magnetometer (Quantum Design,
MPMS-5) with the maximum magnetic field of 5.5 Tesla in the temperature ranging 1.7—
400 K. About 10 to 20 single crystals (several mg) were arranged in the same directions
using Apiezon N grease. An observed susceptibility is generally considered to be the sum-

mation of several contributions,

X0 = Xspin + Xdia + Ximpurity (21)

where xo is the net susceptibility obtained from the ratio of the magnetization and the
applied field, xspin is the spin susceptibility, xqia is the core diamagnetic contribution, and
Ximpurity 18 & fractional Curie-tail at low temperature coming from magnetic impurities. Thus,
the spin susceptibilities were obtained after the subtraction of the Pascal’s diamagnetic core
contribution (xgia), and if any, an S=1/2 Curie term associated with a trace of magnetic

impurities (Ximpurity) as summarized in Table 2.4.

2.2.2 ESR measurement

ESR measurements were carried out with a single crystal, using an X-band ESR spectrom-
eter (JEOL JES-TE200 having a microwave power of 0.1 pW-200 mW and the maximum
electromagnetic field of ~1300 mT) with a He cryostat (Oxford ESR910) in the temperature
range 4.2-300 K.

2.2.3 Resistivity

The resistivity measurements were carried out using a standard four terminal method.
Four gold wires of 25 u¢ were attached to a crystal as the electrical terminals with carbon
paste (DOTITE XC-12, Fujikura Kasei Inc.) or gold paste (Tokuriki Kagaku Inc.). For

Table 2.4: Core diamagnetic susceptibilities and Curie contribution of impurities. The 3’-
salts contained no detectable amount of magnetic impurities.

Xdia (X10~* emu/mol) Ximpurity (70)

3-(BEDT-TTF),ICl, ~4.99 -

3-(BEDT-TTF);AuCly -5.06 -

(BEDT-TTF),GaCly ~5.26 1.1
«’-(BEDT-TTF),IBr, -5.25 0.54
(EDO-TTFBry)2AsFs —4.99 0.4
MT;3C104,DCE —6.34 2.0
MT3AsFgTCE —7.17 1.6
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B’-(BEDT-TTF)3ICle, we measured the anisotropy of the resistivity on the be-plane by the

Montgomery method [50] to investigate the electric dimensionality of the 3’-salts.

2.2.4 Thermoelectric power

We briefly explain the experimental side of the thermoelectric power. Heating at one end
of a sample, the temperature difference (AT") between the hot and cold ends generates the
voltage difference (AV'). The thermoelectric power S is defined as the ratio between AV and
AT,

AV

§=3+ (2.2)

Figure 2.2 shows a measurement technique for the thermoelectric power, where the edge
of a sample is connected to two thermocouples consisting of two metals A and B with the
thermoelectric powers Sp and Sp, respectively. Here, the voltages Vo and Vg shown in

Fig. 2.2 are described as

Va = =SAAT + SAT and (2.3)
VB = —SBAT + SAT. (2.4)

Equations (2.2), (2.3), and (2.4) give the thermoelectric power of the sample:

Sa— SB

§=_2A"°B
Va—VB

Vs + Sg, (2.5)

which indicates that thermoelectric power of the sample is obtained from the measurements
of the two voltages.

Figure 2.3 shows the setup designed for the measurement of the thermoelectric power
using a sample with a size of below ~1 mm. Two pairs of 0.076 ¢mm chromel-constantan
thermocouples were used to detect the temperature and voltage difference, and a strain gauge
or 0.05 gmm manganin line (20-30 ) was utilized as a heater to make a temperature gradient.
The sample was connected to the two terminals of the thermocouples using carbon paste.
Figure 2.4 shows a typical heating curve for one measurement of the thermoelectric power
of a standard sample lead at a temperature, where there is a small offset voltage of about
0.5 pV. When the two-terminal resistivity of the sample is higher than ~10 k€2, this offset
voltage got too large to measure the thermoelectric power. Ordinary semiconductive samples
have large thermoelectric power, while the resistivity increases as temperature is lowered, and

thus the measurement of the thermoelectric power is difficult in the low temperature region.

2.2.5 Transport measurements under pressure

The resistivities under pressure were measured using a clamp-type cell made of CuBe

alloy, which was designed for the maximum pressure of ~10-15 kbar. Figure 2.5 shows the
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schematic cross section of the clamp-type cell and the apparatus for the resistivity measure-
ment with the four-terminal method. For the setting of the measurement, a pressure medium
of Daphne 7243 oil was filled in the Teflon jacket (5¢ x 30 mm) located in the center of the
cell, where a hydrostatic pressure was applied. The pressure was detected from the resistivity
of a manganin line (~ 100€2), which was set simultaneously and clamped at room temper-
ature. The pressure dependence of the resistivities was measured at room temperature and
then the temperature was changed under the several pressures of 1 bar (ambient pressure),
7.5 and 12 kbar for §’-(BEDT-TTF)9ICly, of 1 bar and 8.4 kbar for o’-(BEDT-TTF)3IBro,
of 1 bar and 9.0 kbar for (EDO-TTFBry)2AsFg, and of 1 bar, 3.5, 6.6, 9.6 and 11.4 kbar for
(BMDT-TTF)3AsFg(1,1,2-trichloroethane), respectively.

The measurement of the thermoelectric power under pressure is not so popular compared
with that of resistivity, because of the experimental difficulty to measure the temperature
difference between the two-terminal of a sample under pressure accurately. The pressure
dependence of the thermocouples or temperature dependence under pressure has not been
known yet. However, if the pressure dependence of the thermocouple is sufficiently smaller
than that of the sample, the sufficiently quantitative experiments is possible. Fortunately,
our semiconductive target compounds are expected to have a large thermoelectric power, and
moreover the organic molecular compounds are highly sensitive compared with the thermo-
couples made of inorganic metals. We confirmed the reliability of the experimental data by
means of measuring the thermoelectric power of lead under pressure since lead is generally
utilized for the calibration of thermocouples. The detected difference in the thermoelectric
power between under helium gas atmosphere of 20 Torr and pressure medium of 8 kbar was
only below ~1 pV /K. Therefore, we could measure the thermoelectric power under pressure
when the absolute value of the thermoelectric power was sufficiently larger than 1 pV/K.
We measured the pressure dependence of the thermoelectric power at room temperature,
and afterward carried out the measurement of the temperature dependence for 5’-(BEDT-
TTF)2ICl; at 4 kbar and (BMDT-TTF)3AsFg(1,1,2-trichloroethane) at 9 kbar.

} thermocouple

Figure 2.2: A setup for the thermoelectric power measurement. Two pairs of lines A and B
are the thermocouples.
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Figure 2.3: Apparatus for the thermoelectric power. The thermocouples settled in the center
of the sample stage go through the space between the two Cu plates working as thermal

anchor. The sample is attached to the two terminals of the thermocouples using carbon

paste.

* @® cooling
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Figure 2.4: Typical heating-cooling curve for the thermoelectric power of lead (standard
sample) at 292 K under helium atmosphere of 20 Torr. AV is the voltage between two

terminals of thermocouples through the sample.
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Figure 2.6: Schematic view of the apparatus for the thermoelectric power measurement under

pressure (right side).
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Chapter 3

Results

We here explain the results of the band calculation, magnetic susceptibility, ESR, resistivity,
and thermoelectric power for each salt. The band calculation of (BMDT-TTF)3Cl04(1,2-

dichloroethane) is not carried out since this salt indicates the charge disproportionation.

3.1 3-(BEDT-TTF),X (X=ICl,, AuCl)
3.1.1 Band calculation

We carried out a band calculation for 5’-(BEDT-TTF)2ICly to check the reported re-
sult [33]. The band structure is shown in Fig. 3.1. Our result is the same with the reported
one [33] and that of 5’-(BEDT-TTF)2AuCly [21] shown in Fig. 1.20. Strong dimerization
of these salts gives the band split in the electronic structure, and the band width of the
upper band having the Fermi surface is about 0.28 eV. The Fermi surface indicates the

one-dimensional electronic state along the b*-axis.

3.1.2 Susceptibility

The temperature dependence of the susceptibilities [52, 53] is shown in Figs. 3.2 and 3.3
for the ICly and AuCly salts, respectively. The susceptibilities, whose room temperature
values are 0.96 x 1073 emu/mol, have a broad maximum at Tmax ~ 100 K for both salts,
which are characteristic of short-range order of a low-dimensional antiferromagnet. There
is no observable difference in the data above T,,x between the two salts, and the fitting
to the Curie-Weiss law above 250 K gives a Weiss constant of ©=-140+20 K and a Curie
constant of C=0.424+0.02 emu/mol K corresponding to the Bohr magneton of p=1.834+0.05
per formula unit for both salts, while p=1.737-1.740 is expected for an S=1/2 spin with the
observed g-value g=2.006-2.009 (see § 3.1.3). The present results of the susceptibility for the
ICl; salt are qualitatively consistent with the previous reports [34,36], although the absolute
values are not in good quantitative agreement with each other. The data of Ref. [34] are

supposed to contain a large error in the absolute value because of the estimation carried out
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using ESR measurement, while those of Ref. [36] are not treated with the correction of the
core diamagnetic susceptibility.

The susceptibilities show discontinuous changes at Néel temperature Tx=22 K and 28 K
for the ICly and AuCly salts, respectively, indicating the onsets of three-dimensional long-
range orderings. From the appearance of anisotropy in the susceptibilities below Ty, we
obtain information on the spin easy-axis in the antiferromagnetic ordered state. The sus-
ceptibility in the field parallel to the c-axis approaches zero as the temperature decreases,
suggesting that the easy-axis is oriented to the c-axis. The magnetizations of the two salts
at 2 K are shown in Fig. 3.4. In the magnetization curves, spin flop transitions are observed
at Hy=11 kOe for both salts when the external field is applied parallel to the c-axis, in good

agreement with the anisotropy in the susceptibilities.

3.1.3 ESR

The ESR line shape is a Lorentzian-type for the ICly salt. The g-values at room tem-
perature are estimated at 2.009, 2.007, and 2.006 in the field parallel to the a*-, b*-, and
c-axes, respectively. The temperature dependence of the line width shown in Fig.3.5 for the
ICly salt is consistent with the previous reports [34,37]. The line width becomes narrow as
the temperature decreases accompanied with an upturn below 30 K which becomes divergent
as the temperature approaches Tn=22 K. The g-value is shifted in the critical temperature
region between Tx and ~30 K as shown in Fig. 3.6, which is consistent with the anisotropy of
the susceptibility below Ty, that is, the field parallel or perpendicular to the easy-axis gives
the reduction or increases of the g-value, respectively. We suggest that this g-shift reflects

the short-range ordering effect in low-dimensional antiferromagnetic systems.

3.1.4 Resistivity

The temperature dependence of the resistivity for the ICly salt is shown in Fig. 3.7.
The resistivity, whose room temperature value is ~20 (2cm, increases exponentially as tem-
perature decreases, which is well explained as a semiconductor having an activation energy
of 0.10+0.01 eV. In this salt, the crystal growth direction does not correspond with the
direction of the strongest inter-molecular interaction expected from the crystal structure.
Thus, for characterizing the dimensionality of this salt, the ratio of the resistivity along the
b*-axis to that along the c-axis (longest crystal-growing direction) is measured using the
Montgomery method [45], which is estimated at pp./p. ~ 0.8 independent of temperature.
This small anisotropy between the b*- and c-axes indicates the two-dimensionality in the
inter-molecular network on the be-plane.

The pressure dependence of the resistivity at room temperature up to 12 kbar is shown
in Fig. 3.8, where the resistivity monotonously decreases down to ~5 Q2cm at 12 kbar with a

pressure increase. The temperature dependence of the resistivities measured at pressures of
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7.5 and 12 kbar is shown in Fig. 3.7. It suggests semiconductivity even at 12 kbar with an
activation energy E,~0.07 eV (above 100 K).

3.1.5 Thermoelectric power

The temperature dependence of the thermoelectric power for the ICls salt at ambient
pressure (1 bar) is shown in Fig. 3.9(a). The large positive thermoelectric power with the
room temperature value of ~+400 pV/K reflects the dominant role of hole-type carriers
in the semiconducting state. The thermoelectric power below ~250 K could not be mea-
sured experimentally because of the high resistance ~10 k{2 between the two-terminals of
the sample. The 1/T behavior shown in Fig. 3.9(a) is considered to reflect semiconductivity.
Figure 3.9(b) shows the pressure dependence of the thermoelectric power at room tempera-
ture, which reveals a decrease down to ~300 ¢V /K as the pressure is elevated up to 6 kbar.
In the temperature dependence under a pressure of 4 kbar, there is no large difference form
the data at 1 bar.

DY
I ¢

Figure 3.1: The band structure and the Fermi surface for 4’-(BEDT-TTF)3ICly. The strong
dimerization makes the band split into two sub-bands resulting the effective half-filled elec-
tronic state. The band width of the upper band having the Fermi surface is about 0.28 eV.
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Figure 3.2: Temperature dependence of the susceptibility for §’-(BEDT-TTF),ICly. (a)The
solid curve denotes the fitting to the S=1/2 two-dimensional square-lattice Heisenberg anti-

ferromagnet model with J=-59 K. (b)Details at low temperatures with the Néel temperature
of 22 K.
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(a)The solid curve denotes the fitting to the S=1/2 two-dimensional square-lattice Heisen-
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Figure 3.4: Magnetization curves at 2 K of the #’-(BEDT-TTF),X where (a) X=ICly and
(b) X=AuCly.
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Figure 3.6: Temperature dependence of the g-values for 3’-(BEDT-TTF)3ICly.
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Figure 3.8: Pressure dependence of the resistivities for 5’-(BEDT-TTF)ICly at room tem-
perature.
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3.2 (BEDT-TTF),GaCl,
3.2.1 Band calculation

The band structure and the Fermi surface is shown in Fig. 3.10. There are four bands
corresponding to the four donor molecules in a unit cell. The donor molecules strongly
dimerized make the band structure to be the effective half-filled electronic state. The band
width of the upper band is about 0.30 eV. The Fermi surface shows a two-dimensional feature

in the be-plane.

3.2.2 Susceptibility

The susceptibility in the field parallel to the c-axis is shown in Fig. 3.11. The fitting
to the Curie-Weiss law gives a Weiss constant of ©=-110 K+20 K and a Curie constant
of C=0.40£0.02 emu/mol K (corresponding to the magnetic moment of 1.794+0.05 pp per
formula unit) above 200 K. The susceptibility shows a broad maximum around 90 K, and
then below about 60 K, it approaches zero as T' — 0, which is contradictory to the reported
result [39] where it is extrapolated to a finite value (~ 4 x 10~% emu/mol) at 0 K. The presence
of magnetic impurities might be considered to mislead to the wrong result in the previous
report. No spin flop transition is observed in the magnetization at 2 K up to 55 kOe. Thus,

the magnetic system is suggested to be stabilized in a spin-singlet state at T=0 K.

3.2.3 Resistivity and thermoelectric power

The temperature dependence of the resistivity shown in Fig. 3.12 is semiconductive with
the resistivity at room temperature of ~10 Q2cm. The activation energy is 0.194+0.01 eV,
which is consistent with the reported result (0.2 eV) [39]. Figure 3.13 shows the pressure
dependence of the resistivity at room temperature. The resistivity decreases down to 3 2cm
at 10 kbar as pressure is elevated. Figure 3.14(a) shows the temperature dependence of the
thermoelectric power. The room temperature value of about 100 pV/K, which is in the

similar order to 3’-(BEDT-TTF)2ICly, increases as the temperature decreases.
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Figure 3.10: The band structure and the Fermi surface for (BEDT-TTF)2GaCly. There are
four bands corresponding the four donor moelcules in a unit cell, which are strongly dimerized.
This dimerization makes the band structure to be split (effective half-filled electronic state).
The band width of the upper band is about 0.30 eV.
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Figure 3.11: Temperature dependence of the susceptibility for (BEDT-TTF),GaCly. The
solid curve denotes the fitting to the S=1/2 one-dimensional Heisenberg antiferromagnet
model with J=-70 K.

63



T T T

3_ _

2_ -
g‘ L

g |
¢ 1

g of 1

1k i

-2 -

L | 1 | 1
0 2 4 6

1000/T (1/K)

Figure 3.12: Temperature dependence of the resistivity for (BEDT-TTF),GaCly. Solid line
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Figure 3.13: Pressure dependence of the resistivity for (BEDT-TTF)2GaClsy at room tem-
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Figure 3.14: Temperature dependence of the thermoelectric power for (BEDT-TTF),GaCly.

64



3.3 o’-(BEDT-TTF),IBr,
3.3.1 Band calculation

The band structure calculated using the data of the reported crystal structure [51] is
shown in Fig. 3.15. The band structure is the 3/4-filled state reflecting the weak dimerization
of this salt. In contrast with §’-(BEDT-TTF)3ICly and (BEDT-TTF),GaCly, this band
structure is featured without the splitting between the upper and lower bands, giving a large
band width of about 0.6 eV. The semimetallic Fermi surfaces show the existence of two kinds

of carriers.

3.3.2 Susceptibility

Figure 3.16 shows the temperature dependence of the susceptibility in the field perpen-
dicular to the c*-axis. The fitting of the susceptibility to the Curie-Weiss law above 150 K
shown in the inset of Fig. 3.16 gives a Weiss constant of @=-404+15 K and a Curie con-
stant of C=0.32£0.02 emu/mol K corresponding to 1.60+£0.05 pup per formula unit. It has a
broad maximum around 60 K and goes to zero independent of the field direction (H//c* or
H 1 c¢*). Inconsistency in the absolute value of the susceptibility compared with the previous
report [36] comes from the same reason for the ’-salt. The magnetization at 2 K does not
show any spin flop transition up to 55 kOe. Thus, the magnetic ground state is suggested to

be a singlet state.

3.3.3 Resistivity

The resistivity of o’-(BEDT-TTF)2IBrp at 1 bar is shown in Fig. 3.17. The resistivity
is about 0.5 Qcm at room temperature and indicates a phase transition around 200 K as
reported in ref. [36], where E,=0.20+0.04 eV above 210 K and 0.2240.04 eV below 190 K,
respectively. The pressure dependence of the resistivity is shown in Fig. 3.18. The resistivity
is reduced down to ~0.07 Qcm at 10 kbar as the pressure increases. The temperature
dependence of the resistivities under pressure were measured at 8.4 kbar and 12 kbar as
shown in Fig. 3.17. The phase transition temperature of ~200 K at ambient pressure is
lowered down to ~110 K at 8.4 kbar, and moreover we see the region with a low activation
energy of ~0.024 eV above ~200 K at 12 kbar.

3.3.4 Thermoelectric power

The temperature dependence of the thermoelectric power is shown in Fig. 3.19. In con-
trast with the 3’-(BEDT-TTF),ICly; and (BEDT-TTF)2GaCly, the thermoelectric power has
a small positive value of about 25 V/K at room temperature, and in addition, it shows a

change in its sign from positive to negative around 270 K indicating the change of the domi-
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nant carriers from holes to electrons. There is a kink at ~220 K which corresponds with the

resistivity anomaly. Below the kink, the thermoelectric power has an increasing trend.

b*p

\/
g I
4

Figure 3.15: Band structure and Fermi surface for a’-(BEDT-TTF)2IBrs. The band structure
indicates a 3/4-filled state having electron and hole carriers. The band width is about 0.6 eV.
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Figure 3.16: Temperature dependence of the susceptibility for o’-(BEDT-TTF)2IBry. The
solid curve denotes the fitting to the S=1/2 one-dimensional alternating chain Heisenberg
antiferromagnet model with J=-56 K and J'=-23 K. The inset shows the reciprocal suscep-

tibility plot with a fitting to the Curie-Weiss law above 150 K.
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Figure 3.17: Temperature dependence of the resistivities for a’-(BEDT-TTF),IBrs under
1 bar, 9 kbar, and 12 kbar. The solid and dotted lines are Arrhenius fittings above 210 K
with the activation energy of F,~0.20 eV and below 190 K with F,~0.22 eV, respectively.
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Figure 3.18: Pressure dependence of the resistivity for a’-(BEDT-TTF)2IBry at room tem-
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Figure 3.19: Temperature dependence of the thermoelectric power for o’-(BEDT-TTF)2IBr,.
A kink around 220 K corresponds to the transition observed in the resistivity.
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3.4 (EDO-TTFBI'Q)QASFG

3.4.1 Crystal structure and band calculation

The analysis of X-ray diffraction data with 2554 reflections results in the final R factor
R=0.035. The crystal structure, where the composition was given to be (EDO-TTFBrz)»-
AsFg, was found to be triclinic P1(Z=2). The crystallographic data and the atomic coor-
dinates with thermal parameters are summarized in Tables 3.1 and 3.2, respectively. The
crystal structure is shown in Fig. 3.20. A head-to-tail arrangement of asymmetric donor
molecules is formed in the direction of face-to-face molecular contacts along the c-axis, where
the shortest inter-molecular S-S atomic contact 3.661 A is almost the same with the corre-
sponding van der Waals distance 3.60 A. In the side-by-side direction along the a-axis as
shown in Figs. 3.20(b) and (c), there are inter-molecular S-S and S-O contacts 3.775 A and
3.640 A, respectively, which are longer than the van der Waals distances (3.60 A and 3.32 A
for S-S and S-O contacts, respectively). Thus, the crystal structure is characterized with
a quasi two-dimensional donor structure consisting of the two-dimensional arrangement of
one-dimensional chains along the c-axis, where the presence of anion sheets in the galleries
makes the two-dimensional layers separated from each other.

The transfer integral network in the donor sheet in the ac-plane is shown in Fig. 3.21.
The transfer integrals ¢.; and t.o along the face-to-face direction are more than 5 times
larger than those in the side-by-side directions, suggesting a one-dimensional feature in the
electronic structure. In the one-dimensional chain, there is an alternation in the strengths
of the transfer integrals which is described in terms of dimerization in other words. The
band structure is shown in Fig. 3.21(b), where the Fermi level is located around the mid-
point of the upper band according to the 2:1 donor-to-anion ratio, and the presence of a

one-dimensional Fermi surface along the c¢*-axis is consistent with the crystal structure.

3.4.2 Susceptibility

Figure 3.22 shows the temperature dependence of the susceptibility under a magnetic field
of 10 kOe. The susceptibility, whose room temperature value is about 5.54-0.5x 10~* emu/mol,
is gradually reduced as the temperature is lowered down to about 35 K, at which an anomaly
appears. It should be noted that the anomaly is obviously observed in the susceptibility
which has been obtained by subtracting a Curie-type impurity contribution from the exper-
imental result. We carried out the anisotropy measurement of the susceptibility for the field
parallel and perpendicular to the c-axis, which gave almost the same behavior even below
35 K. The crystal arrangement with distinction between the a- and b-axes could not be car-
ried out because of the sharp needle-type crystal shape. This makes difficult the anisotropy
measurement between the a- and b-axes. The magnetization curves at 2 K did not show any

spin flop transition up to 55 kOe both in the field parallel and perpendicular to the c-axis,
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whereas a magnetic impurity has a largely contribution in the magnetization curve.

3.4.3 ESR

The ESR line shape is a Lorentzian-type with the peak-to-peak line width of about 20 Oe
at room temperature. The angular dependence of the line width around a*-axis is shown
in Fig. 3.23. The line width with an ordinary trigonometric functional dependence has a
minimum in the field parallel to the c-axis. The temperature dependence of the line width
is shown in Fig. 3.24(a). It becomes narrow as the temperature is lowered down to 45 K,
followed by an upturn below 45 K which diverges at 37 K. The ESR signal intensity obeys the
temperature dependence of the susceptibility in the high temperature range down to 45 K.
It gets small below about 40 K and vanishes below 37 K with the g-value shift as shown in
Fig. 3.24(b).

3.4.4 Resistivity

The temperature dependence of the resistivity shown in Fig. 3.25 is semiconductive with
a room temperature resistivity of about 0.06 {2cm and an activation energy of 0.134+0.01 eV.
The pressure dependence of the resistivity at room temperature is shown in Fig. 3.26. The
resistivity decreases monotonously as the pressure increases. The temperature dependence of
the resistivity under pressure is also semiconductive even at 9 kbar with an activation energy
E, of 0.094 £ 0.01 eV as shown in Fig. 3.25.

3.4.5 Thermoelectric power

The thermoelectric power shown in Fig. 3.27 has a 1/T temperature dependence with
the room temperature value of about +60 ¢V /K. This indicates the dominance of hole-type

carriers behaving semiconductively.
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Table 3.1: Crystallographic data of (EDO-TTFBry)2AsFs.

space group P1
formula (CgH4S4OQBI‘2)2ASF6
crystal system triclinic
a (A) 7.099(5)
b (A) 14.844(4)
c (A) 7.019(3)
a (°) 93.16(4)
B (°) 106.07(0)
v (°) 79.81(8)
V (A%) 699.9

Z 2
observed reflections 2554

R 0.035

Table 3.2: Atomic parameters of (EDO-TTFBrz)2AsFg.

atom Yy z Usq (A?)
S1 0.62046(15) 0.31489(7) 0.7416(2)  0.0351(2)
S2  0.19761(14) 0.40244(7) 0.6432(2)  0.0350(2)
S3 0.74203(14) 0.52008(7) 0.8199(2)  0.0335(2)
S4 0.31504(14) 0.59787(7) 0.7101(2)  0.0363(2)
Cl  0.4474(6)  0.4150(3) 0.7135(6)  0.0306(8)
02  0.4974(5)  0.5001(3)  0.7444(6)  0.0295(7)
O3 0.4411(6)  0.2440(3)  0.6776(6)  0.0363(9)
C4  0.2496(6)  0.2839(3)  0.6340(6)  0.0343(8)
C5  0.6759(6)  0.6389(3)  0.8266(6)  0.0313(8)
C6  0.4828(6)  0.6737(3) 0.7775(6)  0.0317(8)
cr 0.3447(11)  0.1047(4)  0.6859(15) 0.086(2)
C8  0.1529(10)  0.1434(4)  0.5607(12) 0.068(2)
Ol  0.5045(5)  0.1540(2) 0.6787(6)  0.0508(8)
02  0.0927(5)  0.2399(2) 0.5857(5)  0.0450(7)
Brl  0.88162(7) 0.70664(3) 0.90497(7) 0.04198(13)
Br2  0.37195(7)  0.79700(3) 0.77951(7) 0.04556(14)
As 0.0000 0.0000 0.0000 0.0418(2)
F1  0.0539(6)  -0.1129(2) 0.0610(6)  0.0738(10)
F2  -0.0938(8)  0.0265(3) 0.1981(7)  0.104(2)
F3  0.2270(6)  0.0180(3)  0.1349(8)  0.108(2)

71



Figure 3.20: Crystal structure of (EDO-TTFBry)2AsFg. Dotted lines are the nearest inter-
molecular S-S distances and double arrows indicate the molecular pairs connected by transfer
integrals a, cl, c2, p, and q (see Fig. 3.21). (a) The view of the donor stacking structure
projected on the be-plane. (b) and (c) The views along the side-by-side direction. The
numbers indicate the inter-molecular atomic distances (A).



e P _Ci., aA'
Ny tcl Q"VO
(b) Z ¢
EF\\\_’/// \\/ Y <
N LA =1
NS

r ¢ XA ' YZ

Figure 3.21: (a) Schematic view of the crystal structure of (EDO-TTFBry)2AsFg in the
ac-plane. The inter-molecular transfer integrals are as follows; t.1=27.5, t.o=20.8, t,=3.85,
tp=1.24, and 1501:72.44><10_2 eV. (b) Band structure and Fermi surface. The upper band
width is estimated at about 0.52 eV.
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Figure 3.22: Temperature dependence of the susceptibility measured at H=10 kOe for (EDO-
TTFBry)2AsFg with an error bar of about £0.5x 104 emu/mol. The solid curve is the fitting
result for the S=1/2 one-dimensional Heisenberg antiferromagnet model with J=-190 K.
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Figure 3.23: Angular dependence of (a) the g-value and (b) the ESR line width around the
a*-axis for (EDO-TTFBrg),AsFg at room temperature. The crystal axes was refined from
the g-value. The solid curves are splines for a cosine function with 27 period.
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Figure 3.25: Temperature dependence of the resistivity for (EDO-TTFBrz)2AsFs. The solid
lines are the Arrhenius fittings with the activation energies of 0.13 eV and 0.09 eV at ambient
pressure and 9 kbar, respectively. The inset plots activation energies vs pressure.
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Figure 3.26: Pressure dependence of the resistivity for (EDO-TTFBrg),AsFg at room tem-
perature.
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Figure 3.27: Temperature dependence of the thermoelectric power for (EDO-TTFBrs)2AsF.
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3.5 (BMDT-TTF)35Cl04(1,2-dichloroethane)
3.5.1 Susceptibility

The temperature dependence of the susceptibility is shown in Fig. 3.28. The recipro-
cal susceptibility shown in the inset of Fig. 3.28 obeys the Curie-Weiss law with a Weiss
constant of ©=-50+£10 K and a Curie constant of C=0.43+£0.02 emu/mol K corresponding
to 1.854+0.05 up per formula unit above 150 K. In much lower temperature range, a broad
maximum emerges around 40 K suggesting the behavior of short-range ordering. No antifer-
romagnetic transition is observed both in the temperature dependence of the susceptibility

and in the magnetization up to 50 kOe at 2 K.

3.5.2 ESR

The ESR signal shows a Lorentzian-type line shape with the line width of about 8 Oe
(H//c) at room temperature. The g-values at room temperature are estimated at 2.004,
2.014, and 2.005, in the field parallel to the a-, b-, and c-axes, respectively. The temperature
dependences of the line width and g-value are shown in Fig. 3.29. The line width decreases
moderately in the high temperature range above 50 K as the temperature is lowered, and
then, it shows a steep decrease below ca. 50 K which is followed by an upturn appearing
below 10 K.

3.5.3 Resistivity and thermoelectric power

The temperature dependence of the resistivity is shown in Fig. 3.30 (open circle). The
resistivity behaves semiconductively with the room temperature resistivity of ~260 Qcm
and an activation energy of 0.144+0.04 eV above 250 K, which slightly decreases down to
0.0940.02 eV below ~250 K. The pressure dependence of the resistivity at room temperature
is shown in Fig. 3.31. It gradually decreases as the pressure is elevated. The temperature
dependence at 9.6 kbar was plotted in Fig. 3.30 (closed circles) with an Arrhenius fitting curve
of an activation energy of ~0.20+0.04 eV above 230 K. A gentle kink around 230-250 K at
9.6 kbar indicates the small pressure-dependence.

The thermoelectric power at room temperature is about +20+10 ¢V /K. The temperature

dependence could not be measured due to the high resistance of this salt.
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Figure 3.28: Temperature dependence of the susceptibility for (BMDT-TTF)3Cl04(1,2-
dichloroethane). The solid curve is the fitting for the one-dimensional Heisenberg antifer-
romagnet model with J=-37 K. Inset figure shows the reciprocal susceptibility fitted us-
ing the Curie-Weiss law with a Weiss constant of ©=-504+10 K and a Curie constant of
(C'=0.434+0.02 emu/mol K above 150 K.
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Figure 3.29: Temperature dependence of (a) the ESR line width and (b) g-value in the
applied field perpendicular to the b-axis for (BMDT-TTF)3Cl04(1,2-dichloroethane).
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Figure 3.30: Temperature dependence of the resistivity for (BMDT-TTF)3Cl04(1,2-dichloro-
ethane). The Arrhenius fittings for the data at ambient pressure give the activation energies
of ~0.14 eV above 250 K (dashed line) and ~ 0.09 eV below 250 K (solid line). The activation
energy at 9.6 kbar around room temperature is ~0.20 eV (dotted line).
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Figure 3.31: Pressure dependence of the resistivity at room temperature for (BMDT-TTF)3-
ClO4(1,2-dichloroethane).
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3.6 (BMDT-TTF);AsFg(1,1,2-trichloroethane)
3.6.1 Crystal structure and band calculation

The crystal structure of (BMDT-TTF)3AsFg(1,1,2-trichloroethane) is shown in Fig. 3.32.
It was found to be isostructural to that of (BMDT-TTF)3ClO4(1,2-dichloroethane) [42] from
the analysis of the crystallographic data summarized in Table 3.3. The final R-value was 0.090
on the basis of 1113 independent reflections with the final atomic coordinates summarized in
Table 3.4.

Table 3.5 shows the bond lengths of BMDT-TTF molecules in this salt and the ClO4 salt.
There coexist two independent BMDT-TTF molecules A and B having almost the same bond
lengths, indicating no appreciable difference between A and B molecules which suggests the
presence of negligible charge disproportionation between A and B if any. This is in contrast
with the isostructural ClO4 salt that has an appreciable charge disproportionation between
A and B molecules. The transfer integrals between donor molecules and the energy band
structures at room temperature were calculated on the basis of the tight-binding method
with the extended Hiickel scheme. The band structure and the Fermi surface are shown
in Fig. 3.33. The electronic structure is described in terms of the 5/6-filled band with the
coexistence of a one-dimensional Fermi surface along the c-axis and a two-dimensional Fermi

surface on the ac-plane.

3.6.2 Susceptibility

The temperature dependence of the susceptibility is shown in Fig. 3.34. The susceptibility
has almost the same value (~1.2x10~3 emu/mol at room temperature) with that of (BMDT-
TTF)3Cl04(1,2-dichloroethane). The inset of Fig. 3.34 shows the reciprocal susceptibility
plot with a Curie-Weiss fitting giving the Weiss constant ©=-15+3 K and a Curie constant
of C=0.40£0.02 emu/mol K corresponding to 1.79+0.05 ug above 150 K. Meanwhile, the
data show a change in both a Weiss constant and the Curie constant around 150-200 K. To
indicate this anomaly more clearly, the 1/x7 vs 1/T plot is exhibited in Fig. 3.35. The fitting
of the data to the Curie-Weiss law between 50-150 K (solid line) gives a Weiss constant of
©=-23£1 K and C'=0.42£0.01 emu/mol K (1.83+£0.02 ug).

3.6.3 ESR

The ESR signal has a Lorentzian-type line shape with a line width of about 8-10 Oe
at room temperature that is almost the same to that for the ClO4 salt. The temperature
dependence of the line widths is shown in Fig. 3.36. The line width has a steep decrease with
an inflection point around 150 K in the line width vs temperature plot at high temperatures
with the lowering of the temperature. Below ~5 K, the line width indicates a fractional

upturn. The ESR g-values at room temperature are estimated at 2.003, 2.014, and 2.005, in
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the field parallel to the a-, b-, and c-axes, respectively, which have almost no temperature

dependence as shown in Fig. 3.37.

3.6.4 Resistivitiy

The temperature dependence of the resistivity at 1 bar and 11.4 kbar is shown in Fig. 3.38.
An activation energy is estimated at 0.14+0.02 eV in the high temperature range above
the transition with a hysteresis in the wide temperature range between 220 and 290 K.
The hysteretic behavior of the AsFg salt is largely dependent on samples. The pressure
dependence of the resistivity at room temperature is shown in Fig. 3.40. The resistivity
decreases steeply as the pressure is elevated in the pressure range up to 7 kbar at which
it becomes more than two orders of magnitude smaller than that at ambient pressure. The
temperature dependence of the resistivity under pressure up to 11.4 kbar is shown in Fig. 3.39.
The temperature dependence is characterized by the following two features. The hysteretic
region shifts to lower temperature under higher pressure and then the hysteresis disappears
at 11.4 kbar as shown in Fig. 3.39. The temperature range with a small activation energy
appears under high pressures. This trend becomes most obvious at 11.4 kbar where the
activation energy is estimated at ~0.007 eV above 200 K. In particular, the resistivity at
11.4 kbar increases to the order of 100 2cm at 160 K from ~0.5 2cm at 180 K discontinuously,

suggesting that the transition is modified to a metal-insulator phase transition around 160 K.

3.6.5 Thermoelectric power

The thermoelectric power is shown in Fig. 3.41. It has a positive value of about 67 pV/K
which is independent of temperature above 290 K, whereas it has large sample dependence
below this temperature. It gradually decreases to about —100 ¢V /K from 290 K to 200 K
in several samples. Additionally, other samples show almost temperature-independent ther-
moelectric power in the same temperature region as well as the region above 290 K. The
temperature-dependent region on the thermoelectric power corresponds to the phase transi-
tion characterized with the wide hysteresis of the resistivity as shown in Fig. 3.39.

Figure 3.42 shows the pressure dependence of the thermoelectric power at room tempera-
ture. The room temperature value of ~67 ©V/K decreases down to 60 ¢V /K as the pressure
increases up to ~7 kbar, and it becomes almost constant above 7 kbar. The trend in the
thermoelectric power vs pressure curve has the similar to the resistivity vs pressure plot
(Fig. 3.40). The temperature dependence of the thermoelectric power at 9 kbar is shown in
Fig. 3.43. The thermoelectric power at 9 kbar gradually decreases as temperature is lowered,

in contrast with the temperature-independent behavior at ambient pressure.
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Table 3.3: Crystallographic data of (BMDT-TTF)3AsFg(1,1,2-trichloroethane).

Chemical formula
Crystal system
Space group

a /A

b/A

c/ A

a/°

B/°

v/°

V /A3

Z

observed reflections (|Fp| > 40 (Fp))

R

(CgH4Sg)3ASF6(CQH3013)
orthorhombic

Pnma
12.65(3)
35.35(2)
10.310(4)
90

90

90
4609(10)
4

1113
0.090

-
 F

Figure 3.32: Crystal structure of (BMDT-TTF)3AsFg(1,1,2-trichloroethane) along the b-axis.

82

c



Table 3.4: Atomic parameters of (BMDT-TTF)3AsFg(1,1,2-trichloroethane).

Atom = Y z U (iso)
ST 02849(9) 0.5219(2) -0.1261(9) 0.033(1)
S2 0.3974(9) 0.5094(3) 0.124(1)  0.035(1)
S3 0.2196(9) 0.4331(3) -0.130(1)  0.032(1)
S4  0.3289(9) 0.4225(3) 0.122(1)  0.038(1)
S5 0.3603(9) 0.6041(3) -0.129(1)  0.040(1)
S6  0.4666(9) 0.5922(3) 0.127(1)  0.040(1)
S7 0.166(1)  0.3483(3) -0.141(1)  0.052(2)
S8 0.285(1)  0.3372(3) 0.108(1)  0.056(2)
Cl  0.323(3)  0.4901(9) -0.003(3)  0.028(4)
C2  0.208(3)  0.4536(9) -0.002(3)  0.020(4)
€3 0.3496(3) 0.5597(9) -0.058(4)  0.024(4)
C4  0.397(3)  0.5548(9) 0.058(4)  0.029(4)
C5  0.223(3)  0.3862(9) -0.066(4)  0.030(4)
C6  0.278(3)  0.381(1) 0.046(3)  0.037(5)
C7  0.423(3)  0.627(1) 0.009(3)  0.041(5)
8 0.219(4)  0.315(1)  -0.026(4)  0.055(6)
SO -0.0838(9) 0.4597(3) -0.123(1)  0.033(1)
S10  0.0214(9) 0.4518(3) 0.129(1)  0.034(1)
S11  -0.141(1)  0.3755(3) -0.122(1)  0.045(1)
S12  -0.036(1) 0.3679(3) 0.140(1)  0.043(1)
C9  -0.014(3) 0.4822(9) 0.000(3)  0.023(4)
C10  -0.083(3) 0.415(1) -0.051(4)  0.026(4)
Cl1  -0.035(3) 0411(1) 0.061(6)  0.027(4)
C12  -0.114(4) 0.344(1) 0.015(8)  0.051(6)
As 0.4557(9) 0.25 0.742(1 0.087(2)
F1 0.392(6 0.25 0.890(7 0.090(6)
F2 0.520(4 0.25 0.601(4 0.18(
F3 0.531(4

Cl2 0.296(4 0.25 0.331(4
C21 0.078(4 0.25 0.408(4

(6)
(8)
(1)
(7)
(4)
0.284(1)  0.795(4)  0.151
(4)
(4)
(4)
(4)
22 0.194(4)  0.25 0.462(4)

9

)

(4)

(4)
F4  0.364(4) 0.282(1) 0.685(4
Cll  0.088(4)  0.292(1) 0.305(4

(4)

(4)

(4)
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Figure 3.33: (a) Schematic view of the donor arrangement in (BMDT-TTF)3AsFg(1,1,2-
trichloroethane) along the b-axis with the transfer integrals: t,1=-5.58, t,0=—6.88, t.1=—10.2,
teo=11.0 and t.3=13.7x1072 eV. (b)Band structure and Fermi surface. The band width is
estimated at about 0.76 eV.

Table 3.5: Bond lengths of BMDT-TTF molecules (A and B molecules) in (BMDT-
TTF)3Cl04(1,2-dichloroethane) and (BMDT-TTF)3AsFg(1,1,2-trichloroethane).

a (A) b(A) c(A) d(R)
A B A B A B A B
MT3ClIO4DCE* 1.41 1.35 1.73 1.76 1.73 1.74 1.36 1.32
MT3AsFgTCE 1.34 1.33 1.75 1.77 1.72 1.74 1.38 1.36

SO

“Ref. [43).
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Figure 3.34: Temperature dependence of the susceptibility for (BMDT-TTF)3AsFg(1,1,2-
trichloroethane). The solid curve is the fitting result for the one-dimensional Heisenberg
antiferromagnet model with J=-11 K between 2 and 60 K. The inset is the reciprocal sus-
ceptibility with a Curie-Weiss fitting giving ©@=-15 K above 150 K.

e
to

1/x¢T (mol/emu K)
(U8 ]

D
oo

2.6

1000/T (1/K)

Figure 3.35: The 1/xT vs 1/T plot for (BMDT-TTF)3AsFg(1,1,2-trichloroethane) (square)
and (BMDT-TTF)3Cl04(1,2-dichloroethane) (circle). The solid and dotted lines are the
Curie-Weiss fittings (see text).
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Figure 3.36: Temperature dependence of the ESR line widths for (BMDT-TTF)3AsFg(1,1,2-
trichloroethane). The inset shows the details at low temperatures.
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Figure 3.37: Temperature dependence of the g-values for (BMDT-TTF)3AsFg(1,1,2-trichloro-
ethane) in the field parallel to the three independent crystallographic axes.
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Figure 3.38: Temperature dependence of the resistivity for (BMDT-TTF)3AsFg(1,1,2-
trichloroethane). The activation energies in the high temperature range are estimated at
~0.14 eV and 0.007 eV at ambient pressure and 11.4 kbar, respectively. The arrows indicate

heating and cooling runs.
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Figure 3.39: Temperature dependence of the resistivity for (BMDT-TTF)3AsFg(1,1,2-

trichloroethane) under several pressures.

The arrows indicate heating and cooling runs.

The data at ambient pressure shows a wide range hysteresis between the heating and cool-
ing runs in the temperature 220290 K. The hysteresis decreases as the pressure increases.
Under 11.4 kbar, the activation energy above 200 K gets negligibly small E,~0.007 eV (see

Fig. 3.38).
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Figure 3.40: Pressure dependence of the resistivity for (BMDT-TTF)3AsFg(1,1,2-trichloro-
ethane) at room temperature. The resistivity rapidly decreases below the pressure of about
7 kbar, afterward the decreasing tendency becomes weaken. There is an anomaly around
7 kbar as indicated by an arrow.
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Figure 3.41: Temperature dependence of the thermoelectric power for (BMDT-TTF )3 AsF¢-
(1,1,2-trichloroethane) with sample dependence (open circle and closed circle).
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Figure 3.42: Pressure dependence of the thermoelectric power for (BMDT-TTF)3AsFg(1,1,2-
trichloroethane). The arrow indicates the pressure at which the resistivity has an anomaly.
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Figure 3.43: Temperature dependence of the thermoelectric power for (BMDT-TTF )3 AsF¢-
(1,1,2-trichloroethane) under ambient pressure and 9 kbar.
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Chapter 4

Discussion of magnetic properties

We discuss the magnetic structures of the charge transfer salts in the Mott insulator regime
investigated in this work on the basis of the dimer/trimer unit. This systematic treatment
gives the magnetic structures expected from the crystal structures in good agreement with
the data of the susceptibilities. The discussion on the ESR line widths which reflect the
low-dimensional magnetic properties adds complementary information on the feature of the
electron localization/delocalization. Moreover, we discuss the relation between the strength

of the dimerization/trimerization and the magnetic interaction.

4.1 Quasi two-dimensional antiferromagnetic (AF) structure
of #’~(BEDT-TTF),X (X=ICl,, AuCl)

For the consideration of the magnetic structure, we reexamine the structural feature of
BEDT-TTF molecules in §’-(BEDT-TTF)2X (X=IClz, AuCly) using a schematic structure
depicted in Fig. 4.1(a) where the triclinic structures are simplified to indicate the paths of the
transfer integrals clearly. Two BEDT-TTF molecules are strongly dimerized with face-to-face
contacts along the b-axis. The charge neutrality rule in addition to the 2:1 composition ratio
requires the presence of a hole per donor dimer, so that each dimer is considered to possess
an S=1/2 spin. The spins on the dimers interact with each other through the inter-dimer
exchange interactions which are related to the corresponding inter-dimer transfer integrals.
Taking into account that the exchange interaction J is described in terms of the transfer
integral ¢ and the on-site Coulomb interaction U as Ja —t2/U as mentioned in § 1.1.2, the
estimation of the ratio of the interaction along the b-axis to that along the c-axis is given by
o/ Je = ([tv2])?/(te| + [te| + [tp])?> ~ 1.0 and 0.81 for the ICly and AuCly salts, respectively.
Consequently, the magnetic structure is featured by a quasi two-dimensional square-lattice
network in the be-plane as shown in Fig. 4.1(b) taking account of the small value of the second
nearest neighbor interaction corresponding to tq. The small anisotropy of the resistivity in
the be-plane on which donor molecules form a two-dimensional layer demonstrates quasi two-

dimensionality in the electronic structure for the 5’-type salt, while the band structure [21,33]
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is effectively half-filled with a one-dimensional Fermi surface because of the influence of the
strong dimerization. The magnetic moment per dimer unit is estimated at 1.83+0.05 up
from the fitting to the Curie-Weiss law for both salts, indicating the existence of an S=1/2
localized spin per dimer unit. (The expected magnetic moment for S=1/2 with ¢=2.0023 is
given to be 1.73 ug. The overestimation of the magnetic moment by ~0.1 ug can be explained
to be caused by the inaccuracy in the subtraction of the diamagnetic core susceptibility from
the observed susceptibility. We will comment on the overestimation in the later section.)

The strength of the intra-layer exchange interaction can be estimated on the basis of the
two-dimensional square-lattice Heisenberg antiferromagnet model [5] if we assume that the
difference between Jy, and J. is neglected. The fitting of the susceptibility vs temperature
plot to the model gives J(=Jy, ~ J;)~-59 K for both ICly and AuCly salts as shown in
Figs. 3.2(a) and 3.3(a). The estimation of the intra-layer interaction is possible also using
the value of the perpendicular susceptibility at 0 K, x(0). According to the spin wave
theory [9] (see § 1.3.6), x1(0) is expressed as

x1(0) = xY[1 — AS/S — e(0)/228], (4.1)

for a two-dimensional square-lattice system when Hp <« Hg where Hp is the magnetic
anisotropy field and Hp is the exchange field. XOL is the temperature-independent perpendic-
ular susceptibility based on the molecular field theory, X% =Ng?u%/4zJ. The estimation [53]
based on the Eq. (4.1) gives a value of the intra-layer exchange interaction J~ —50 K for
both salts using the values of AS/S=0.394, ¢(0)=0.632, z=4, and the experimental values
of x1(0)~0.9 x 1073 emu/mol from Figs. 3.2(b) and 3.3(b), in good quantitative agreement
with J=-59 K estimated from the high temperature region.

Next, we discuss the spin flop transition field Hgs which is expressed as Hgs~+/2H A Hg, on
the basis of the molecular field approximation sufficiently below Tx (see § 1.2.6). We obtain
the ratio Hy/Hp~2.0 X 107° and then Hx~3 mK using the observed values of Hy=11 kOe
and Hg = 22J5/gup ~ 1.75 MOe where we employ J=-59 K and ¢=2.006 estimated from
ESR for both salts. This value of Ha is in good agreement with that obtained in the
antiferromagnetic resonance measurements (Ha=7-14 mK) [38] which originates mainly from
the dipole-dipole interaction. The difference in the Néel temperatures between the two salts
(22 K for the ICly salt and 28 K for the AuCl; salts is considered to be caused by the difference
in the inter-layer exchange interaction J’. The Green function method [8] is available for the
estimation of the inter-layer exchange interaction in an S=1/2 quasi two-dimensional square-
lattice system as mentioned in § 1.3.5. Equation (1.38) gives J’/J~1 x 10~ for the ICly
salt and 1 x 1073 for the AuCl, salt, respectively, using the value of the intra-layer exchange
interaction J=-59 K and the observed values of the Néel temperatures. The origin of the large
difference in the inter-layer exchange interactions for the two salts is reasonably understood

from the difference in the layer stacking structure between the large ICl; and small AuCl;,
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Table 4.1: Cell constants of 3’-(BEDT-TTF),X (X=ICly, AuCly) after Refs. [21,33]. Al/lis
the relative difference in the cell constant of the AuCls salt from that of the ICly salt.

a(inter-layer) b(intra-layer) c(intra-layer)

ICI, salt (&) 12.937 9.780 6.636
AuCly salt (A) 12.766 9.763 6.640
AL/I(l = a,b, ) (%) 1.32 0.17 -0.06

anions. There is almost no difference in the cell constants for the b- and c-axes between the
two salts as shown in Table 4.1, which is consistent with the same value of the intra-layer
exchange interaction J (= —59 K) between the two salts. In the meantime, the difference
in the cell constants for the a-axis corresponding to the inter-layer distances is one order of
magnitude larger than that in the b- or c-axis. Hence, the difference in T between the two
salts is suggested to be caused by the difference in the inter-layer distances, implying that the
inter-layer interaction (J') originates from exchange interactions since only a small change

in the lattice constant ranging ~ 1 % varies the strength of the interaction by one order of

magnitude.
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Figure 4.1: Schematic structure of 5’-(BEDT-TTF),X (X=IClz, AuCly). (a) A rectangle
represents a BEDT-TTF molecule viewed along the molecular long axis and an ellipsoid
circling two molecules represents a dimer unit, where the transfer integrals are given as
follows: t1,1=27.2 (26.4), t,2=10.0 (10.0), t,=6.6 (6.5), t,=—1.6 (-2.0), and t.=1.6 (2.3)x 1072
eV for the ICly (AuCly) salt. (b) Magnetic structure predicted from Fig. 4.1(a). A circle
represents a magnetic unit consisting of a donor dimer with an S=1/2 spin and a line linking
the circles represents an exchange interaction J.
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4.2 Two-leg ladder antiferromagnet of (BEDT-TTF),GaCl,

The crystal structure of (BEDT-TTF),GaCly [39] shown in Fig. 4.2(a) contains two kinds
of dimer units consisting of molecules A-B and C-D coupled through the intra-dimer transfer
integrals tintra = th3 and tp1, respectively. Strong dimerization, which is evidenced by the
considerably large intra- to inter-dimer transfer integral ratio ty3/tp3=>5.3, tp1/tp1=2.8, pro-
duces an effectively half-filled band structure similar to that of #-(BEDT-TTF)2X (X=ICly,
AuCly). The magnetic moment of 1.79 up per formula unit, thus, indicates that one local-
ized electron is allotted to a dimer unit. From the crystal structure of (BEDT-TTF),GaCly,
the magnetic structure can be predicted along the same way as the 3’-salts as exhibited in
Fig. 4.2(a). The dimers form two kinds of one-dimensional chains along the c-axis through
Je (consisting of the inter-dimer transfer integrals t.s, tc1 and tp;) and JL (te2, tes and
tp3) where the ratio of the strengths is estimated at J!/J. ~ 0.65. There are four kinds
of inter-chain interactions, J, (tps4), J, (tp2), Jb (tba), and Jj (tn2), whose strengths are
estimated at Jp ~0.13Jc, Ji, = 0.07Jc, Jj, ~0.02Jc, and J}, ~0.08Jc. Thus, (BEDT-TTF)a-
GaCly forms a quasi one-dimensional structure with alternating inter-chain interactions as
shown in Fig. 4.2(b). Here, if we neglect the second nearest and further inter-chain in-
teractions, the magnetic lattice is approximated to a two-leg-ladder structure similar to
A-(BETS)2GaX,Ys—, (X, Y = F, Cl, Br) [54]. To estimate the exchange interaction, first,
we employ the one-dimensional Heisenberg antiferromagnet model [3] with neglecting all the
inter-chain interactions. The fitting with this model for the temperature dependence of the
susceptibility gives the intra-chain exchange interaction J=-70 K (solid curve in Fig. 3.11)
above the temperature at which a susceptibility hump appears, while the fitting curve devi-
ates from the experimental result below 60 K approaching zero as T'— 0 K. Although the
previous report [39] suggests the presence of a three-dimensional antiferromagnetic ordering
based on the finite susceptibility extrapolated to 0 K (~4x10~* emu/mol), it is doubtful due
to the serious influence of magnetic impurities at low temperatures. The present result clearly
reveals that the magnetic ground state is the spin-singlet one, suggesting the importance of
the alternation in the strengths of the inter-chain exchange interactions since a spin gap
is opened in one-dimensional chains connected by alternating inter-chain interaction whose
extreme is characterized as a two-leg-ladder system. Therefore, not only the 3’-salts also
(BEDT-TTF)2GaCly can be described as a strong dimerization system, where the absence
of three-dimensional long-range order in (BEDT-TTF)2GaCly is considered to be associated
with the specific exchange interaction network of a spin-ladder system in contrast with the

three-dimensional antiferromagnetic ordering of the 3’-salts.
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Figure 4.2: Schematic structure of (BEDT-TTF)2GaCly. (a) A rectangle represents a BEDT-
TTF molecule (A, B, C, and D) viewed along the molecular long axis and an ellipsoid
circling two molecules represents a dimer unit, where the transfer integrals are given as
follows: tp1=22.4, t,2=3.69, t1,3=26.9, tp4=3.55, t.1=—0.80, t.2=2.86, t.3=2.63, t.4=4.20,
tp1=8.02, t,2=1.96, tp3=5.04, and t,4=4.71x1072 eV. (b) Magnetic structure predicted from
Fig. 4.2(a). A circle represents a magnetic unit consisting of a dimer with an S=1/2 spin
and a line linking the circles represents an exchange interaction J, where the strengths of the
interactions are on the order of bold solid line>thin solid line>dotted line.
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4.3 Quasi one-dimensional alternating chain AF structure of
a’-(BEDT-TTF),IBr,

In contrast with ’-(BEDT-TTF)2X (X=IClp, AuCly) and (BEDT-TTF)2GaCly, the de-
gree of dimerization is very weak in o’-(BEDT-TTF)2IBry [41] which consists of two inde-
pendent molecules A and B, since the largest transfer integral (tp2) is only 17 % larger than
the second largest one (tp1) as shown in Fig. 4.3(a). Consequently, the intra-dimer transfer
integral is not large enough to open a gap between the upper and lower bands. In other
words, the 3/4-filled band structure does not form an effectively half-filled band different
from that of 3’-(BEDT-TTF),ICl,, and thus this compound is not a simple Mott insula-
tor. This means that electrons are not well localized in the dimers, that is, electrons are
delocalized to some extent as evidenced by the low resistivity ranging ~0.5 lcm at room
temperature. The fractional magnetic moment, which is evidenced by the considerably small
magnetic moment of 1.60+0.05 up per formula unit compared with that expected for S=1/2,
is favorable to the feature of the delocalized electronic structure. Here, we treat the exper-
imental results on the basis of the localized electron model in order to see the statistical
dynamics behavior of the magnetic system, although the employment of itinerant electron
model seems to be more appropriate. The dimer units are networked as shown in Fig. 4.3(a)
mainly through ty1, tp3, ths, and t,1, where the strongest inter-dimer interaction J}, consists
of 1,1 and t,3, and the second strongest one J{) consists of tp4 and t,1, where the estimation
gives J{) /Jp ~ 0.77. The inter-chain interaction J, is estimated at J; ~ 0.16.J, where we
take only tp3 as the main contribution to J,. Therefore, a quasi one-dimensional alternating
chain structure is formed along the b-axis as shown in Fig. 4.3(b). The broad peak of the
susceptibility shown in Fig. 3.16 is explained by the one-dimensional chain model with the
alternating exchange interactions [6] J and J’ where the fitting of the data gives J=-53 K
and J'=-26 K (J'/J=0.5). The estimated ratio of J’/J is in roughly quantitative agreement
with that calculated from the transfer integrals. The absence of three-dimensional long-range
ordering in o’-(BEDT-TTF)3IBrs can be explained to be associated with the alternation in
the strengths of the intra-chain exchange interactions along the b-axis which brings about

the dimerization of the spins sitting on adjacent two dimer units.
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Figure 4.3: Schematic structure of o’-(BEDT-TTF)yIBry. (a) A rectangle represents a
BEDT-TTF molecule (A and B) viewed along the molecular long axis and an ellipsoid
circling two molecules represents a dimer unit, where the transfer integrals are given as
follows: t51=4.02, t,2=0.78, t,3=2.30, tau=1.11, t1,1=-T7.72, t,2=9.04, t,3=7.16, and tps=—
5.79x1072 eV. (b) Magnetic structure predicted from Fig. 4.3(a). A circle represents a
magnetic unit consisting of a dimer with an S=1/2 spin and a line linking the circles repre-
sents an exchange interaction J, where the strengths of the interactions are on the order of
bold solid line>thin solid line>dotted line.
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4.4 Quasi one-dimensional AF structure of (EDO-TTFBr;),-
ASF6

Figure 4.4(a) shows the schematic structure of the donor molecule arrangement. The
transfer integrals t.; and t.o form the one-dimensional stacking structure along the c-axis.
The intra-dimer transfer integral ¢c; is considerably large compared with that of 5’-(BEDT-
TTF)2ICly, whereas the ratio between the intra-dimer and the largest inter-dimer transfer
integral tco is te1/tco=1.3. Therefore, the dimerization is considered to have an intermediate
strength between the strong dimerization of 3’-(BEDT-TTF)2ICl; and the weak dimerization
of o’-(BEDT-TTF),IBry. The other transfer integrals, ¢,, t,, and ¢y, that are characterized
with the side-by-side inter-molecular atomic contacts, are an order of magnitude weaker than
the intra-chain transfer integrals. Thus the magnetic structure based on the dimer unit is
expected to be a quasi one-dimensional structure as shown in Fig. 4.4(b).

The susceptibility, which has a value of about 5.5x10~% emu/mol at room temperature,
gradually decreases as the temperature is lowered from room temperature. This behavior
can not be fitted to the Curie-Weiss law. Thus we fit the temperature dependence of the
susceptibility above ~100 K to the one-dimensional Heisenberg antiferromagnet model as
depicted with the solid curve of Fig. 3.22. The result of the fitting gives an intra-chain ex-
change interaction of J=—190+25 K with an magnetic moment of 1.74 up which corresponds
to an S=1/2 spin with ¢=2.006 per formula unit. The fitting indicates a good agreement
with the experimental data, therefore, the experimental finding suggests the existence of an
S=1/2 spin per dimer unit, where the antiferromagnetic exchange interaction ranging about
200 K works between localized spins. The strong exchange interaction is explained by the
large value of the dominant inter-dimer transfer integral ¢.o (= 208 meV) which connects two
dimer units one-dimensionally along the c-axis.

The temperature dependence of the ESR intensity is qualitatively consistent with the
static susceptibility at high temperatures, however the ESR signal disappears below 37 K
accompanied by a divergent upturn of the line width. Additionally the g-value is shifted down
steeply just above 37 K, and thus the ESR experimental results are considered to imply the
onset of an antiferromagnetic ordering at Ty=37 K. On the other hand, the susceptibility
shows no anisotropy between the applied field parallel and perpendicular to the c-axis. That
is to say, the susceptibility behaves as if the field is applied parallel to the spin hard-axis
regardless of the actual field direction. Moreover, no spin flop behavior is observed in the
magnetization curve up to 55 kOe below Ty although most of the TTF-based m-electron
antiferromagnets having even been investigated have spin flop transitions below 55 kOe. At
the present time, we consider two alternative explanations for the absence of anisotropy in

the susceptibility. First one is an experimental reason that the large contribution of the Curie
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term of the magnetic impurity conceals the spin easy-axis!. Second reason is the intrinsic one,
where the small anisotropy field contributes to the absence of both the spin flop transition
and of the disappearance of the spin easy-axis. For the purpose of the verification of the small
anisotropy in the magnetic susceptibility, we try to explain the angular dependence of the ESR
line width whose origin might be related to the anisotropy of the magnetic susceptibility. The
second moment of the magnetic dipole-dipole interaction based on a point-dipole model where
the dipole moments are arranged in the three-dimensional lattice points. The numerically
calculated result is shown in Fig. 4.5. If the anisotropy is governed by the dipole-dipole
interaction, the angular dependence of the ESR line width will be qualitatively described by
the second moment of the dipole-dipole interaction. Compared with Fig. 3.23, however, the
line width obtained by the second moment is much larger than the experimental value of
~ 20 Oe, and the angular dependence is quite different from each other. This inconsistency
demonstrates that the contribution of the anisotropic exchange interaction competing with
the dipole-dipole interaction makes the anisotropy be offset, and thus the easy-axis can not
be detected.

Although we do not determine the origin of the disappearing easy-axis, the finite suscepti-
bility will be attributed to the perpendicular susceptibility in the antiferromagnetic ordering
state below 37 K. The value extrapolated to 0 K is estimated at ~441x10~* emu/mol.
For low-dimensional systems of a quantum spin S=1/2, the perpendicular susceptibility at
the absolute zero temperature reflects the spin reduction effect from the expected value of
(S)=1/2, as mentioned in § 1.3.6. In this case with Hy < Hpg, a relation described in
Eq. (1.44) gives the value of the inter-chain exchange interaction J ~ —150 + 50 K, using
the values of AS/S=0.350 [9], €(0)=0.69, z=2, and the experimental values of x, (0) ~
441 x 107 emu/mol. The obtained value of J is in good quantitative agreement with

J~—190 K estimated from the higher temperature region.

' A considerably small spin flop-like behavior has been observed around 30 kOe in a magnetization curve
at 2 K in the field perpendicular to the c-axis, while the reexamination is needed to conclude.
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Figure 4.4: Schematic structure of (EDO-TTFBry)2AsFs. (a) A rectangle represents a
BEDT-TTF molecule viewed along the molecular long axis and an ellipsoid circling two
molecules represents a dimer unit, where the transfer integrals are given as follows: t.1=27.5,
t2=20.8, t,=3.85, t,=1.24, and t;=-2.44x1072 eV. (b) Magnetic structure predicted from
Fig. 4.4(a). A circle represents a magnetic unit consisting of a dimer with an S=1/2 spin
and a line linking the circles represents an exchange interaction J, where the strengths of the
interactions are on the order of bold solid line>thin solid line.

Figure 4.5: Angular dependence of the dipolar ESR line width calculated based on the point
dipole model for (EDO-TTFBry)2AsFg.
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4.5 Quasi one-dimensional AF structure with frustration ef-
fect in the 3:1 Salts

The schematic structure is shown in Fig. 4.6(a) for (BMDT-TTF)3Cl04(1,2-dichloro-
ethane) [42,43] and (BMDT-TTF)3AsFg(1,1,2-trichloroethane) [53] which contains two in-
dependent BMDT-TTF molecules A and B on the ac-plane. The largest transfer integral
tcs, which is only 22 % and 25 % larger than the second largest one t¢o, for the ClO4 and
AsFg salts, respectively, gives weakly trimerized units comprising one A molecule and two
B molecules. The intra-trimer interaction comparable to the inter-trimer interaction seems
to bring inappropriateness in the treatment with a trimer-based system, however we try to
explain the magnetic structure based on the trimer unit. The weakness of the trimerization
seems not to give an effectively half-filled band, suggesting a deviation from a simple Mott in-
sulator system, similar to a’-(BEDT-TTF),IBrs having small fractional magnetic moments.
On the contrary, the experimental finding that the 3:1 salts have the magnetic moment of
about 1.8 up per formula unit indicates the localization of an electron within a trimer. A clue
to achieve a consistency between the opposite trends consists in a specific charge distribution
in the donor network. The crystal structure analysis [42,43] proves the presence of charge
disproportionation between AT and B? donor molecules in the ClO4 salt. This means that
the inter-site Coulomb interaction works to make electrons apart from each other to achieve
the energy stabilization, as discussed in the previous report [43]. Therefore, the contribution
of the inter-site Coulomb interaction allows us to treat the ClO,4 salt as a localized spin
system. In the meantime, the AsFg salt has no charge disproportionation between the two
independent donors A and B, suggesting the delocalization of charges among donors in a
trimer unit which is favorable to the experimental finding in the ESR spectra as discussed in
the later section.

The observed value ~1.8 up of the magnetic moment per trimer seems to be inconsistent
with such delocalized electronic feature. However, there is a suggestive feature related to an
electron delocalization-to-localization change in the susceptibility. The AsFg salt undergoes
successive phase transitions around 150K and ~200-290 K with a large hysteresis from a
high-temperature conductive state to a low-temperature less conductive state, where the
application of pressure makes the high temperature phase metallic. The behavior of the
susceptibility shown in Fig. 3.35 reflects the transition as evidenced by the presence of a
kink in the Curie-Weiss plot. As shown in Fig. 3.35, the magnetic moment above the phase
transition at T, ~ 150 K is about 2 % smaller than that below 7., the latter of which has
the same value to the magnetic moment of the ClO4 salt. The reduced magnetic moment
above T is considered to be associated with the delocalized feature of the electrons. Taking
into account the importance of the inter-site Coulomb interaction in the ClOy4 salt, the AsFg

salt, which has the same crystal structure, is expected to have the similar role of the inter-
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site Coulomb interaction, especially, in the low temperature phase, which eventually makes
electrons localized within trimers similar to the ClO4 salt.

We discuss the magnetic structure on the basis of the localized spin model, in which
the crystal structure at room temperature is taken into account. Considering a trimer as
a magnetic unit, the trimers interact with each other along the c-axis through J. (con-
sisting of t.; and t¢,1) and then along the a-axis through J, (tc2 and t,2) where J,/J. ~
(|taz| + [te2)?/(|te1| + [ta1| + |te1])?~0.36 and 0.47 for the Cl04 and AsFg salts, respectively.
Accordingly, the structural feature based on the trimer unit is described as the J.-dominated
one-dimensional chain structure with inter-chain interactions J, as shown in Fig. 4.6(b) where
the participation of J, adds a frustration feature to the exchange interaction network. In
the ClOy4 salt, the fitting of the susceptibility to the S=1/2 one-dimensional Heisenberg an-
tiferromagnet model [3] gives the exchange interaction J=-37 K over the whole temperature
range measured, as shown in Fig. 3.28, with neglecting the contribution of J,. The absence
of an antiferromagnetic transition observed for the ClO4 salt is caused by the frustration
introduced by the strong inter-chain exchange interactions. For the AsFg salt, the similar
estimate of the exchange interaction gives J~ —11 K in the temperature range between 2—
60 K. Thus, the experimental results indicate a large difference in the exchange interactions
between the two salts. The phase transition at T, ~ 150 K, which makes the value of the
magnetic moment increase to that expected for an S=1/2 per trimer below T, is considered
to result in the localization of the electrons, reducing the inter-trimer transfer integrals and
eventually the strengths of the exchange interactions, although the crystal structure analysis

in the low temperature range is required for a final conclusion.
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(a) (®) spin (S=1/2)

Figure 4.6: Schematic structure of (BMDT-TTF)3ClO4(1,2-dichloroethane) and (BMDT-
TTF)3AsFg(1,1,2-trichloroethane). (a) A rectangle represents a BMDT-TTF molecule (A
and B) viewed along the molecular long axis and an ellipsoid circling three molecules rep-
resents a trimer unit, where the transfer integrals are given as follows: t,;=-6.22 (-5.58),
taz=-5.52 (-6.88), tc1=-11.2 (-10.2), teo=11.6 (11.0), and t;3=14.1 (13.7)x1072 eV for the
ClO4 and AsFg salts, respectively. (b) Magnetic structure predicted from Fig. 4.6(a). A
circle represents a magnetic unit consisting of a trimer with an S=1/2 spin and a line linking
the circles represents an exchange interaction J, where the strengths of the interactions are
on the order of bold solid line>thin solid line.
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4.6 ESR line width and the electron localization

The ESR line width is a good indicator for characterizing the magnetic structure and the
electron transport process. The spin-spin relaxation, which is one of the origin of the ESR
line width, is governed by the dipole-dipole interaction where the line width associated with
this process is subjected to the exchange-narrowing mechanism in an exchange-interaction-
networked localized spin system. Meanwhile, the contribution of the spin-lattice relaxation
becomes dominant in the line width of the delocalized electron system, which is related
to the relaxation time of carriers in the conduction process, since the rapid motion of the
carriers makes the width of the spin-spin relaxation completely disappear due to the motional
narrowing process. Actually, in most of metallic charge transfer salts having ever been
investigated [26,30,55], the line width is predominated by the spin-lattice relaxation process
of carriers while complexes in the localized regime have an important contribution of the
spin-spin relaxation to the line width as will be shown in this section. Here, we investigate
the feature of the ESR line width in relation to the strength of dimerization/trimerization of
donors, which is considered to be responsible for the electron localization.

First we discuss the correlation between the line width and the degree of electron delocal-
ization in the 2:1 salts. ’-(BEDT-TTF),ICly; and (BEDT-TTF),GaCly [39], that are typical
strong dimerization systems, have narrow ESR line widths of ~10 Oe at room temperature.
The well localized electronic structures of these salts are characterized to be Mott insulators
as evidenced by the poor electrical conductivity (0~0.05-0.1 S/cm) and the less temperature
dependent large thermoelectric powers ranging 100-400 pV/K at room temperature. Fig-
ure 4.7 shows the correlation between the line width and the x7" product [37,39], based on the
spin-diffusion theory of the spin-spin relaxation mechanism in the low-dimensional magnets
where the combination of the dipole-dipole and exchange interactions makes the line width be
proportional to x7' at high temperatures above the temperature at which the thermal energy
becomes comparable to the exchange interaction. The temperature dependence of the line
widths for §-(BEDT-TTF)3ICly and (BEDT-TTF)2GaCly have almost the same behavior
to that of the xT" products, which means that the dipole-dipole interaction and the exchange
interaction related to the x7T' product plays the major role in the behavior of the line width.
Thus, this ESR behavior of the salts having strong dimerization suggests self-consistency
between the localized spin feature in the magnetic structure and their spin dynamics. On
the other hand, a’-(BEDT-TTF)2IBr; having less dimerized structural feature [41] is a great
contrast to 3’-(BEDT-TTF)3ICly; and (BEDT-TTF)2GaCly. The delocalized electronic fea-
ture in o’-(BEDT-TTF),IBrs is obvious from the low resistivity ~0.5 Qcm and the small
thermoelectric power ~+25 pV/K. Its remarkably broad line width ~60 Oe is in the similar
range to that of typical metallic BEDT-TTF complexes [26, 30, 55|, and the temperature
dependence of the line width [37] shown in Fig. 4.7(c) reveals a considerable difference from

that of the xT product. Actually, a large deviation appears at lower temperatures though
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the xT' product apparently seems to be similar to that of the line width above ~150 K ex-
cept the broadness of the line width. As a consequence it is suggested that the line width
of &’-(BEDT-TTF);IBry is strongly influenced by the spin-lattice relaxation process. These
features in a’-(BEDT-TTF)2IBry with weak dimerization are considered to be generated by
the delocalization of the electrons, giving the contribution of the spin-lattice relaxation to
the line width similar to metallic compounds.

The same comparison between the ESR line width and the x7' product for (EDO-
TTFBry)2AsFg is shown in Fig. 4.7(d). Taking account of the the remarkably high conduc-
tivity even in the semiconducting state (¢ ~ 20 S/cm at room temperature), the excellent
correlation between the line width and xT in Fig. 4.7 is apparently exceptional and puzzling.
However, if we pinpoint the dimensionality in the electronic structure of (EDO-TTFBrj)o-
AsFg, the exceptional feature in the correlation can be explained on the basis of the above
discussion. The transfer integrals obtained for (EDO-TTFBrs),AsFg gives an estimate of the
intra-to-inter-chain transfer integral ratio of 5.4, which is the largest among the salt inves-
tigated here. From the ratio, (EDO-TTFBry)2AsFg is considered to have a almost pure to
the one-dimensional electronic feature. According to the spin-lattice relaxation theory [56],
no spin-lattice relaxation process is allowed in ideal one-dimensional conductors. Eventually,
the excellent correlation is achieved because of the negligible contribution of the spin-lattice
relaxation process.

The ESR line width in the 3:1 salts is suggestive from the viewpoint of electron local-
ization/delocalization. Figure 4.8 shows the temperature dependence of the line width for
the 3:1 salts in comparison with the xT product. There is a large difference in the behavior
of the temperature dependence of the ESR line width between the ClO4 and AsFg salts,
whereas the absolute values of ~10 Oe are in the same range to those of the localized spin
systems of the 2:1 salts. The line width in the ClO4 salt is subjected to the spin-spin relax-
ation process as suggested by the similarity in the temperature dependence between the line
width and x7', which is a good indication that the spin system has a well localized feature.
The behavior of the AsFg salt is not explained simply by the feature of the localized spin
system, especially the behavior in the high temperature phase above T, ~ 150 K. Namely,
the temperature dependence above T, seems to have an additional contribution although the
line width has the similar temperature dependence to that of xT below T.. Taking account
of the delocalized feature of the electrons in the trimer for the AsFg salt, which is deduced
from the room temperature crystal structure, the additional contribution is considered to
reflect the spin-lattice relaxation process of the mobile m-electrons. This is consistent with

the change in the value of the magnetic moment at 7.
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Figure 4.7: Correlation between ESR line width (open circle) and the normalized x7' plot
(closed circle) for (a) -(BEDT-TTF),ICly, (b) (BEDT-TTF),GaCly, (c) a’-(BEDT-TTF),-
IBry, and (d) (EDO-TTFBrg)2AsFg, which are normalized to each room temperature values
of AH,_,. The ESR data for (BEDT-TTF),GaCly and o’-(BEDT-TTF);IBry are quoted
after Refs. [37,39], respectively.
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Figure 4.8: Correlation between ESR line width and the normalized xT plot for (a) (BMDT-
TTF)3Cl04(1,2-dichloroethane) and (b) (BMDT-TTF)3AsF¢(1,1,2-trichloroethane). The
xT' product are normalized to the value at room temperature and 100 K for the ClO4 and
AsFg salt, respectively.
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4.7 Strength of dimerization/trimerization and magnetic in-
teraction

In the previous sections, we discussed six kinds of the magnetic structures and the feature
of the ESR line width on the basis of a dimer/trimer unit to which an S=1/2 spin is allotted.
From the structural aspect, 5’-(BEDT-TTF )X (X=ICly, AuCly) and (BEDT-TTF),GaCly
are characterized well in terms of strong dimerization in contrast with the other three salts
where the dimer/trimer model is not so appropriate. Nevertheless, the dimer/trimer-based
magnetic structures well explain the experimental results for all the salts investigated, which
indicates the validity of the employed model, especially from the viewpoint of statistical me-
chanics of localized spin systems. To see more details in the difference between the salts with
strong and weak dimerization/trimerization, we discuss the relationship between the exchange
interactions and the transfer integrals. Table 4.2 summarized the exchange interactions, the
Weiss constants and the representative transfer integrals for all the salts investigated. Here,
Jexp and Oy, are the exchange interactions estimated from the low-dimensional magnet
models and the Weiss constants estimated experimentally, respectively. Oyr is calculated
from Onmr=(1/2))" Jexp on the basis of the molecular field theory with S=1/2 where the
summation is carried out over all the nearest neighbor spins as shown in Fig. 4.2. The ob-
tained values of O\ are in good agreement with the experimental data, Ocp, suggesting the
appropriateness of the data treatments at high temperatures. tintra is the intra-dimer/trimer
transfer integrals. Here, we introduce t.s as a parameter representing an effective transfer
integral between adjacent two spins in the expression of the exchange interaction between
the dimer/trimer units given by J~ —tgﬁ /Uegt. Uegr in the dimer-based systems is obtained

from the following equation as discussed in § 1.1.3,

Uet = 2|tintral + [Uo —\/Ug + 16t?ntra] /2, (4.2)

which is approximated to Ueg > 2|tintra| in charge transfer salts with strongly dimerized donor

structure. The expression of Ugg for the trimer system, which is given similar to Eq. 4.2, leads

t0 Ueft & V/2|tintra| for strong trimerization. Thus, we obtain tef &~ \/2[Jexp| - [tintral /€ as an
estimation of the effective ¢y, working between adjacent spins, as summarized in Table 4.2,
where é=1 and /2 for dimerized and trimerized systems, respectively. It is worth noting that
the above treatment with ¢.¢ is valid only for the case where a dimerized/trimerized unit is
well defined; that is, the intra-dimer/trimer transfer integral is required to be considerably
larger than the inter-dimer/trimer transfer integral. From this aspect, the estimated values
tesg well reflect the strength of dimerization/trimerization as revealed in Table 4.2. Namely,
there is a good correlation between the experimentally obtained Weiss temperatures and the
values of teg in 5’-(BEDT-TTF )X (X=ICly, AuCly) and (BEDT-TTF),GaCly having strong
dimerization. On the contrary, o’-(BEDT-TTF)2IBry have a smaller tog than that expected
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Table 4.2: Exchange interactions, Weiss constants, and transfer integrals. Jexp: the exchange
interactions obtained from the low-dimensional models(see text), Ocxp: the experimental
Weiss constants, Oyr: the calculated Weiss constants from Jexp in the molecular field the-
ory, tintra: the intra-dimer(trimer) integrals estimated from the overlap integrals, teg: the
inter-dimer(trimer) transfer integrals estimated from Jep,, p: the effective Bohr magnetons
per dimer/trimer unit. (BEDT-TTF),GaCly has two kinds of the tjy4a and teg for two
independent dimer units.

J exp 9exp 9MF tintra teff p
K)  (K)  (K) (V) (eV)
B’-(BEDT-TTF),ICly -59 -1404+20 -118 0.273 0.052 1.83+0.05
(BEDT-TTF)2GaCly -70  -110+£20 -70 0.269 0.057 1.79+0.05
0.224 0.052
o’-(BEDT-TTF)3IBry -53  —-404+10 —40 0.090 0.028 1.60+0.05
(EDO-TTFBrg)2AsFs -190 - -190 0.275 0.095 1.74+0.1
MT3Cl04DCE -37 -504+10 37 0.141 0.021 1.85+0.05
MT3AsF¢TCE (T > 150 K) - -15+3 - 0.137 - 1.7940.05
MT3AsF¢TCE (T <150K) 11  -2341 11 - - 1.8340.03

in the case of strong dimerization. (EDO-TTFBry)2AsFg has an intermediate strength of
the dimerization compared with the other 2:1 salts in this work, whose large value of t.g will
come from the strong exchange interaction. Consequently, the diagnosis on the basis of the
treatment with transfer integrals t.g gives additional information on the deviation from the
purely localized spin model treated by statistical dynamics for the weakly dimerized systems.

The most important feature of the magnetic properties for the salts investigated in this
work is reflected by the values of the magnetic moments as summarized in Table 4.2. The
magnetic moments of the salts except the o’-(BEDT-TTF)2IBry and (EDO-TTFBrg),AsFg
have larger values than the expected value of 1.73 up for S=1/2 by about 0.1 ug . This
might be associated with the systematic errors coming from the core diamagnetic contribu-
tions we employ for the corrections of the core diamagnetism. Assuming that the 0.1 up
excess can be subtracted commonly from the observed values of the magnetic moments as
an artificially added contribution, the magnetic moment for the o’-(BEDT-TTF)3IBry and
(EDO-TTFBry)2AsFg is considered to have a smaller magnetic moment ~1.5 ug and 1.6 up
than that expected for S=1/2 due to the electron delocalization. The reduction of the
magnetic moment in the high temperature conductive phase on (BMDT-TTF)3AsF¢(1,1,2-

trichloroethane) (7' > 150 K) is suggestive as well from the point of the electron delocalization.

108



Chapter 5

Discussion of transport properties

Generally, the temperature dependence of the resistivity for a semiconductor is described
as
Eq

kBT)’ (5.1)

p(T) = po exp(

where E, is an activation energy and pg is a temperature-independent prefactor. In the charge
transfer salts investigated here, the strongly dimerized salts, such as 5’-(BEDT-TTF),ICl,,
show ordinary semiconductive behavior as described in Eq. (5.1), while a weakly dimer-
ized salt, o’-(BEDT-TTF)2IBry, is not simple in its temperature and/or pressure dependent
behavior. Therefore, starting from Eq. (5.1), we discuss the temperature and pressure de-
pendence of the resistivities complementarily for the 2:1 salts on the basis of the strength of
the dimerization. In the thermoelectric powers, we consider a model for a strongly correlated
electron system with a half-filled electronic state. This model gives a reasonable explanation
for the thermoelectric powers in the Mott insulator regime for the strongly dimerized salts,
whereas it does not explain the behavior of a’-(BEDT-TTF),IBry. Thus, the focus of this
discussion is the difference in the transport properties and the electronic structures associated
with the strength of the dimerization.

For the 3:1 salts, (BMDT-TTF)3Cl04(1,2-dichloroethane) and (BMDT-TTF)3AsF¢(1,1,2-
trichloroethane), the transport properties are quite complicated. We discuss mainly the phase

transitions indicated in the resistivities for both salts.

5.1 The 2:1 salts
5.1.1 Resistivity

In order to cross-check the data of the pressure and temperature dependence of the

resistivity, we simply extend Eq. (5.1) to the expression involving temperature and pressure,

Ea(P)
kpT

p(T, P) = po(P) exp( ). (52)
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The results of the resistivity in the high temperature range are summarized in Table 5.1 after
the analysis of the resistivities with Eq. (5.2). For the 2:1 salts, two common trends between
B’-(BEDT-TTF)3ICly and (EDO-TTFBry)2AsFg emerge; a small reduction in the activation
energies ranging about 30% even under 10 kbar and the pressure-insensitive behavior of the
prefactor po(P), although there is a large error of ~50 % depending on the temperature
regions employed for the fitting. In contrast, o’-(BEDT-TTF)2IBry shows a large pressure-
induced decrease of the activation energy which becomes one order of magnitude smaller
at 12 kbar in comparison with that at ambient pressure. Additionally, the value of po(P)
becomes largely different from each other between ambient pressure and 12 kbar.

Contrary, the pressure dependence of the resistivities at room temperature indicates a
simple behavior for all the salts as shown in Fig. 5.1. An interesting trend is that the log p
vs P plots have linearity with almost the same slope for all the salts. This behavior of log p

is considered to be approximately expressed with a linear function of P, that is,
p(300K, P) = p(300K, 1 bar) exp(—eP), (5.3)

where a fitting parameter € is summarized in Table 5.2. € has almost the same value of about
0.13 (1/kbar) for the 2:1 salts, irrespective of the differences in the crystal and electronic
structures.

To clarify the difference between the strong and weak dimer salts, we here put the three
kinds of information obtained in order. First the pressure dependence of p(7, P) at room
temperature does not differ from each other regardless of the strength of the dimerization
as described in Eq. (5.3). Second, in the prefactor py(P), there is no pressure dependence
for the strongly dimerized salts, while it increases as the pressure is elevated for the weakly
dimerized salt, o’-(BEDT-TTF)3IBry. Third, the decreasing trend of the activation energy
FE, induced by the pressure for the weakly dimerized salt is about one order of magnitude
larger than that of the strongly dimerized salts.

We next discuss the activation energy. The pressure dependence of the activation ener-
gies around room temperatrue is shown in Fig. 5.2. Neglecting the pressure-dependence of
po(P) below ~ 10 kbar for 5’-(BEDT-TTF)3ICl; and (EDO-TTFBr;)2AsFg, we obtain the
following expression of E,(P) from Egs. (5.3) and (5.2),

300 K, 1 bar)

Eo(P) ~ | —(ekp)P + k1 20
0

x 300 K, (5.4)
in the temperature range around room temperature, which gives
E,(P)~ -3x 1072P +0.1 eV (P :kbar), (5.5)

at T~300 K for 5’-(BEDT-TTF)2ICly. The slope of this equation is obtained from the pres-

sure dependence of the resistivity depicted as the solid line without any fitting parameters in
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Fig. 5.2(a). This is in good agreement with the experimental data obtained from the temper-
ature dependence of the resistivity. The same treatment is applied to (EDO-TTFBry)AsFg,

where the corresponding relation is
E,(P)~ —4x1073P +0.12 €V, (5.6)

which is consistent with the plotted data in Fig. 5.2(b). Thus, the activation energies of the
two salts are considered to be well expressed by Eq. (5.2). We apply the similar treatment to
o’-(BEDT-TTF)5IBrs, resulting in the relation: E,~—4 x 1073P +0.22 eV, which is shown
in Fig. 5.2(c). However, this relation for a’-(BEDT-TTF),IBry exhibits disagreement with
the data obtained from the temperature dependence of the resistivity under pressure.

The origin of the activation energy, that is to say, the energy gap of the Mott insulator,
has been explained for the half-filled electronic state in § 1.6.4, as given by

E, = U — W, (5.7)

where the band width W is considered to be associated with the inter-dimer transfer integral
tinter- By means of an approximation, Ueg &~ 2fintra in the strongly dimerized system (see
§1.1.3),

B, ~ 2tinta — W. (5.8)

This relation gives a general explanation of the pressure dependence of the resistivities for the
strongly dimerized system. When the pressure is elevated, the inter-dimer molecular contacts
are considered to be more strengthened than the intra-dimer contact, in other words, tiyter
is a more steeply increasing function of pressure than t¢j,, since the transfer integrals are
associated with the overlap integrals between the donor molecules. Therefore, the pressure
dependence of the resistivities for strongly dimerized salts is considered to be governed by the
decrease of titer corresponding to the band width, which gives a large effect on the activation
energy.

Thus we next treat quantitatively the energy gap on the basis of Eq. (5.8). The band
width is here obtained from the band structure based on the tight-binding calculation with an
extended Hiickel method. The accuracy of the band width obtained from this method is not
self-evident, since the calculation within the one-electron approximation leads to a apparent
Fermi surface even for the charge transfer salts in the Mott insulating state. However, the
band width is considered to be associated with the strength of the inter-dimer interactions,
and thus the existence of the Coulomb interaction will not modulate so seriously the band
width nevertheless the electronic state can be changed from metal to insulator. Therefore
we approximately use the band widths from this calculation. The obtained band widths
and the energy gaps based on Eq. (5.8) are summarized in Table 5.3. The value of E, for
B’-(BEDT-TTF),ICly shows remarkably good agreement with the experimental data from
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the resistivity (2E,). The values of (BEDT-TTF)2GaCly also indicate the same trend of
agreement. Thus we insist the justification of the treatment with Eq. (5.8) for the strongly
dimerized system where the band is sufficiently split into the upper and lower bands result-
ing in an effective half-filled electronic state. On the other hand, for the system without a
sufficient band splitting, such as a’-(BEDT-TTF)2IBry and (EDO-TTFBrs)2AsFg, Eq. (5.8)
does not describe the system, showing a discrepancy between the experiments and the cal-
culation (for o’-(BEDT-TTF)2IBry the application of Eq. (5.8) is failed because there is no
split in the band structure).

Finally, we briefly discuss the problem on pg (=po(P)). The pressure dependence of pg for
a’-(BEDT-TTF),IBr; is obviously revealed in Fig. 3.17, while that of §’-(BEDT-TTF),ICl,
is almost independent of pressure. In ordinary intrinsic semiconductors, the acoustic-phonon

assisted carrier scattering process gives the detailed expression of py as described by

1 (kT
po = 2\ 27h

3
) ) G ) (5.9)
where pe, i, and me, my, are the mobilities and effective masses of the electrons and holes,
respectively. The T~3/2-dependence of pg indicated in Eq. (5.9) is neglected in our analysis,
where pg is obtained from the extrapolation of the room temperature values in the Inp vs
1/T plot as T — oo. Thus the obtained pg is considered to reflect the value around room
temperature consisting of the information of the mobilities and effective masses of the carriers.

In §’-(BEDT-TTF),ICly having strongly dimerization, po does not depend on the pres-
sure, while F, is lowered as the pressure is elevated. Thus, the pressure effect to the electronic
state of ’-(BEDT-TTF),ICly gives the decrease of the energy gap while the change of the
characteristic properties of the carriers (mobilities and masses) is negligibly small. On the
other hand, o’-(BEDT-TTF)2IBr;, indicates the obvious increase of py and decrease of E,
as the pressure is elevated. Therefore enormous changes both of the energy gap and the
mobilities and/or masses are caused by the pressure in the electronic states of the weakly

dimerized systems.
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Table 5.1: Activation energies and the prefactor in the temperature dependence of the resis-
tivities at ambient pressure and high pressures for the 2:1 salts.

P E,(eV) po (Qem)
G- (BEDT TTF)QICIQ 1 bar 0.10+0.01 4.0x10!
B’-(BEDT-TTF)2ICly, 7.5 kbar  0.084+0.01 3.8x10 1
G- (BEDT TTF)QICIQ 12 kbar  0.07+0.01 4.1x10 !
(B DT—TTF)QGaCl4 1 bar 0.194+0.01 8.0x10 3

o’ (BEDT—TTF)QIBrQ 1 bar 0.20+0.04 1.0x10*%
a’—(BEDT—TTF)QIBrQ 8 kbar 0.0224+0.03 3.1x102
a’—(BEDT—TTF)QIBrQ 12 kbar 0.024+0.01 3.0x1072
(EDO—TTFBrQ)gAsFG 1 bar 0.13+0.01 5.0x10*
(EDO—TTFBrQ)gAsFG 9 kbar  0.094+0.01 4.0x10~*

Table 5.2: Fitting parameters of Eq. (5.3) in the pressure dependence of the resistivity for
the 2:1 salts.

€(1/kbar) po(300K, 1bar)(2cm)

B’-(BEDT-TTF),ICly 0.13 20
(BEDT-TTF)2GaCly 0.12 10
o’-(BEDT-TTF)3IBry 0.14 0.3
(EDO-TTFBrg)2AsFg 0.14 0.05

B-(BEDT-TTF),ICl,
[ (BEDT-TTF),GaCl,

o'-(BEDT-TTF),IBr, |

log[p (€2cm)]

) (EDO-TTFBr,),AsF, | |
) 2 4 6 8 10
P (kbar)

Figure 5.1: Pressure dependence of the resistivity for 4’-(BEDT-TTF)3ICly, (BEDT-TTF)o-
GaCly, o’-(BEDT-TTF)3IBry, and (EDO-TTFBry)2AsFg at room temperature.
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Figure 5.2: Pressure dependence of the activation energy for (a) 3’-(BEDT-TTF)2ICla, (b)
(EDO-TTFBry)2AsFg, and (¢) o’-(BEDT-TTF)2IBry. The plotted data (open circle with
error bar) come from the temperature dependence of the resistivities, while the slopes of solid
lines, which correspond to Egs. (5.5) and (5.6), are derived from the pressure dependence of
the resistivities without any fitting parameters.

Table 5.3: The values of the energy gap estimated from the temperature dependence of
the resistivities (2E,) and the calculation based on Eq. (5.4) (E4) for the 2:1 salts. The
band widths are estimated from the the band structures calculated using the tight-binding
approximation. The treatment with Eq. (5.8) cannot be employed for o’-(BEDT-TTF),IBra

that has not an effective half-filled state.

2E, (eV) W (eV)  E4(eV)
B’-(BEDT-TTF),ICly 0.20 0.28 0.26
(BEDT-TTF)2GaCly 0.39 0.30 0.24, 0.18
o’-(BEDT-TTF),IBra 0.40 0.60 -
(EDO-TTFBrz)2AsFs 0.26 0.52 0.02
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5.1.2 Thermoelectric power

The temperature dependence of the thermoelectric powers is summarized in Fig. 5.3 for
the 2:1 salts. The values of the thermoelectric power indicate the similar trend to the resistiv-
ity, reflecting the difference in the strength of the dimerization. The thermoelectric powers of
strongly dimerized salts have a quite large value at room temperature and monotonically in-
crease as temperature is lowered, while those of weakly dimerized salt, o’-(BEDT-TTF);IBrs,
is much small and decreases changing the sign at 270 K.

The temperature dependence of the positive thermoelectric power for the strongly dimer-
ized salts is almost proportional to the inverse temperature. Therefore, this trend is consid-
ered to imply the thermal activation process for the hole-dominant thermoelectric power as
mentioned in Eq. (1.54). The Mott insulators, however, are intrinsic semiconductors having
the same number of electron- and hole-carriers, and thus the absence of the contribution by
the electron-carriers can not be understood easily. Meanwhile, there is a simple model in a

strongly correlated systems as noted in § 1.5.1,

S = —k—Bln M, (5.10)
le| 0
where p is the number of electrons per site. This electron-hopping-type model in strongly
correlated systems is considered to be suitable to apply to our experimental results in the
room temperature region, especially for the well localized system such as 5’-(BEDT-TTF)o-
ICls, since this model is obtained in the limit of 7' — oo based on a Hubbard model without
the contribution of the transfer integrals. We here remind that the expected value of o for
the strongly dimerized systems is equal to unity because of the effective half-filled electronic
state. However, there is a fatal problem for the application in our systems, since Eq. (5.10)
cannot be applied essentially to the half-filled system having the value of p=1 which leads to
divergence of the thermoelectric power in Eq. (5.10).

Therefore, taking into account the thermal activation behavior of the thermoelectric
power, we modify Eq. (5.10) for the system of a half-filled electronic state in which ther-
mal excitation are allowed. For this modification, we consider the electron configurations in
the excited state above a gap of U. If n electrons are excited, there appear n empty sites and
n double occupied sites, resulting in (N4 — 2n) singly occupied sites, where N4 is the total
number of the sites. In this excited state, the thermoelectric power is obtained by calculating

the entropy of the system as given by

kg D
S=—"In— 5.11
e nl—p’ (5.11)

where p = exp(—U/2kgT).
Equation (5.11) is a function of temperature including the on-site Coulomb interaction U,

that is to say, the parameter U governs not only the absolute value but also the temperature-
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dependent behavior of the thermoelectric power. The detailed derivation to Eq. (5.11) is
discussed in § 5.1.3.

We apply this relation to the experimental data at room temperature. The fitting results
for the temperature dependence of the thermoelectric power using only one parameter U is
the solid curves shown in Fig. 5.3. In the three salts, the §’-(BEDT-TTF),ICly, (BEDT-
TTF)2GaCly, and (EDO-TTFBry)2AsFg, the fittings with U=0.22, 0.075, and 0.055 eV,
respectively, indicate good agreement with the experimental data. The parameters U used
for these fittings (~0.1-0.2 eV), which are considered to correspond with the energy gaps, are
in the same order to the energy gaps estimated from the band calculation, or the resistivity
measurements (Table 5.3). The calculated result of the thermoelectric power for 3’-(BEDT-
TTF)2ICly is in excellent agreement with the experimental data, and moreover, the obtained
value of parameter U=0.22 eV is well consistent with the energy gap obtained from the
resistivity and the calculation. It is worth noting that the strength of the dimerization
of this salt is considered to be the strongest one among all the salts investigated in this
work. There is good agreement also in the temperature dependence of the thermoelectric
power for (BEDT-TTF)2GaCly, whereas there is a deviation of about 0.1 eV between U
and E4. The dimerization of this salt is strong, while it is smaller than that of 3’-(BEDT-
TTF)2ICly. (EDO-TTFBry)2AsFg is placed in the marginal region to which the present
treatment is applicable. Namely, the activation energy of the resistivity is considerably larger
than that from the band calculation or the thermoelectric power. In o’-(BEDT-TTF)3IBr;
having weakly dimerization, however, this model fails to explain the experimental result. The
thermoelectric power decreases and changes the positive sign to the negative value below
270 K in contrast with the other salts.

Figure 5.3 clearly indicates the deviating behavior of the model from the experimental
data as the dimerization is weakened from (’-(BEDT-TTF)2ICly to o’-(BEDT-TTF)2IBr,.
This model adopts a rough treatment containing only the on-cite Coulomb repulsion without
any contribution of the transfer integrals. Therefore the deviating trend upon the reduction
in the strength of dimerization is considered to be attributed to the simplicity of this model,
nevertheless this model explains the temperature dependence fo the thermoelectric power
qualitatively except a’-(BEDT-TTF)IBra. The large difference in o’-(BEDT-TTF),IBrs is
considered to come from the difference of the band fillings, where the band structure is not

a half-filled state as discussed in the resistivity under pressure.
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Figure 5.3: Temperature dependence of the thermoelectric power for the 2:1 salts with fitting
(solid lines) to Eq. (5.11) where the fitting parameters of the on-site Coulomb energy are given
to be 0.224, 0.075, 0.043, and 0.055 eV for B’-(BEDT-TTF),ICly, (BEDT-TTF)2GaCly, o’-
(BEDT-TTF)2IBrg, and (EDO-TTFBry)2AsFg, respectively.
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5.1.3 Thermoelectric power of a half-filled electronic state

In this section, we derive the analytical expression of the thermoelectric power in the
half-filled highly correlated state shown in Fig. 5.4, where the ground state having the N4
sites is expressed in terms of N localized electrons per site (N=N4 in the ground state).

Here, the system is governed by the thermal excitation based on the Boltzmann statistics.
One electron excitation gives an increase of the energy of the state by the on-site Coulomb

interaction U. Thus, the Hubbard Hamiltonian is described as
I:I = UZC;‘[TCiTC;‘[¢Ci¢’ (512)
i

where C;‘[TCiT and c}lci | are the number operators in the i-site with the up and down spins,
respectively. When n electrons are excited with the excited energy given by nU, three kinds
of states of the sites coexist: n sites occupied by an electron, n sites occupied by two electrons,

and (N4 — 2n) empty sites without electrons. The degeneracy is described as
U Nyl
g = Z e *BT A o, (5.13)

where the factor 2%V is the degree of the freedom for S=1/2 spins. We apply the maximum
term approximation to this system as a canonical ensemble (and thus, Ng=2n+ N). Now we
choose the value of n giving the maximum contribution for g, which makes the free energy of
this system to be minimum, giving also the minimum of In g. Therefore, with applying the

Stirling’s formula (Inz!~zInz — z), we obtain the following relation;

Hom e~y ) E0) (5.14)

Na—2n Ni P\ 2T
where the approximation 2n < N4 is applied. Next, we treat the n-electron-excited state on
the basis of the ground canonical distribution for the number of electrons associating with
the single occupied sites, N. Here, the number of the double occupied sites, n, has to be
fixed. Therefore, the degeneracy of the state is
—nl Ny!

9=¢ T —AN)! a2

Through the treatment by the Stirling’s formula, the derivative of Ing with respect of N is

(5.15)

given as
dlng Np—n—-N
=1 In 2. 5.16
aN T Nt (5.16)
Using Eq. (5.14), the thermoelectric power is obtained as
k
§=-"B P (5.17)
e 1—-p

This equation indicates that the thermoelectric power for the half-filled state is related only
by only the Coulomb interaction U. The plot of the thermoelectric power vs temperature is

shown in Fig. 5.5.
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Figure 5.4: The model of a half-filled electronic structure. The ground state has an electron
per site. One-electron excitation gives an increase in the energy of the state by the on-site
Coulomb interaction U. When n electrons are excited where the excited energy is nU, three
kinds of states coexist: sites occupied by an electron, sites occupied by two electrons, and
empty sites without electrons.
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Figure 5.5: Thermoelectric power vs temperature plot based on Eq. (5.17). This figure shows
that the large number of excited electrons give a small value of the thermoelectric power.

119



5.2 Transport properties of the 3:1 salts

The isostructural 3:1 salts, (BMDT-TTF)3ClO4(1,2-dichloroethane) and (BMDT-TTF)s-
AsFg(1,1,2-trichloroethane), have phase transitions as shown in the temperature dependence
of the resistivity (Figs. 3.30 and 3.39). However, there is a large difference in the phase
transitions between two salts, reflected also in the magnetic properties as discussed in § 4.5.

We here point out three characteristic differences in the resistivities between two salts.
First, the most remarkable difference in the resistivities is the room temperature values;
~260 Qcm and ~15 Qcm for the ClO4 salt and the AsFg salt, respectively. The large
resistivity of the ClOy salt is considered to reflect the charge disproportionation (B°A*!B?),
which is expected according to the difference in the donor molecular bond lengths in a trimer
consisting of an A and two B molecules.

The second difference between two salts is clearly indicated in the pressure dependence
of the resistivities at room temperature as shown in Fig. 5.6. The decreasing trend of the
resistivity induced by pressure of the AsFg salt is much larger than that of the ClOy4 salt,
and in addition, there is an anomaly around 7 kbar in the AsFg salt at which the slope of
the log p vs P plot is changed, while this kind of anomaly is not seen in the ClO,4 salt. The
plots describe good linearity similar to the 2:1 salts, which is explained by Eq. (5.3) using
the parameters summarized in Table 5.4. It is worth noting that the 3:1 salts have larger
pressure-induced decreases of the resistivity than those of the 2:1 salts. This trend indicates
that the electronic structure is more easily modified by pressure in the 3:1 salts than in the
2:1 salts.

Third, the pressure dependence of the activation energies around room temperature is
characteristic as shown in Fig. 5.7, where the plotted data are obtained from the temperature
dependence of the resistivities. The activation energy is almost the same value of ~0.14 eV
at ambient pressure for both salts, while the pressure dependence is different from each other.
The values of the activation energies are summarized in Table 5.5 with the values of po(P).
The large pressure dependence of pg(P), as also seen in the weak dimer salt, o’-(BEDT-
TTF)2IBro, is considered to reflect the change of the electronic state. We tried to treat the
3:1 salts in the same way with the 2:1 salts, however the presence of phase transitions makes
the analysis meaningless for both salts. The solid lines shown in Fig. 5.7 are obtained on the
basis of Eq. (5.4) as expressed by the following relations: E,~—8 x 1073P +0.14 eV for the
ClOy salt, and E,~—2x 1072P +0.14 eV (P < 7 kbar) and E, & —3 x 1073P (P > 7 kbar)
for the AsFg salt, respectively.

We interpret these three differences between two salts as evidence for the charge dis-
proportionation of the ClO4 salt, and thus the electronic states between the two salts are
distinctly different from each other. Therefore, we next focus the behavior of the ClO4 salt
to consider this point.

The ClOy4 salt at ambient pressure shows a gentle decrease of the activation energy around
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250 K, from 0.14 eV to 0.09 eV below 250 K. This anomaly is not detected in the magnetic
susceptibility and ESR spectra. The transition is clearly observed under 9.6 kbar while the
broad transition temperature is almost the same at ambient pressure, where an interesting
point is an increase of the activation energy induced by the pressure up to ~0.20 eV above
250 K. The anomalous pressure-induced increase of the activation energy can be explained on
the basis of the charge disproportionation in the ClO,4 salt as follows. When the pressure is
increased, the inter-trimer molecular distance becomes decreased more easily than the intra-
trimer molecular distance. The decrease of the inter-molecular distance is consider to lead
to the increase of tinter, and in addition the increase of the inter-trimer Coulomb repulsion
since the distance between electrons decreases. Usually, the increase of the transfer integral
by the pressure is much larger than the increase of the inter-site Coulomb interaction, since
the former increases exponentially with the distance (r) while the latter is proportional to
1/r. Thus, the application of pressure in most of the electronic systems gives a decrease of
the activation energy. However, if there is a charge disproportionation in the trimer system,
the electron-carriers are considered to be localized on the center of the trimer, that is, on
the A molecule surrounded by neutral B molecules in this case. Therefore the interaction
between the carriers will be small. The increase of ti,te;, therefore, does not give influence to
the system, and thus the inter-trimer Coulomb interaction governs the activation energy.

On the other hand, the pressure effect is drastic for the AsFg salt. One of the characteristic
behavior is shown in the pressure dependence of the resistivity at room temperature. The
decrease of the resistivity induced by the pressure is quite large, and moreover it indicates
a change in the slope of the resistivity vs pressure plot at 7 kbar. Here, to consider the
origin of the largely decreasing trend of the resistivity, a comparison between the pressure
dependence of the activation energy and of the resistivity is useful. The pressure dependence
of the activation energy of the AsFg salt around room temperature is shown in Fig. 5.7.
The activation energy does not have large decrease below 7 kbar, while it decreases steeply
above 7 kbar, and the value at 12 kbar is about 0.007 eV, which is more than one order of
magnitude smaller than that at ambient pressure (0.14 eV). That is to say, the steep decrease
of the resistivity below 7 kbar is in disagreement with the behavior of the activation energy,
and thus it is considered to come from the decrease of the pg. The values of pg is summarized
in Table 5.5. The phase transition near the room temperature region gives a large error
to an estimation of pg, nevertheless the decreasing trend of pg below 7 kbar is detectable
(Table 5.5).

The anomalous decrease below 7 kbar is also indicated in the thermoelectric power. The
pressure dependence of the thermoelectric power for the AsFg salt is shown in Fig. 3.42.
The room temperature value of the thermoelectric power decreases down to 60 1V /K as the
pressure increases up to ~7 kbar, and it becomes almost constant above 7 kbar. Therefore,

the electronic state of the AsFg salt is changed by the induced pressure, which is considered

121



to modify not only the activation energy but also the mobilities and /or masses of the carriers
as described in Eq. (5.9).

Another characteristic point is the small activation energy above 7 kbar. The small
activation energy indicates quite a small increasing region of the resistivity at 12 kbar as
temperature is lowered above ~200 K. Afterward, the resistivity steeply increases around
180 K which looks just like a metal-to-insulator transition. This trend implies the comparable
transfer integrals with the on-site Coulomb interactions under pressure of 12 kbar. The
thermoelectric power at 9.6 kbar supports this result, where the temperature dependence
appears, while the steep increase around 200 K is not reflected in the thermoelectric power.

As a result, the transport properties in the 3:1 salts are considered to indicate the large
difference of the electronic states between the two salts, regardless that are isostructural
to each other. We attribute the reason of the difference to the charge disproportionation
in the ClO4 salt, however, we do not reveal the reason why only the ClO,4 salt has the
charge disproportionation. To discuss this point, the detailed crystal structure analyses at

low temperatures are indispensable.

ClO, salt

log[p (Qcm)]

Figure 5.6: Pressure dependence of the resistivity for (BMDT-TTF)3Cl04(1,2-dichloro-
ethane) and (BMDT-TTF)3AsFg(1,1,2-trichloroethane) at room temperature.
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Figure 5.7: Pressure dependence of the activation energy around room temperature for
(a) (BMDT-TTF)3ClO4(1,2-dichloroethane) and (b) (BMDT-TTF)3AsFg(1,1,2-trichloro-
ethane), where the dotted line for the AsFg salt above 7 kbar is the fitting for the data
at 7 kbar. Solid lines describe in the same way to Fig. 5.2.

Table 5.4: Fitting parameters of Eq. (5.3) for the 3:1 salts.

€(1/kbar) po(300K, 1bar)(Q2cm)

MT;Cl10,DCE 0.32 260
MT3AsF¢TCE (P < 7 kbar) 0.83 12
MT3AsFgTCE (P > 7 kbar) 0.13 0.1

Table 5.5: Activation energies and the prefactor for the resistivities of the 3:1 salts.

P E, (eV) po (Qcm)
MT3ClO4DCE 1 bar  0.1440.04 8.7x107!
MT3CIO4DCE 9.6 kbar  0.2040.04 5.0x1073
MT3AsF¢TCE 1 bar  0.1440.02 8.0x10 2
MT3AsF¢TCE 6.6 kbar  0.134+0.02 1.0x10 4
MT3AsF¢TCE 9.6 kbar  0.04+0.02 1.0x10 2
MT3AsF¢TCE 12 kbar 0.00740.004 2.5x10 2
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5.3 Classification of charge transfer salts in Mott insulator
regime

Before concluding this work, we discuss the common relationship between the physical
properties and the electronic states of the investigated charge transfer salts in the Mott
insulator regime.

The structural feature of the CT salts investigated is the dimerization/trimerization of the
donor molecules. We here discuss the 2:1 salts. As explained in § 1.6.4, a strong dimerization
in the 2:1 salts leads to an effective half-filled electronic state, where one electron exists per
dimer. The schematic view of this state in a tight-binding limit is shown in Figs. 5.8(a).
This situation gives a Mott insulating state featured with the on-cite Coulomb interaction,
and thus the electron conduction happens via the state excited by an energy gap ~ Ueg.
B’-(BEDT-TTF)X (X=IClz, AuCly) and (BEDT-TTF)2GaCly are considered to be well
described in this view.

On the other hand, the band structure of the weakly dimerized system gives a 3/4-filled
state, where we need to consider three electrons per two molecular sites. This electron-
rich state can be treated as the 1/4-filled state of hole-carriers for a convenient treatment,
considering the on-site Coulomb interaction between hole-carriers. Here, the condition of
the weak dimerization is re-expressed by a small difference between tinter and tiptra. If we
consider Uyg for the weak dimer, the second nearest Coulomb repulsion V' must be taken
into account since V is expected to be comparable to U.g whereas Uyg > V. Afterward, the
ground state is given by an alternating arrangement of the empty site and the site occupied
by one-hole carrier as depicted in the lowest energy level of Fig. 5.8(b). The energy states
excited by Ueg and V from the ground state will be considered, where the state excited by
U is indispensable for the transport of electrons, since the state excited by V does not
flow electrons. Therefore, the energy gap of the conduction is Ueg and the effect of V' is not
observed directly in the energy gap of the transport properties, whereas the coexistence of
the comparable V' to U.g is considered to feature the electronic states in the weak dimer
system and deviates the electronic state from the strongly dimerized picture. Thus in «o’-
(BEDT-TTF)2IBry the small transfer integrals lead to the electron localized state by means
of the Ugg and V.

(EDO-TTFBrg)2AsFg is considered to be moderately dimerized, which has strong tiptra
and tinter- The band structure is an effective half-filled state having a small band split. It
is expected that the large band width gives the small energy gap based on the strongly
dimer model (Eq. (5.8)) of about 0.02 eV, while it is in disagreement with the experimental
value of 0.13 eV. This suggests the deviation from the strong dimer model, nevertheless the
qualitative behavior of the thermoelectric power is explained by the model.

Finally we indicate a useful mapping for the charge transfer salts in the strongly corre-
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lated systems. In this work, we have defined the strength of the dimerization/trimerization
by the ratio tintra/tinter Where the employed tintey is the strongest inter-dimer transfer inte-
gral. This definition gives a reasonable consideration both for the magnetic properties and
the transport properties. However, here is an exception, k-type salts having strong dimer-
ization (tintra/tinter=2.3 for the Cu(SCN)g salt), which is in almost the same strength of
dimerization to the (’-salts (tintra/tinter=2.7), while its physical properties differ from those
of the (’-salts such as the large conductivity (see § 1.8.5). We here consider 2tinia/W as a
modified definition of the strength of dimerization, where W is the band width obtained from
the band calculation based on the tight-binding method. The prefactor of 2 is added for a
convenient treatment in the strongly dimerized systems, because of a correspondence to Ugg.
This definition is a reasonable extension of that with tintra/tinter, since W is associated with
tinter- The 2tinera vs W plot is shown in Fig. 5.9(b). To estimate 2¢tiyta/W from this plot, we
only see the slope of the line between the origin and the plotted data, as given by the dashed
line for B’-(BEDT-TTF)2ICly. Therefore, the slope of the line through the origin repre-
sents strength of the dimerization. An interesting point is the boundary given by 2tit,a=W'.
The slope of the boundary gives the condition 2tin,/W =1, that corresponds to the min-
imal condition of W for the metallic state in the Hubbard sub-band model (Fig. 5.9(b)).
k-(BEDT-TTF)2Cu(SCN); is located just below the boundary, whereas the charge transfer
salts investigated here are located above the boundary except the weak dimer/trimer salts,
such as o’-(BEDT-TTF)2IBry, where the donor dimerization picture is failed and the contri-
bution of Ueg and V gives the localization of the carriers. Therefore, this figure successfully
explains all the charge transfer salts in the Mott insulator regime on the basis of the strength

of the dimerization/trimerization.
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Figure 5.8: Schematic view of electronic state for the 2:1 salts. (a) Strongly dimerized salt
with an effective half-filled state. (b) Weakly dimerized salt with a 3/4-filled state. There
are two kinds of the excited states with excitation energies of V' and Ueg, where V is the
second nearest Coulomb interaction.
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Figure 5.9: Schematic views for the classification of the charge transfer salts in the Mott
insulator regime. (a) The Hubbard sub-band (see § 1.6.4). (b) A mapping of the tintra VS
the band width. The slope of the lines through the orign corresponds to the strength of the
dimerization. We note that the value of the 2titra for (BMDT-TTF)3AsFg(1,1,2-trichloro-
ethane) is substituted by v2tpnea. (c) and (d) The band structures on the basis of the
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Chapter 6

Conclusion

We investigated the electrical and magnetic properties of several TTF-based charge
transfer salts in strongly correlated systems consisting of dimerized/trimerized-donor units,
which are classified into three subgroups; (1) 5’-(BEDT-TTF);X (X=IClp, AuCly), (BEDT-
TTF),GaCly, and (EDO-TTFBry)2AsFg as strong-to-intermediate dimer systems, (2) a’-
(BEDT-TTF)2IBry as weak dimer systems and (3) (BMDT-TTF)3ClO4(1,2-dichloroethane)
and (BMDT-TTF)3AsFg(1,1,2-trichloroethane) as weak trimer systems. Group (1) is con-
sidered to be the typical Mott insulators, to which the charge transfer salts having clearly
dimerized donor structure belong. Groups (2) and (3) are situated in the marginal region
of the Mott insulator group, where weak dimerization/trimerization in the crystal structures
adds electron delocalization feature to some extent. Groups (1)-(3) cover almost the whole
Mott insulator region in Fig. 1.22 except the bounding to the metal region where well-known
k-type BEDT-TTF salts are located.

Eventually, according to this work, except the salts around the metal-insulator bound-
ary, the Mott insulator salts have common features; that is, the magnetic properties can
be explained on the basis of the localized spin models regardless of the electron localiza-
tion/delocalization occurred from the strength of the dimerization/trimerization. On the
other hand, The transport properties, both of the resistivity and the thermoelectric power,
are largely dependent on the strength of the dimerization/trimerization. The details are
summarized as follows.

B’-(BEDT-TTF)2X (X=ICly, AuCly) is magnetically characterized as a quasi two-dimensional
square lattice Heisenberg antiferromagnetic system with J~ —59 K for both salts. Three-
dimensional antiferromagnetic transitions take place at Tny=22 K and 28 K for the ICl»
and AuCl, salts, respectively, in which the small inter-layer interactions J'~1 x 107%J and
1x1073J play an important role. The magnetic structure of (BEDT-TTF),GaCl, consists of
two kinds of one-dimensional chain structures, where the presence of alternating inter-chain
interactions adds a feature of a two-leg-ladder structure. The intra-chain interaction is esti-

mated at J~—70 K, and the susceptibility decreasing to zero as the temperature approaches
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zero is consistent with the feature of the two-leg-ladder system. a’-(BEDT-TTF)2IBry hav-
ing weak dimerization shows the one-dimensional alternating chain structure of J ~ —53
and J' ~ —26 K, giving a spin-singlet ground state at 7=0 K. (EDO-TTFBry)2AsFg, hav-
ing intermediate strength of dimerization, is considered to form a quasi one-dimensional
Heisenberg antiferromagnet structure with J =~ —200 K. The three-dimensional antiferro-
magnetic transition is observed at 37 K, while the magnetic easy-axis cannot be caught.
The crystal structure of (BMDT-TTF)3Cl04(1,2-dichloroethane) forms weak trimerization
with charge disproportionation giving one localized spin per trimer, resulting in a quasi one-
dimensional structure where the inter-chain interactions generate a frustration feature. The
isostructural (BMDT-TTF)3AsFg(1,1,2-trichloroethane) behaves similarly to the (BMDT-
TTF)3Cl04(1,2-dichloroethane) from the point of localized spin model in spite of the electron
delocalization emerging at high temperatures.

The feature of the ESR line width in relation to the strength of dimerization/trimerization
is considered to be responsible for the electron localization. For F’-(BEDT-TTF)ICly,
(BEDT-TTF)2GaCly, and (BMDT-TTF)3Cl04(1,2-dichloroethane) having strong electron
localization, the ESR line widths can be explained in terms of the spin-spin relaxation simi-
lar to the ordinary localized spin systems, whereas the line widths of o’-(BEDT-TTF);IBr;
and (BMDT-TTF)3AsFg(1,1,2-trichloroethane) are suggestive of strong influence of the spin-
lattice relaxation process associated with the electron delocalization. (EDO-TTFBrs)2AsFg
has an exceptional feature of a largely delocalized electrons which is not reflected by the
one-dimensionality of the electronic state, and thus the line width is described by the con-
tribution of the spin-spin relaxation, in the same way with the strongly localized electron
systems. The most remarkable feature in a’-(BEDT-TTF)2IBry and (BMDT-TTF)3AsFs-
(1,1,2-trichloroethane) is reflected by the reduced magnetic moments which are considered
to feature the delocalization of the electrons on the weak dimer/trimer units.

In the resistivity for the 2:1 salt, the pressure effect clearly indicates the strength of the
dimerization. The pressure dependence of the resistivity for the strongly dimerized salts
is governed by the decrease of the activation energies, where the change of the features of
the carriers, such as mobilities and masses, are considered to be negligible. The activation
energies are well explained by the view of strongly dimerized limit, Ey=2tintra — W. On
the other hand, in the weakly dimerized salts, a’-(BEDT-TTF)2IBrs, not only the activation
energy but the mobilities and/or masses are obviously changed by the pressure. Similar trend
is shown also in the 3:1 salts.

For the explanation of thermoelectric power in the 2:1 salts, we considered a model of
a strongly correlated electron system with a half-filled electronic state. This simple model
well explains the behavior of thermoelectric power for the strongly dimerized salts quantita-
tively. However, the weak dimerization system having the 3/4-filled band structure is largely

different from this model.
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The transport properties of the 3:1 salts are governed by the existence of the charge
disproportionation of the donor molecules, which leads to the large resistivity and anoma-
lous pressure dependence of the activation energy as indicated in (BMDT-TTF)3Cl104(1,2-
dichloroethane). The isostructural salt, (BMDT-TTF)3AsFg(1,1,2-trichloroethane), shows
a largely decrease of the resistivity, which is in the similar trend of the weak dimer salt
o’-(BEDT-TTF),IBrs.

Finally, we find out a suitable parameter of 2tintra/W as an indication of the strength
of the dimerization/trimerization. This parameter explains the physical properties of the
charge transfer salts as strongly correlated systems on the basis of the strength of the dimer-

ization/trimerization.
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