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Chapter 1

Introduction



In general, the conduction mechanisms of the organic charge transfer com-
plexes are characterized as the conduction of w-electrons in the low-dimensional
space and with the strong electron-electron correlation. These features cause a large
variety of the instabilities of the electrical conductions. In addition to the ordinary
instabilities, an interesting of my thesis is to investigate the magnetic interactions in
organic molecular conductors associated with the correlation between the conduc-
tion m-electron and the inorganic counter ion with the localized magnetic moment.
On the basis of the interest, I investigated (BEDT-TTF)3CuBr, in detail, and syn-
thesized new class of the cation radical salts having the magnetic interactions. The
other is related to the organic magnetic insulators in view of the low-dimensional
magnetism. In this connection, I studied (C;TET-TTF),Br in detail.

In this chapter, I introduce general features of the organic conductors in the first
section. Secondly, I reveal the Mott-Hubbard system strongly related to the electron-
electron correlétion in organic conductor. Thirdly, I present the low-dimensional
magnetism because the structure of the organic cation radical salts tend to have the
low-dimensional structures. Next, I describe the magnetic interactions expected in
the organic conductors with the localized magnetic moments. Finally, I review the

interesting organic molecular conductors with the localized magnetic moments.

1.1 Organic Conductors
'1.1.1 Outline of Organic Conductors

In this section, I describe the outline of organic conductors in view of the
discovery and developments of organic metals, feature of physics and introduction
to the magnetic interactions.

In early 1910’s, McCoy and Moore [1, 2] suggested that organic solids might
exhibit metallic electrical conductivities on the basis of theore’tical‘prediction. After
about 40 years from the first theoretical suggestion, the experimental study of or-

ganic charge transfer complexes reported by Akamatsu, Inokuchi and Matsunaga [3]



in 1950’s made a breakthrough in the development of organic conductors. The
next important step was brought about by Ferraris et al. [4] who discovered the
first true organic metal TTF-TCNQ (see Fig. 1.1) in 1973. And then, on the basis
“of the development of organic metals having started often the discovery of TTF-
TCNQ, Bechgaared et al. found superconductivity in the quasi-one dimensional
salts (TMTSF).X (X:monovalent anions) under high pressure [5]. Now, more than
20 superconductors of BEDT-TTF salts [6]-[8] have been found mainly in TTF type
~ donors such as TMTSF, BEDT-TTF, BEDT-TSF (see Fig. 1.1). In particular, re-
cently the suprconductiong complexes are interested in the relation to near the Mott
boundary [9]-[12].

Nowadays, the field of organic conductors whose progress has been bringing
about the development of a large variety of conductors with different structures and
electronic states provides important problems to solid state physicists and physical
chemists. According to the basis of the solid state physics, the organic conduc-
~ tors can be characterized as low-dimensional m-electron systems generated by the
stacking of m-conjugated molecules with flat shape. In the system, the variety of
the electronic instabilities, such as the charge density wave and spin density wave,
appear at low temperature, are expected to be caused by the competition between
the transfer integral, on-site Coulomb interaction and electron phonon interaction.

In addition to these interests on the low-dimensional conducting system and the
correlation among the transfer integral, on-site Coulomb interaction and electron-
phonon interaction, the introduction of localized d-electrons in the charge transfer
complexes provide new aspects of the above conducting systems in organic charge
transfer complexes. Namely, the localized d-electrons play a role of magnetism and
are expected to bring about similar phenomena to the s-d interaction in ordinary
transition metal magnets. Here, the magnitude of the transfer integral ¢ is consider-
ably small in comparison with that of the Coulomb interaction U in the charge
transfer complexes. Therefore, the localized d-electrons in the low-dimensional

charge transfer complexes will cooperate to cause new types of electronic insta-



bility different from the ordinary metal magnets or the existing instability in charge
transfer complexes. Actually, "m-d” interactions as mentioned above give features
of electronic and magnetic instability in organic molecular conductors with organic
counterparts such as BEDT-TTF, BEDT-TSF, DCNQUs [13]-[17].

Another interest of my thesis is the study of magnetism on the organic melecules.
Some organic conductors exist in the Mott insulating regime through the competition
among the transfer integral and the on-site Coulomb interaction [18]-[22], and show
the interesting magnetic properties with localized magnetic moments of 7-electron
origin. The complexes belonging to the Mott insulator regime remain not so well
understood, although they are expected to give a novel class of molecule-based low-
dimensional magnets. Consequently, the investigations are expected to reveal new

interesting features of the magnetism among the organic magnetic insulators.
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1.1.2 Feature of Conducting Mechanism

In this section, we discuss the mechanism of the generation of conduction elec-
trons in organic charge transfer complexes, aﬁd then, describe the features of elec-
trical properties in terms of the several band filling states.

According to the simple molecular orbital theory, Mulliken’s concept of interac-
tion between the charge-transfer and no-bonding structures is considered to corre-
spond to the interaction betweeﬁ the highest occupied molecular orbital (HOMO)
of an electron donor having closed shell and the lowest unoccupied molecular or-
bital (LUMO) of an electron acceptor having open shell as shown in Fig. 1.2. In
Fig. 1.2, one electron in the HOMO level is transferred to the LUMO level by the
charge transfer interaction, where the charge transfer salt is composed of the up-
per two conduction levels mainly dominated by the donor orbitals and the lower
non-conduction level mainly dominated by the acceptor orbitals. When we employ
the inorganic counter ions for the dcceptor parts, the conduction bands are mainly
described by the donor orbitals, and it contributes the conduction mechanism. Most
of organic cation radical salts have these type of the conduction mechanism.

On the basis of the above conduction level, we describe electronic properties in
what follows. The conducting properties are described in terms of the degree of the
band filling on the conduction band, where three kinds of conducting features are
considered mainly for the cation radical salts composed of the organic donors and
the inorganic acceptors. The characteristics of degree of the band filling are given
in the completely band filling, partially filled band and half-filled band ,where the
schematic band filling structures are represented in Fig. 1.3.

First, we consider the completely filled band structure as shown in Fig. 1.3 (a).
In the band structure, the conduction electron is transferred to excited level beyond
the band gap. The typical value of the band gap ranges the value of 0.1-1 €V in
ordinary cation radical salts, while, that of the transfer integral is given to be 0.1-

0.3 eV. Consequently, the conduction behavior usually shows the semiconductive



type with the activation energy derived from the band gap.

Secondly, we consider the partially filled band structure as shown in Fig. 1.3 (b).
In the band structure, the electron transfer to the next molécule do not cause the
energy loss of the electronic state of the conduction electron. Consequently, in this
band filling, the conduction behavior shows the metallic type.

Thirdly, we present the half-filled band structure as shown in Fig. 1.3 (¢). In
this band filling, the transfer integral ¢ to the next molecule overcome the loss of the
transfer energy because the difference between the two-electron state and the two-
hole state on a molecule cause to raise the energy of the electronic transfer, where
the raise of the energy is defined by the on-site Coulomb energy U. In usual organic
conductors, the transfer integral ranges the value of 0.1-0.3 eV, while, the on-site
Coulomb energy U is given to be about 1 eV. Thus, it is difficult that the electron
transfer energy ¢ overcome the on-site Coulomb energy U in usual organic cation
radical salts, resulting in the semiconductive behavior with an activation energy. In
addition, the organic salts in the insulating state have the localized moments on the
organic donor molecules. As this feature of the half-filled band gives an attractive
affect in the organic conductors, we describe the detailed features of the half-filled

band structure, as called Mott-Hubbard system, in the next section.
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Figure 1.2: Charge-transfer(C-T) interaction between donor and acceptor in a com-
plex with the donor-to-acceptor ratio of 2/1.
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Figure 1.3: The three cases of the band filling, where ¢t and U are transfer integral
and on-site Coulomb interaction. (a) Completely filled band. (b) Partially filled

band. (c) Half-filled band. The solid circle is the electron site. The open circle is
the transfer site of the electron.
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1.2 Mott-Hubbard system

In ordinary organic charge transfer complexes, the on-site Coulomb repulsion U
ranges typically U~1 eV, while the transfer integral ¢ is in the range of {~0.1-0.3 eV,
so that the competition between U and ¢ causes a metal-insulator transition (Mott
transition) in the complexes with half-filled band structure based on the one-electron
approximation without the consideration for Coulomb interaction. Actually, many
of organi.c charge transfer complexes characterized as half-filled band structures show
interesting conductive and magnetic properties originating from the strong electron-
electron correlation. Thus, I give a summary of Mott-Hubbard system.

For understanding the feature of the half-filled band with the competition be-
tween the transfer integral and the on-site Coulomb interaction, I introduce the

simplified Hamiltonian as called Hubbard Hamiltonian [23],

H=-— Zt,-jva,-aa;-‘, + UZ"iTnii- (1.1)
irj i

Here, U is the on-site Coulomb repulsion defined by U=< €?/ar;; > (a: polarizabil-
ity, r12: the distance between two electrons when they are at the same molecule), ¢;;
is the transfer integral between two sites 7 and 7 which is equal to W /2z (W:band
width, z:coordination number). al, and aj, are a creation operator and an anni-
hilation operator with spin state o for site ¢ and j, respectively. In- this model,
the competition between U and ¢ influences the éonductive and magnetic properties
especially for the comblexes with the half-filled band structure.

In the range of U>W, the band structure with the consideration for Coulomb
interaction is split into upper and lower bands as shown in Fig. 1.4, where the
lower band is completely filled by electrons. This is called a Mott insulator, in
whi;:h the conductive and the magnetic properties are described in terms of semi-
conductive behavior having localized magnetic moments. And, the magnetism is
described by antiferromagnetic Heisenberg model with the magnetic exchange inter-
action J=—2t;;2/U.

In the range of U~W, the interesting property is caused by the competition

11



between U and ¢. Namely, with increasing the band width W from the insulator
side (U>W), a metal-insulator transition appears at U~W when the split bands by
Coulomb energy U overlap, where the transition is called as ”Mott transition” or
”Mott-Hubbard transition”.

In UKW, the band structure is described by a simple metal. However, on the
metallic side near this transition (U<W), the material in this range shows the inter-
esting conductive and magnetic behavior. That is, the temperature dependence of
the conductivity is different from that of normal metal and the magnetic suscepti-
bility indicates the enhanced Pauli paramagnetism generated by the strong electron
correlation.

Actually, the interesting features in view of the ratio W /U appear in the phase
diagram of V303 [24, 25] as shown in Fig. 1.5, which is situated around the boundary
of the Mott-Hubbard regime. In V;,03, the amount of the doping of Croor Ti for .pure
V3203 (chemical pressure) can corresponds to the external pressure (physical pres-
sure). The applying the chemical or physical pressure changes the parameter W /U
with changing the band width. In the high temperature and the low pressure side
of the phase diagram, the material shows the insulator behavior and the localized
paramagnetism which is called as the Mott insulator. The increasing the pressure
from the Mott insulator side cause the insulator-metal transition (Mott transition)
and stabilize the metallic state in the high pressure side. Meanwhile, the lowering
the temperature in the insulator or metal phase brings about the transition to the
antiferromagnetic insulator phase where the localized spins are aligned antiparallely.
As mentioned above, the competition between the transfer integral and th on-site
Coulomb interaction shows interesting features in the electronic and the magnetic

properties.

12



Insulator : Metal

A WU

M ott transition

Figure 1.4: Schematic picture of the half-filled band described in terms of the on-site
Coulomb U and the band width W. The hatched area is filled by the electrons. Ey
is defined as the conduction level. The increasing the parameter W /U cause the
Mott transition at W/U~1 originating from the overlap of the split bands.

13



TTHC (Vg Myla0y *Ti—
0.04 0.02 0 0.02 004 0.06
300 T T 1 71 T 1 T 1

CRITICAL POINT,

I
]
]
t
i
I
!
4004~ ] ~
]
1
I
i
; e« o tatm
g INSULATOR | METAL
= 300} : PRESSURE EXP.  —
:_g \ 4 4 V03
g i « © 0038 ¢
& ' +« o 0038 Ti
a. ]
5 1
W 200 : i
1
1

100
ANTIFERROMAGNETIC

1
]
1
i
H
INSULATOR !
)
)
1
i
}

o] | ! L { 1 { 1 1 I _ax
INCREASING PRESSURE = 4 kbar/DiVISION ——
ZERO PRESSURE POINT MOVES WITH TOP SCALE
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1.3 Low-Dimensional Magnetism

Usually, the organic charge fransfer complexes form the low-dimensional crys-
tal structures. In these complexes, the anion-arrangements are also composed of
the low-dimensional structures. Thus, in the organic conductors with the counter
anions having the localized magnetic moments, the magnetic sites consist of the low-
dimensional magnetic structures. Moreover, in the Mott insulating regime (U>W),
the organic molecules having the magnetic moments also give the low-dimensional
magnetic structures. In the present investigation, I have been studying the phys-
ical properties of organic conductors (BEDT-TTF)3CuBrs and (C;TET-TTF),Br
those are composed of the two-dimensional magnetic structures. Consequently, we -
- need to have the knowledge of the low-dimensional magnetism to discuss the present
consequences of magnetic properties.

The simple characteristics of the magnetic properties are described by the Heisen-
berg, XY and Ising interaction (ferro or antiferromagnet) oﬁ the magnetic lattice
with one, two and three-dimensionality. Here, the generalized exchange Hamiltonian
is Written by the following equation,

H =2 (a(S"S;" + S¥S;¥) + bSi*5;%), (1.2)

ij :

where i, j are the sites of the magnetic moments, which are summed up for all
the adjacent sites and J is the constant of the exchange interaction. In a=b=1,
the magnetic interaction shows the Heisenberg type nature, where the spin angular
momentum S is isotropic. Moreover, the anisotropic Ising interaction is obtained by
the setting a=0, b=1, and, for a=1, b=0, the system is called the XY model, where
the orientation of spins are constrained within the 2y plane.

The dimensionality of the magnetic lattice is defined as the dimensiona,lity.of
the exchange intera,ction'network. Depending on the relative strengths of exchange
interactions, three, two and one-dimensional magnetic lattices are obtained for
Ji~dy~dz, Ji~dp>Js and Ji>»Ja~Js, respectively, as shown in Fig. 1.6.

The dimensionality of the interaction and the anisotropy of the spin influences

15



the magnetic phase transition governed by the fluctuation of the magnetic corre-
lation between the magnetic moments. Figures 1.7 and 1.8 show the character-
istic temperature dependence of the specific heat for the systems with different
dimensionality of the interaction and the anisotropy of the spin [26]. For the three
or two-dimensional Ising model, a phase transition of magnetic long-range-order,
which is reflected as a divergence in the specific heat, occurs at a finite tempera-
ture T, whereas T is lowered in comparison with the prediction by the molecular
field theory. Moreover, in pure one-dimensional Ising model, the ordered phase
does not appear above zero temperature, and the entropy shows short range order
feature with a Schottky-type anomaly. On the other hand, the three-dimensional
Heisenberg lattice possess a phase transition at a finite temperature. However, in
the two or one-dimensional Heisenberg lattice, the magnetic long-range-order does
~ not appear at the finite temperature similar to the one-dimensional Ising system.
As described above, the decreases of the dimensionality of the interaction and the
magnetic anisotropy of the spin from Ising system to Heisenberg system enhances
the magnetic short-range-order effect because the short-range-order is governed by
the fluctuation of the magnetic moments which is enhanced by the decrease of the

magnetic anisotropy.

16



Figure 1.6: Dimensionality of the exchange interaction network. (a) three-
dimensional (Jy~Jz~J3), (b) two-dimensional (J;~Jy3>>J5), (c) one-dimensional
(J1>>J2NJ3)
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Figure 1.7: Specific heats Cy, of the S=1/2 Ising model in one, two and three-
dimensions in comparison with molecular-field (MF) theory [26], where the temper-
ature is nomarized by the Weiss temperature 4.
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Figure 1.8: Specific heats of the S=1/2 Heisenberg model in one, two and three-
dimensions in comparison with molecular field theory [26], where the temperature
is nomarized by the Weiss temperature 6.
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1.4 Magnetic Interactions

In the previous section, we describe the features of low-dimensional magnets,
however, we did not characterize the origin of the magnetic interaction. Thus, we
discuss the origin of magnetic interactions between the localized magnetic moments.
In addition, we describe the ordinary s-d interaction which is the magnetic exchange
interaction between the conduction s-electron and the localized d-electron.

At the beginning, we represent the magnetic interactions between the localized
moments in the magnetic insulator. In the classical regime, the magnetic interac-
tion is given by the magnetic dipole-dipole interaction as represented by the next

equation,

[T29 * PoTrg )z - Py
e gl o)t m) (13)
T2 T12

where p1,, p, refer to the magnetic moments and r,, is the vector of the distance
between the magnetic sites. In ordinary crystals with the inter-moment distance
ranging 2A, the magnitude of the dipolar energy is estimated at the order of 0.1 K.
The value is too weak to explain the exchange energy and the magnetic transition
temperature in the ordinary inorganic magnetic insulators. Thus, we need to reveal
the other interactions as will be described below.

 In the ordinary magnetic insulators, most of the magnétic properties are de-
scribed by the quantum mechanism in the exchange interaction. The exchange
interaction is given by

—~2J8S, - S,, (1.4)

where J denotes the exchange interaction energy between the magnetic sites, and
S, and S, are the spin operators at magnetic sites. There are two kinds of exchange
interaction mechanisms between the magnetic sites in a magnetic insulator. The
one is the direct exchange interaction, which is generated by the exchange integral

of Coulomb interaction in the direct orbital overlapping of the magnetic ions. The
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exchange interaction is represented by the following equation,

2
* * €
Jdirect = /(Pi(rl)‘tpj(rz);"l';soj(rl)sai(rz)dTldT% (15)

- where ¢(r,) and ¢(r,) are the wave functions of the magnetic ions or molecules.

The other is the superexchange interaction, which is generated by the exchange in-
teraction through the non-magnetic site. The exchange energy of the superexchange

interaction is given by
[b:1* ( 1 )
super — i i 25, 1.6
Eoup ; 7 \3 28;-S; (1.6)

where b;; is the transfer integral between the site ¢ and j, and U is the energy of
Coulomb repulsion. In this interaction, the parallel spin arrangement gives the zero
value in the above equation, indicating that the superexchange interaction stabilizes
the antiparallel spin arrangement.

The above is the interaction in the magnetic insulators, however, in the sea of the
conduction electrons the magnetic moments give the other interesting phenomena
through the magnetic interaction between the conduction electrons and the localized
moment. We describe the magnetic interactions in the metal magnets below.

In a dilute alloy with 3d impurities such as Fe, Mn in Cu, Au, Ag and in 4f
metals, the impurity atoms have localized magnetic moments which interact with
conduction electrons through the exchange interaction called by s-d or s-f inter-
action. A model consisting of the conduction electrons and the localized d or f
electrons is given by the following s-d Hamiltonian,

Hoa = _Nio § ; Jowl(alyans — af ) Sic + alyanySi + alyarsSial, (1.7
wher¢ Ny is the number of atoms, Jy is the exchange interaction between the
conduction electron and the magnetic moment, S; is the localized spin at site j, a}:T
and ag are creation and annihilation operators of the electrons, respectively. In the
well-diluted limit, there is the absence of the direct exchange interaction between

the localized moments. In this case, the conduction electron is scattered by the
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spin reversal process through the s-d interaction, which causes the appearance of a
minimum point in the resistivity vs temperature plots at low temperature as called
the "Kondo effect”. |

The increasing the magnetic impurity concentration makes the indirect coupling
between the localized moments through s-d interaction, and then it gives rise to
the ferromagnetism, antiferromagnetism and spin glasses states depending on the
crystal structures. The indirect interaction is called as "RKKY (Ruderman, Kittel,
Kasuya and Yoshida ) interaction”. According to the theory of RKKY interaction,
the spatial variation of the spin polarization leads to indirect coupling between two

localized magnetic moments as given by the following equation,

Vit = —J2(2mkp[n®) Fo(2kr R;1) S; S, (1.8)
cosT  Sinzx
F()(.'L') = — $3 + —:1:-4——, (1-9)

where Vj; is the interaction energy between j and ! sites, Jyq = voJir, vo being
the atomic volume, m is magnetization on the j site, kr is the Fermi radius, R;
the distance between the ith and Ith atoms, then S; and S are the spin angular
momentum operator at the localized site j and /. The interaction energy oscillates
with changing the sign at a cycle of 1/2kp witﬂ increasing R;;, where the amplitude
decreases gradually as a function of 1/R;;®. Thus, the magnetic interaction reaches
to the other magnetic sites away from the scattering magnetic ion. Moreover, it is
possible to cause the ferromagnetic interaction depending on the crystal structure
because the magnetic interaction is transmitted with the changing the sign of the
magnetisation of the conduction electron. In particular, RKKY interaction in the
small kr such as the organic m-conductor is expected to give the ferromagnetic

interaction through the long distance derived from the oscillating cycle of 1/2kp.
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1.5 Organic Conductors with Localized Magnetic
Moments

There are mainly three kinds of cases to generate magnetic moments among
organic charge transfer complexes and organic radical compounds. First, magnetic
counter ions are introduced into the drganic cation radical salts, where there is
the coexistence of the magnetic moment on the counter anion and the conduction
m-electrons on the organic donors. Secondly, Mott insulating state generates the
magnetic moments of m-electron origin on the organic molecules due to the competi-
tion between the on-site Coulomb repulsion and the transfer integral. The magnetic
properties are described in terms of the antiferromagnetic Heisenberg systems with
the exchange interaction J=—2¢/U. Thirdly, the stabilization of free radicals in
the crystals provides the localized spins, some of which show the ferromagnetic
transitions at low temperatures. In the present thesis, we discuss the first case
in (BEDT-TTF)3CuBr4 and the second case in (C;TET-TTF),;Br. To clarify the
magnetic interactions in the present compounds, we review the solid state properties

having the magnetic moment in the above two cases in what follows.

1.5.1 7-d systems

Organic conductors (BEDT-TTF)4(H20)Fe(C204)3-CsﬂsCN, A-(BETS) FeCl
and (DMe-DCNQI);Cu represent the materials belonging to the first class where
the magnetic moments are presented by the localized 3-d electrons.

(BEDT—TTF)4(HZO)Fe(CzO4)3-CeH5CN is a novel system discovered as the
first organic superconductor including magnetic anions [27, 28]. It consists of alter-
native stacking of BEDT-TTF and Fe(C;04)33~ layers, where Fe ion has an §=>5/2
spin as shown in Fig. 1.9. It shows metaﬂic behavior and a sharp transition to su-
perconductivity at 7,=7.0 K. The magnetic susceptibility above 7, is explained in
terms of the contributions of the Pauli paramagnetism and the Curie-Weiss param-

agnetism with the weak antiferromagnetic Weiss temperature §=—0.2 K as shown
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in Fig. 1.10. ESR spectra is characterized wifh two resonances signals due to thé
conduction electrons on the BEDT-TTF molecules and the localized 3d-electrons on
the Fe(III) ions, which indicates the significantly small magnetic interaction between
the conduction w-electrons and the localized d-electrons. Usually, a superconducting
state can not coexists with a ferromagnetic state because the superconducting state
are broken by the internal field of the magnetic moments below the ferromagnetic
transition temperature. For instance, the boride ErRh B, shows a superconducting
transition at 9 K, and then indicates ferromagnetic transition at 0.9 K with the
breaking superconducting state [29]. On the other hand, an antiferromagnetic state
coexists a superconducting state even below the antiferromagnetic transition. For
example, in the Chevrel GdMogSs, a superconducting transition appears at 1.3 K,
and then, it shows an antiferromagnetic transition at 0.85 K with retaining the
superconducting state below the antiferromagnetic transition [30]. These ferro- or
antiferromagnetic superconductor have characteristic crystal structures, namely, the
conduction carrier sites are composed far from the magnetic ion sites, resulting in
the small exchange interaction between the conduction electrons and the magnetic
moment. The features are similar to (BEDT-TTF),H,0F¢(C;04)3Ce¢H;CN, where
the observation of EPR signal proves the absence of magnetic interaction between
the conduction electrons on BEDT-TTF donors and the localized electron on Fe3*
ion. Consequently, in this organic magnetic superconductor, the significantly weak
interaction between the conduction electron and the magnetic moment stabilizes the
superconducting state. Moreover, the susceptibility measurement at the lower tem-
perature is expected to observe an antiferromagnetic transition, which will clarify
the characteristic of the superconducting state in this compound.
A-(BETS),;FeCl, has the alternate stacking structure of BETS donor layer and
FeCly?~ magnetic layer as shown in Fig. 1.11 [31], where the shortest Fe®* jon dis-
tance is 6.593 A, and the shortest CL...Se and CL...S contacts are 3.528 and 3.417 A,
respectively. The resistivity shows a novel metal-insulator transition accompanied

by an antiferromagnetic transition at 8 K as seen in Fig. 1.12 (a) [32]. The metal-
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insulator transition temperature decreases rapidly with the application of pressure,
then the resistivity indicates the metallic behavior in the whole temperature range
above 4 kbar. Figure 1.12 (b) shows the band structure split in two sub-bands
by the dimerization which cause the intrinsic half-filled band structure. The mag-
netic susceptiBility shows the Curie-Weiss behavior with antiferromagnetic Weiss
temperature §=—15 K and an antiferromagnetic transition at 7y=8 K as shown in
Fig. 1.13 [33]. The spin-flop field Hy and the saturation field H, are estimated at
Hy=1T and H.=10 T, respectively. Moreover, the resistivity measurement with ap-
plied field shows the characteristic behavior, namely, the insulating state below 8 K
under ambient pressure disappears at 10 T and the metallic state is restored above
10 T as shown in Fig. 1.14 [32]. The observation of the metal-insulator transition and |
the antiferromagnetic transition at the same temperature suggests the presence of
exchange interaction between the conduction m-electron and the localized moment.
Here, the shortest distance between the magnetic Fe3* ions is 6.593 A [32] which
is not so long distance for the exchange interaction within the anion layer. Thus,
the antiferromagnetic transition is considered to be caused by the intralayer inter-
action between Fe®* ions. Moreover, this antiferromagnetic transition is thought to
cause the metal-insulator transition at 8 K. Namely, the metal-insulator transition
is generated from a gap formation in the half-filled band induced by the periodic po-
tential of the antiferromagnetic ordering. This consideration explains to restore the
metallic state with the applied field below Ty. That is, the application of the field
dissolutes the periodic potential of the antiferromagnetic ordering with changing to
the ferromagnetic state. Actually, the insulator-to-metal transition field H=10 T
is in good agreement with the estimated magnetic saturation field H.=10 T, which
follows the above consideration. For the detailed discussion, we need to have the
information of the exchange interaction energy between the conduction 7-electrons
and the localized d-spin using EPR measurement.

A family of organic compounds (2-R;-5-R,-DCNQI),M (R,,R,=CH3, CH;0,
Cl, Br, I; M=Cu, Ag, Li, Na, K, NH,) have 1D columnar network structure of DC-
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NQI molecules, and show various physical properties by the substitution of Ry, R,
sites and M metals. Among these DCNQI salts, ( Ry R,-DCNQI);Cu (R;,R;=DMe,
DMeO, MeBr, MeCl) show novel electrical and magnetic properties as functions of
temperature and pressure. Thus, I describe the electrical and the magnetic proper-
ties in terms of the 7-d mixing effect.

(R R;-DCNQI),;Cu have a 1D column sfructure of DCNQI molecules and the
column networks are bridged by Cu ions as shown in Fig. 1.15, where the column
of DCNQI generates the conduction electrons [17]. Figure 1.16 shows the pressure-
temperature phase diagram of (R; R,-DCNQI)2Cu obtained by the results of electri-
cal resistivities [35). In the pressure-temperature phase diagram, the metal-insulator
boundaries of all (R; R,-DCNQI);Cu salts, which are normalized by the critical pres-
sure of (DMe-DCNQI);Cu, are almost same one as shown in Fig. 1.16 [35]. Among
the salts, (DMe-DCNQI),Cu shows an interesting re-entrant metal-insulator-metal
transition in the éigniﬁcantly low pressure region of 100-200 bar as mentioned later.
Moreover, the deuterations of the methylene groups in (DMe-DCNQI),Cu salt, as
seen in Table 1.1, give drastic isotope effects, namely, the deuterated salts indicates
the re-entrant metal-insulator-metal transition without the application of the pres-
sure. This is considered that the deuterations of the methylene groups and/or the
proton sites cause the slight decrease of the lattice constants, resulting in inducing
the chemical pressure effects similar to the external pressure as shown in Table 1.1.
The magnetic susceptibility indicates the re-entrant transition at the same temper-
ature observed in the electrical proberties as shown in Fig. 1.17. That is, the d8-salt
shows the Pauli paramagnetic behavior above 80 K, and it shows a sharp increase at
80 K with the metal-insulator transition and Curie-Weiss behavior below 80 K. Fur-
thermore, the susceptibilities of d2- or d3-salts also show the re-entrant transition
with the metal-insulator-metal transition, where the susceptibility in the insulating
state obeys Curie-Weiss law with 1/3 mol spin of Cu?* [34].

Next, we discuss the origin of the interesting transition of (DMe-DCNQI),;Cu

accompanied by the physical and the chemical pressure. Figure 1.18 (a) shows the
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interaction diagram between the d-orbitals of Cu and the organic one-dimensional
band, where the d;, orbital forms the hybridized wave function with the HOMO of
DCNQI molecule. The hybridized wave function of HOMO of DCNQ! and d,, forms
multiple Fermi surfaces in (DMe-DCNQI)2Cu as shown in Fig. 1.18 [36]. Since the
presence of the multiple Fermi surfaces works to avoid the 1D Peierls instability,
(DMe-DCNQI),Cu shows metallic behavior in the whole terﬁperature range under
ambient pressure. Meanwhile, under pressure, it shows a metal-insulator (M-I)
traqsition accompanying with 3kr charge density wave and charge ordering of Cu
ions. In the high temperature range above the M-I transition, the Cu ions have
uniform charge distribution with +4/3 per Cu ion, while, in the insulating phase Cu
ions have the mixed valency of +1 and +2 [35]. Further, the drastic physical and
chemical pressure effect mechanism is considered as below. Namely, the application
of pressure causes a slight distortion of the ligands symmetry of Cu ion, and the
distortion of the ligand symmetry raises the energy level of the d,, orbital, which
cause the increase of the strength of the charge transfer from Cu ion to DCNQL
The increase of the charge transfer to DCNQI under pressure causes the approach to
+4/3 valence on the Cu ion, resulting in inducing '_2 /3 state of DCNQI molecules.
As described above, in (DMe-DCNQI),Cu salts, the slight structural deformation
generates a drastic change in electrical and magnetic properties associated with 7 —d

mixing interaction.

1.5.2 Mott-Hubbard systems

In many BEDT-TTF salts, some Mott insulators (BEDT-TTF);X (X=AuBr,,
CuCl,, ICl,, IBr;, Cuz(CN)[N(CN),];) are found out in Refs. [19]-[22]. They are
expected to give new aspects in low-dimensional magnet because of interesting mag-
netic structures accompanying a variety of crystal structures. Here, I introduce

the structures and the physical properties of the typical Mott insulator #-(BEDT-
TTF),ICl,.
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A#'-(BEDT-TTF),ICl, has the two-dimensional donor arrangement, where the
donor molecules dimerized in the be-plane as shown in Fig. 1.19 [22]. The band
structure has two sub-bands split by the strong donor dimerization, which leads
to the intrinsic half-filled band structure as shown in Fig. 1.20. The electrical re-
sistivity shows semiconductive behavior with the activation energy FE,=0.12 eV.
Figure 1.21 gives the magnetic susceptibility in the applied field parallel to a*, b
and c-axes [20]. It shows a magnetic short range order hump around 110 K, and it
indicates an antiferromagnetic transition at Ty=22 K. Taking into account that the
donor dimer units are described by the two-dimensional square lattice, the analysis
of the magnetic hump using the two-dimensional square lattice Heisenberg antifer-
romagnet model results in the number of spins N=1 spin/dimer and the exchange
energy J=—59 K. It is noticeable that the susceptibility is described by the point
localized model although the distribution of the magnetic moment is extended to
the whole area of the dimerized donor molecules. In addition, the ratio of the
anisotropy field Hy to the exchange field Hg is estimated at Hy/Hg~2.0x107° [20].
The significantly small value proves the feature of an isotropic Hei;enberg magnet

in (BEDT-TTF),ICL

27



Figure 1.9: Alternating stacking of the BEDT-TTF conducting layers and magnetic
Fe'(C304)3%" anion layers in (BEDT-TTF)4(H;0)Fe(C;04)3-CsHsCN [28].
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Figure 1.10: Temperature dependence of magnetic susceptibility of (BEDT-
TTF)4AFe(C30,4)3-C¢HsCN under the magnetic field with different strength [28].
A=K (dot) salt does not show superconducting state, while, A=H;0 salt shows the
superconductivity. The superconducting state of HoO salt is destroyed by signifi-
cantly weak field.
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Figure 1.11: Crystal structure of A-(BETS),FeCly [31]. A and B are two inde-
pendent BETS molecules. The short CL..S (Se) contacts are d;(Cl...Se)=3.528,
d3(Cl...8)=3.417, d5(Cl...S)=3.642, d4(Cl...5)=3.648, d;(CL...5)=3.648 A.
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Figure 1.12: (a) Temperature dependence of resistivity and band structure of A-
(BETS),FeCly [32]. The resistivity shows a metal-insulator transition at 8 K. The
inset indicates the pressure-temperature phase diagram, where the transition tem-
perature decrease rapidly with the application of pressure. (b) The band structure
has the intrinsic half-filled band structure.
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Figure 1.13: Magnetic susceptibility of \-(BETS);FeCly [33]. It shows the temper-
ature dependence of Curie-Weiss type just above an antiferromagnetic transition,
and it shows the antiferromagnetic transition at 8 K.

T T—TT Ty Y
1 1] i

Metal (PM)

T (K)

5

sulator
(AF—SF)

b

~n

Om..

o

H(T)

Figure 1.14: Schematic field-temperature phase diagram of A-(BETS).FeCly, where
the insulator-metal transition is given by the resistivity measurement in the magnetic
field [33]. The estimated saturation field is H.=10 T at 2 K, suggesting that the
saturation field corresponds to the insulator-metal transition field at 10 T.
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Figure 1.15: Crystal Structure of (2,5-dimethoxy-DCNQI);Cu [17], where DCNQI
molecules forms a 1D conduction column.
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Figure 1.16: Pressure temperature phase diagram of (R;, R;-DCNQI),Cu [35]. The
pressure value of DMeO, MeCl, MeBr are normalized on the basis of the diagram
of (DMe-DCNQI);Cu salts. The re-entrant metal-insulator-metal- transitions are

observed in shaded areas.
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Nsg 2-Methyl-d, -5-methyl-d, -DCNQI-d, (2)
N a
7 Met Me' Met Z' ZP d,(a, a; b]"
2 . CHy CH, H H d0,0,0]=h
Me CH,D CH,D H H d4,[1,1;0]
N\C\‘\N CH,D CH,D D H d[l,1;1]
» CD; CD;, D D di[3,3;2]=d,

alA c/A v/A?

hy 21.611(2) 3.8783(6) 1811.2(4) (b)
d,[1,1;0]  21.6078(8) 3.8771(6) 1810.2(3)
d;[1,1;1]  21.6071(17) 3.8757(5) 1809.5(3)
ds 21.607(2) 3.8741(7) 1808.7(5)

Table 1.1: (a) Structural formula of d,-DMe-DCNQI and lattice constants of (DMe-
d,-DCNQI);Cu. (b) The deuteration effects in the lattice constants [34].
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Figure 1.17: Temperature dependence of the magnetic susceptibility of DMe-DCNQI
d2[1,1,;1]-salt and d8-salt. In the inset, d2[1,1;0], d2[1,1;1] and d8 are defined in Ta-
ble 1.1. d2[1,1;0] and d2[1,1;1]-salt show re-entrant metal-insulator-metal transitions
with the first order transition, where their magnetic susceptibilities are described by
Curie-Weiss behavior in the insulator phase. d8-salt indicates Curie-Weiss behavior
below the metal-insulator transition 80 K [34].
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Figure 1.18: (a) Interaction diagram between the d-orbitals of Cu and the organic

one-dimensional band. (b) Band structure with multiple Fermi surfaces in (DMe-

DCNQI),Cu [36]. (left-hand) E(dyy,dy,)=1.5E(dyy). (right-hand) The difference of
the energy levels of Cu AE=E(dsy) — E(dys,dy,) is enough large. The arrows are
the approximate nesting vectors.

Figure 1.19: Crystal structure of #-(BEDT-TTF),ICl,. Overlap integrals are
pl=27.2 (15.4), p2=—1.6 (=1.7), ql=10.0 (7.2), q2=6.6 (1.7) and c=1.6 (0.1)
(x1073), where the values in brackets are estimated by another atomic orbital pa-
rameters. The donor dimerized unit is formed by the overlap integral pl [22].
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Figure 1.20: Band structure of §’-(BEDT-TTF),ICl; [22]. The band structure split
into two sub-bands, which is regarded as an intrinsic Mott insulator. The solid line
and broken line correspond to the different strengths of the transfer integrals, where
the solid lines are evaluated by the values in the bracket as shown in Fig. 1.19.
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Figure 1.21: Magnetic susceptibility of §'-(BEDT-TTF),ICl, [20]. It is analyzed
by the two-dimensional square lattice antiferromagnet model around the magnetic
short range order hump, which gives the number of spin N=1 spin/donor dimer, the
exchange energy J=—59 K. It shows an antiferromagnetic transition at Ty=22 K.
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1.6 Aim of Thesis

As mentioned in the previous section, in ordinary inorganic compounds, the in-
teraction between the localized d-electrons and the conduction electrons brings about
the interesting phenomena such as Kondo effect and RKKY interaction generated
by s-d interaction. Meanwhile, in organic conductors, the competition among the
transfer integral £, Coulomb interaction U and electron-phonon interaction causes
unique electronic instabilities. In their electronic states, thé localized d-electrons
in the low-dimensional charge transfer complexes cooperate to give new types of
elecPronic instabilities different from the ordinary metal magnets or charge transfer
complexes. According to this motif, we discuss the magnetic interaction between
the conduction electron and the localized moment in terms of the development of
the 7-d system and the detailed investigation of (BEDT-TTF);CuBr,.

First, I report the crystal synthesis of new organic cation radical salts having
the inorganic counter anions with the localized magnetic moments in Chapter 2. In
the Chapter, we consider the selections of organic donors and the counter anions
in terms of the stabilization of the metallic state in the low temperature and the
realization of the strong = — d interaction. Moreover, I trifed to synthesize new
orgénic cation radical salts, and carry out the crystal strucf;ure analysis and the
investigation of electrical and magnetic properties.

Secondly, I present the detailed investigation (BEDT-TTF)3CuBry in Chapter 3.
In the Chapter, we discuss the crystal structure at room temperature and under high
pressure region in order to obtain the basis of the consideration for the physical
properties. Further, I measured the electrical resistivity under high pressure to in-
vestigate the electrical instability and to get information of the electronic structure.
Furthermore, I carried out the detailed measurements of the magnetic susceptibility
under ambient pressure and high pressure, EPR, antiferromagnetic resonance, heat
capacity by relaxation method and ac calorimetry in order to clarify the magnetic

and the thermal properties in the organic conductor having the localized magnetic
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moments. In the susceptibility measurement under high pressure, I develop a spe-
cially designed clamp cell for the susceptibility measurement under high pressure us-
ing by a conventional SQUID magnetometer. Moreover, I improve the heat capacity
system by the thermal relaxation method to measure the magnetic heat capacity of
the small amount of the present sample.

From the other aspects of the magnetism in the organic conductors, I am inter-
ested in the Mott insulating state in view of the magnetism of the organic charge
transfer complexes, because the unpaired electrons delocalized over the molecular
m-orbitals on the molecules lead to novel magnetic properties in the Mott insulat-
ing state. Moreover, various types of low-dimensional structures will come to hand
on the basis of the modification of the donor molecule arrangements as well as the
designing of donor molecules, providing the diversity of magnetic behavior. Con-
sequently, the detail investigations of organic magnetic insulators will provide new
aspects of the magnetism in view of the low-dimensional magnetic systems that have
been studied in inorganic compounds through many experimental and theoretical
approaches. According to this motif,.in Chapter 5, I present the crystal structure,
band structure, electrical resistivity, ESR and magnetic susceptibility of (C;TET-
TTF),Br in order to clarify the correlation between the crystal structure, electronic

structure and magnetic properties.



’Chapter 2

Development of Organic
Conductors having = —d
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2.1 Introduction

I have been studied the solid state properties of organic conductor (BEDT-
TTF)sCuBr, which indicates the remarkable characteristic of electrical and mag-
netic properties as described in Chapter 3. In addition to this compound, I am
iﬁterested in the development of new organic cation radical salts having m-d inter-
action. As mentioned in the previous chapter, the appearance of characteristic 7-d
interaction requires the metallic state and the strong magnetic interaction between
the conduction electrons and the magnetic moments. According to this guide, I
investigated the appearance of this interaction with alternating stacking of organic
w-donors whose structures are known as a common feature améng the organic charge
transfer complexes with high electrical conduction. In this introduction, we describe
the Policy of organic donof selection on the basis of the BEDT-TTF molecular struc-
ture, electronic structure of the molecule and crystal structure. The selected donors
are shown in Fig. 2.1. Moreover, we describe the selection of inorganic anions hav-
ing localized magnetic moments in view of the appearance of thé strong magnetic
interaction.

At the beginning, we discuss the selection of the organic cation radical donors
in the materials designing on the basis of the stabilization of metallic states. For
the fundamental guide to the stabilization of metallic states, it is considered that
the electron correlation parameter ¢/U plays an important role in the designing,
where t/U is in the range of ¢/U<1 for ordinary organic charge transfer complexes.
Thus, the complexes tend to be in insulating state as mentioned in section 1.2. As
a consequence, how to enhance the parameter is a key point to stabilize metallic
state, which is reaiized by the lowering of the on-site Coulomb repulsion U and/or
the increase of the transfer integral i.

First, I represent the policy of lowering the on-site Coulomb repulsion. Tak-
ing into account that the on-site Coulomb repulsion at a molecule is described as

U=<e?/ar;3>, where the a and ry; are the polarizability and distance between the
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electrons on a molecule, respectively, one of the strategies of the lowering of U is the
extension of HOMO of the m-electron which makes the distance of two electrons ris
extended on a molecule. Moreover, the other is the introduction 6f heavy element
atoms which give the large polarizability a. On the basis of the strategies, I employed
the cation radical donors such as BDT-TTP (2,5-Bis(1’,3’- dithiol-2"-ylidine)- 1,3,4,6-
tetrathiapentalene), TMEO-TTP (2-(4',5'- bis(thiomethyl)- 1/, 3'-dithiol- 2’-ylidene)
-5-(4", 5"- ethylenedioxy- 17, 3"- dithiol- 2"-ylidine)-TTP), TMET-TTP (2-(4', 5'-
bis(thiomethyl)- 1,3'- dithiol-2"-ylidene)- 5-(4", 5”- ethylenedithio- 1”, 3"- dithiol-
2"-ylidine)-TTP) and CPTM-TTP (4,5- cyclopenteno-4’, 5'- bis-(methylthio)-2,5-
bis(1,3-dithio-2-ylidine)- TTP) as shown in Fig. 2.1. Actually, these donors indicate
the remarkable lowering of the on-site Coulomb repulsion among 7-donor molecules
as shown in Table 2.1, and the cation radical salts using the above donors have

yielded many metallic salts [37]-[44].

Table 2.1: Redox potentials of donors. See Fig. 2.1 for the structures of the donors.

donor 1Ey2 (V) 2Ei (V) AE (V)
BEDT-TTF(ET) +0.54 +0.92 0.38
BMDT-TTF?(MT)  +0.54 +0.84 0.30
BEDO-TTF*(BO) +0.50 +0.80 0.30
EOPT? | +0.46 +0.91 0.45
EOOT> +0.47 +0.88 0.41
EDT-TTF*(EDT)  +0.39 +0.69 0.30
C,TET-TTF" +0.48 +0.72 0.24
BDT-TTP: +0.44 +0.62 0.18
TMET-TTP¢ +0.53 +0.74 0.21
TMEO-TTP¢ +0.51 +0.72 0.21
CPTM-TTPe +0.46 +0.69 0.23

2The redox potentials was measured in BusyNPF¢/benzonitrile at
25° vs. Ag/AgCl electrode [42]. PEt4NClO4/acetonitrile at R.
T. vs. SCE, where 1E}/, and 2E;;5 of ET are +0.49 nd +0.74
(V) [43]. “BugNClO4/benzonitrile at 25° vs. SCE [38, 44]. 4AE
is defined by 1 E, /2-2E1 /2 which regard as the magnitude of the
on-site Coulomb repulsion.

Next, we describe how to select the donors in view of the increase of the transfer

integral ¢t on the basis of BEDT-TTF molecular structure and donor packing na-
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ture. Usually, BEDT-TTF salts form two-dimensional conducting systems, where
the structures have the features of the inter-molecular S-S contacts in the side-by-
side direction. In the S-S contact, the significant contribution to the inter molecular
overlapping originates from the contacts of the inner sulfur orbitals because the
w—electrop density of HOMO is larger at the inner sulfur atoms than at the outer
sulfur atoms in BEDT-TTF as shown in Figs. 2.2 and 2.3. Here, the ratio of S,/S;,
where the distances of inner sulfur atoms (S;) and outer sulfur atoms (S,) as defined
in Fig. 2.2, is S,/Si~1.2 in a BEDT-TTF molecule [45, 46]. This implies that the
S-S contacts between the inner sulfur atoms having large density of 7-electrons are
prevented from interacting with neighboring molecules geometrically by the outer
sulfur atoms having small density of m-electrons along the side-by-side direction.
Consequently, the ratio of the distances of sulfur atoms S,/S; close to 1 leads to
the favorable S-S contacts for inner sulfur atoms, resulting in increasing the transfer
integral ¢t between the donor molecules. For instance, the substitution of the outer
sulfur atéms with the small oxygen atoms (BEDO-TTF) and the substitution of the
ethylenditho bridge with methylthio bridge (BMDT-TTF) make the ratio S,/S; close
to 1, where the latter refers to the change by the smaller membered rings. From this
consideration, I selected the donors BMDT-TTF (bis(methylenedithio (tetrathiaful-
valene)), BEDO-TTF (bis(e;thylenedioxy) -TTF), EOPT (4,5-plopylenedioxy- 4',5'-
ethylenedithio-TTF) and EOOT (4,5-ethylenedioxy- 4',5"- ethylenedithio-TTF).
Now let us move to the donor selection in view of the realization of the re-
markable 7-d interaction. The realization of 7-d interaction requires the presence
of the exchange interactions between the w-electron and the localized d-electron,
where the exchange interaction is caused by the electron transfer mechanism as
described in section 1.4. Thus, we discuss the selection of donors in view of the
orbital overlap in typical crystal structures on the basis of BEDT-TTF molecule.
As seen in Fig. 2.4, ordinary organic cation radical salts have alternating stacking
of the organic donors and the inorganic anions which have the localized electrons

here. In these structure, the orbital overlaps between the m-electrons and the lo-
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calized d-electrons are thought to be disturbed geometrically by the external ethy-
lene bridges, in the carbon atoms of which have no density of the m-electrons of
HOMO as shown in Fig. 2.3. Consequently, it is suggested that the one of the
strategies is to extend the m-electron distribution in comparison with BEDT-TTF
molecule and the other is the removal of the structural disturbance against the in-
termolecular overlapping of the wave functions as mentioned below. As shown in
Fig. 2.3, BDT-TTP and EDT-TTF (ethylenedithio-TTF) molecules have favorable
extension of the m-electron distribution of HOMO to the external C atoms in com-
parison with BEDT-TTF molecule that is thought to be in favor for the appearance
of the strong 7-d interaction for the designing of donor molecules. Meanwhile,
C,TET-TTF (bis(methylthio)ethlenedithio-TTF), TMEO-TTP and TMET-TTP
have methylthio groups on the short sides of the donor molecules. The methylthio
group, where the m-electron distribution is extended to the outer S atoms, deviates
from the molecular plane of the TTF skeleton as shown in Fig. 2.5. These donor
structure are favorable to the orbital overlaps between the m-electron on the donor
and the localized d-electron on the counter anion in comparison with BEDT-TTF
molecule having the ethylene bridges without the distribution of m-electrons. In
addition, since the methylene group of BMDT-TTF deviates from the molecular
plane, it is also favorable to the 7-d interaction as same as the above reason.
Leaving the policy of the donor selection, we now discuss the selection of the
magnetic counter anions in the realization of 7-d interaction in the cation radical
salts. As mentioned in the preceding, it is important that the strong exchange inter-
action requires large orbital overlapping between the m-electron orbitals and that of
the localized electrons. Thus, we consider the selection of the inorganic counter an-
ion .ha,ving localized electrons in view of the orbital overlap on the basis of the ligand
structure of the counter anion and the exchange path between the m-electrons and
the localized electrons. Usually, the counter anions with localized moments have the
structural component of MX;*~, where the central transition metal atom M possess

the localized moments originating from 3d, 4d, 5d, 4f, 5f unpaired electrons and
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X refers to the ligands of the center atom. Here, the possible exchange interaction
paths in the m-d interactions are considered in the following two ways. The one is
the direct path between the orbital of the central atom having the localized moments
and that of the m-electrons, where the path is expressed by the M...w. The other is
the superexchange path between the orbital of the center atom having the localizéd
moments and that of the m-electrons through the X atomé without the localized
electrons, where the path way is expressed by M—X...w. The direct path is expected
to give the strong the m-d interaction. In this path way, the tetrahedral ligand
structure is thought to disturb the direct exchange path geometrically as shown in
Fig. 2.6 (a). Thus, the direct orbital overlapping is suggested to require a nearly
square planar structure of the ligands in terms of the removal of the disturbance
by the tetrahedral ligands as shown in Fig. 2.6 (b). Moreover, it is important for
the 'direct overlap that the orbital of the central atom with the localized moment
is the vertical orbitals to the planar of ligands. Nonetheless, we regret to have no
idea of the counter anion having the above ligand structure and the orbital with the
localized moments. Therefore, vs}e discuss the M—X...m superexchange path below.
As described in section 1.4, the transfer integral between the magnetic moment
on the centeral metal and the m-electron on the donor molecule governs the exchange
energy in the superexchange interaction mechanism mainly. In the exchange path of
M-X...w, the transfer integral is enhanced by the hybridization of the d-orbital of M
with the unpaired eléctron and the orbital of X. In other words, the strong covalency
of the M-X bond causes the extension of the wave function of the unpaired electrons
to the ligands. Thus, we should select the counter anion having the hybridization
of the unpaired electron of the central metal and the orbital of the ligands. In
this regard, the f-electrons are well localized in the inner-shell due to the screening
effect of 4s or 5s-electrons, thus, it is difficult to realized the hybridization between
the ligand orbitals and the f-electrons. Consequently, I employ d-transition metal
ions for the central metal atoms. Generally, the magnitudes of the covalency of

M-X bond have the trend on the order of the strength Halogene<S<O for the
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ligand atoms, although, the transition metal sulfides and oxides are difficult to
introduce as anions in organic solvent because of their poor solubility. In additioﬁ,
the counter ions of 4d, 5d transition metal halides are rather difficult to synthesize.
Therefore, I used the 3d transition metal halides as the counter anions to form the
organic cation radical salts having the 7-d interactions. In particular, among these
3d transition metal halides, CuX,?~ (X%Cl, Br) anion are found to give the stroné
hybridization of the ligands and the localized d-electron as seen in the electronic
state calculation of CuX,?~ in Chapter 3. This feature of the hybridization affects
the magnetic properties such as the Weiss temperature for 3-d transition dichlorides
and dibromides as shown in Fig. 2.7 [49]. In the figure, the copper halides have the
remarkable high Weiss temperature, suggesting that the hybridization of the ligand
orbitals and the localized d-electrons governs the magnetic phenomena. From the
motif on the above donor molecules and counter anions, I have been developed the
cation radical salts with the 3d transition metal halide counter anions, particularly,
divalent copper halides. I present the results of the synthesis and the solid state

physics of new organic cation radical salts in the following section.
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Figure 2.1: Molecular structures of BEDO-TTF, C,TET-TTF, BMDT-TTF, EDT-
TTF, EOPT, EOOT, BDT-TTP, TMEO-TTP, TMET-TTP and CPTM-TTP.
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Figure 2.2: Distance between inner (S;) or outer (S,) sulfur atoms in a BEDT-TTF
molecule. BEDT-TTF molecule has the ratio of S,/S;=1.2.
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Figure 2.3: The electron density distributions of HOMO of BEDT-TTF, EDT-TTF,
BDT-TTP and TMET-TTP [37, 39, 40].
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Figure 2.4: Schematic of alternating stacking between the conducting layer com-
posed of organic donors and the magnetic acceptor layer composed of the inorganic
anions having localized moments.

C,TET-TTF

ET s

Figure 2.5: Side views of molecular structures of C;TET-TTF, BMDT-TTF (MT)
and BEDT-TTF (ET) in the charge transfer states which are 4+0.5, +1 and +1,
respectively [13, 47, 48].
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Figure 2.6: Schematic figures of the possible exchange path ways. (a) Orbital overlap
between the orbital of the central metal atoms M and the m-orbital through the
ligand X atoms without localized moments in the superexchange mechanism. (b)
Orbital overlap between the vertical orbital of the counteral atom M and the =-
orbital in the direct exchange path way.
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Figure 2.7: Weiss temperature § of 3-d transition metal dichlorides and dibromides.
Weiss temperature is normalized with the number of nearest neighbors z and the
spin values S to the equation of |#|/(2/3-25(S + 1)), which indicates the strength
of exchange interaction J/kg.
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2.2 Experimental

Organic donors BEDT-TTF, BEDO-TTF(BO) and C; TET-TTF were provided
by Prof. G. Saito, BDT-TTP, TMEOQ-TTP, TMET-TTP and CPTM-TTP were
provided by Dr. Y. Misaki, BMDT-TTF(MT), EOPT and EOOT were provided by
Associate Prof. T. Mori aﬁd EDT-TTF was provided by Associate Prof. R. Kato.
The tetra-alkyl ammoniums, which were the sources of counter anions, were ob-
tained from MX, (M=Fe'(y=3), Co'!, Mn!!, Cu!'(y=2); X=Cl or Br) and (R4N)X
(R=C;Hs, C3H7) in absolute ethanol, where the alkyl ammonium to transition metal
halide ratio are 1:1 for ((C3Hg)4N)FeXy and 2:1 for ((C,Hs5)4N)2:MX, (M=Co, Mn,
Cu).

The cation radical salts were prepared by electrocrystallization of the donor and
the electrolyte in several kinds of solutions under Argon gas atmosphere at 20-
50 °C for 2-20 days in an H-shaped cell equipped with platinum electrodes under
applied constant current of 0.1-1(1A) as shown in Fig. 2.8. The electrodes were
immersed in 1 mol/l H,SO4 solution for the activation of their surface prior to
the application of the potential. The results of cryétal synthesis are summarized in
Table 2.2. In the table, the crystallized samples are classified from the aspects of the
degree of the sample qualities, the solid state properties and the structure analysis.
The crystal structures were determined only (BEDT-TTF);CuBry and (C,TET-
TTF)2Br, however, the latter can not introduce Cu ions owing to the decomposition
of the counter anions. Most of the samples were not characterized from the crystal
structure, though, those are investigated the composition by EDX analysis (energy
dispersion spectroscopy), electrical resistivity, ESR and magnetic susceptibilities.
Also, several samples were not crystallized in preparation, or obtained as some
microcrystals. The conditions for the sample preparation are shown in Table 2.3
(TTF derivatives) and Table 2.4 (TTP derivatives).

~ The electrical resistivities were measured by the standard four-probe method.

EPR measurements were carried out by a conventional X-band ESR spectrome-
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ter (JEOL JES-TE200) at room temperature. The temperature dependence of the
magnetic susceptibility were measured by a SQUID magnetometer (Quantum Design
- MPMS-5) in the applied field up to H=10 kOe in the temperature range 2-300 K.
The samples were not oriented to the specific axis except BO3gCoClg. In the sus-
ceptibility measurement of BO3gCoClg, the samples were oriented in applied field
parallel to the crystal long axis and to the short axis in the plate type samples. The
calculated Pascal diamagnetic contribution was subtracted from the total magnetic
susceptibility in order to obtain the spin paramagnetic contribution.

The intensity data in X-ray structure analyses were collected by Rigaku four-
circle diffractometer AFC-7S with graphite-monochromated Mo Ko radiation. Since
the;qualities of the obtained crystals were too poor, the crystal structures were
determined only (C;TET-TTF),Br and the cell constant was decided in (BDT-
TTP)sCuClgg. The crystal data were listed for (C; TET-TTF);Br in Table 2.5. The
detailed data of the solutions and refinements of the crystal structures of (C; TET-
TTF),Br will be discussed in Chapter 4.

Table 2.2: The results of electrocrystallization for samples of the cation radical
donors and the counter anions of 3d transition metal halides.

FeCly~  FeBrg>~ CoCly?~ MnCL*= CuCL* CuClBry>~ CuBr,*-

BEDO-TTF = —_— 12 i) 2 12 i)
CiTET-TTF Ref. [50] Ref. [50] Ref. [51] ~ L2 - L3
BMDT-TTF L2 - N - N - L2
EDT-TTF L2 - L2 - L2 - L2
BDT-TTP L1 L1 - - L2 L2 N
TMEO-TTP - - - - - - L2
TMET-TTP L2 - ~ - - - N
CPTM-TTP N - - -~ - - N
EOPT N —~ - - - - N
EOOT N - - - ~ - N
BEDT-TTF  Ref. [52] Ref. [52] Ref.[51] Ref [53] Ref. [54]  Ref. [14] L3

?N” refers to no sample was crystallized 1n the preparation. ”L1” denotes that some microcrystals
were obtained. ”12” denotes that several measurements of EDX, resistivity, ESR and magnetic
susceptibility were carried out. ”L3” denotes that several measurements and X-ray structure
determination were carried out.
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Table 2.3: Optimum Conditions for the sample preparation of TTF derivatives.

Counter BO - electro- Solvent®? Temp I Time Shape® D:A®  Aniond
Ion (mg) lyte(mg) (15ml) (°C) (pA) (days)
CoCl %~ 8.9 45.1 TCE 25 0.2 13 | 3.8:1 CoClg
MnCl,2- 22.9 39.7 AN 25 0.3 7 N 4:1 MnCl,
. CuCly?- 20.2 35.6 AN 25 0.5 7 P 53:1 CuClig
CuBr42- 16.5 64.7 AN 25 0.5 7 N 3.5:1 CuBr,
Counter EDT electro-  Solvent Temp I Time Shape D:A Anion
lon  (mg lyte(mg) (15m) (°C)  (uA) (days)
FeCl 2~ 7.3 41.7 AN 25 0.5 9 P 3.2:1 FeCly
CoCl %~ 7.1 41.7 AN 25 0.5 9 P 3.2:1 CoCly
CuCly2- 8.4 44.8 BN 25 0.5 16 P 3:1 CuCly
CuBr42- 9.7 40.3 AN 25 0.5 7 P 2.3:1 CuBr,
Counter MT electro-  Solvent Temp 1 Time Shape D:A Anion
Ton (mg) lyte(mg) (15ml) (°C) (#A) (days)
FeCly~ 4.8 40.2 DCE 25 0.5 7 B,N 2.7:1 FeCly
CuBr4%- 8.8 43.1 BN 50 1.0 2 B 2:1 CuBr,
Counter C,.TET electro- Solvent  Temp I Time Shape D:A Anion
lon  (mg) lyte(mg) (15ml) (°C)  (uA) (days)
CuCly2- 6.1 43.3 EtOH 25 0.8 13 B 1:1 CuCla. o
CuBr,?- 5.7 40.9 EtOH 25 1.0 7 B,P 2:1 Br®

*TCE:1,1,2-Trichloroethane(including 5% EtOH), AN:Acetonitrile, BN:Benzonitrile, DCE:1,2-
Dichloroethane. PP:Plate, N:Needle, B:Block. the composition ratio of donor and anion (D:A)
were determined by EDX (Energy dispersive spectroscopy) except (C; TET-TTF),Br salt, the ratio
of donor and anion were determined by X-ray structure analyses. ¢ Anion refer to the component
in the crystal after the preparation, determined by EDX. ¢the components of the anion in the
crystals were determined by the X-ray structure analysis.
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Table 2.4: Optimum conditions for the preparation of TTP derivatives.

Counter

Ton

BDT

(mg)

D:A€

Anion

FeCly~ -
FeBry~
CuCly?-
CuCl,Bry2~

2.6
2.6
1.0
21

v 2 2

5:2
8:1
3:2

FeCI4

CuClg,s
Cl

Counter

Ion

TMET
(mg)

D:A

Anion

FeCly™

1.3

4:1

FeCl4

Counter

Ton

TMEO
(mg)

D:A

Anion

CuBrs2-

3.6

3:2

Br

2THF:Tetrahydrofuran, DCE:1,2-Dichloroethane, BN:Benzonitrile. An H-shaped cell was filled
with the solvent 15ml. ®P:Plate, N:Needle. the ratio of donor and anion (D:A) were determined
by EDX. 9 Anion refer to the component in the crystal after the preparation, determined by EDX.



Table 2.5: Crystal Data of Cation radical Salts
(CiTET-TTF);Br _ (BDI-TTP)sCuClss

Cell setting Monoclinic

Space group P2i/a

a (A) 27.71(5) 20.30(4)
b (A) 11.11(2) 11.62(2)
¢ (A) 5.037(8) 11.62(2)
a (°) 90.0(1)

B (°) 90.6(1) 106.6(2)
7 () 73.1(1)

V (A?) 1551(4) 2504(8)
Z 2

independent ref. 3537

observed ref. 2394(1 > 20(1))
R 0.0685

wR 0.1988

LSO  IEnereRER
SLLLTTTE QLLLLTETILTEE

\ /

Platinum
Electrode

AN

1 __Glass Filter

-~
45mm

Figure 2.8: H-shaped cell and platinum electrodes. 15 ml solvent is put in usual,
the size of the platinum electrodes is 40 mmx1¢, and the glass filter mesh is G2.
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2.3 Results and Discussion

I synthesized the cation radical salts with the magnetic counter parts in view
of the stabilization of the metallic state and the appearance of the strong exchange
interaction between the m-electrons of organic donors and the localized moments.
Actually, several salts indicate the metallic behavior or the semiconductive behavior
with low activation energies. In the obtained salts, the magnetic susceptibilities
show simple Curie-Weiss behaviors with small antiferromagnetic Weiss tempera-
tures. Moreover, EPR measurements do not indicate the presence of the strong
exchange interaction between the m-electrons of donors and the localized momehts
of anions. We discuss the properties of the obtained salts in following parts on the
basis of the experimental results, and we summarize the results of EDX analysis,

electrical and magnetic properties in Tables 2.6 and 2.7.

BEDO-TTF(BO) salts
Figure 2.9 shows the resistivity of BO33CoClg salt. It decreases gradually
with lowering the temperature, and indicates a slight hump around 70 K and
the nearly constant nature below 10 K, where the ratio of the residual resistivity
R(295K)/R(4.2K)=2.7. Generally, the temperature dependence of the resistivity in
simple metallic compounds without the scattering of the magnetic moments is given
by
R(T) = R(T)phonon + Rimpurity, (2.1)

where the R(T)phonon is the temperature dependence resistivity generated by the
electron-phonon scattering, and Rimpurity is the temperature independent term of
impurity scattering. The low residual resistivity and less temperature dependence
of the resistivity suggest the presence of large impulity scattering. Figure 2.10 shows
the magnetic susceptibility and the reciprocal susceptibility as a function of tem-
perature in the applied field parallel to the crystal long axis, indicating the simple

Curie-Weiss nature. The Curie-Weiss analysis gives the antiferromagnetic Weiss
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temperature §=—1.3 K and the Curie constant C'=3.64 emu/mol-K. The small an-
tiferromagnetic Weiss temperature indicates the weak magnetic interaction between
the localized moments on Co?* ions. Figure 2.11 shows the magnetization curve
up to 50 kOe in the applied field parallel to the crystal long axis at 2 K, and
the inset shows the behavior in the low field range. The magnitude of the satu-
ration in the magnetization at 50 kOe is about 70% of the saturate value of Co?*+
(8=2/3), where the deviation is thought to be caused by the ambiguity to esti-
mate the composition. In the inset of Fig. 2.11, the hysterisis of the magnetization
indicates the feature of weak ferromagnetism. Figure 2.12 shows the temperature
dependence of the residual magnetization, indicating the presence of a weak ferro-
magnetic transition at Twr=7.5 K. Usually, the weak ferromagnetic transition is
caused by the canted spin of the antiparallel arrangement in the antiferromagnetic
state. However, the antiferromagnetic transition is not observed apparently in the
susceptibility for the applied field parallel to the crystal long and short axes below
Twr, and then the resistivity shows no anomaly at Twr. We have no favorable ex-
p‘lana,tion for this discrepancy now. The observed g-value and the line width AH,,
at room temperature are g=2.001—2.011 and AH,,=56 Oe, respectively. Here, EPR
g-value and line width not oriented samples in the BOs(HCTMM)CgHsCN [55] are
g=é.006 and AH,,=35 Oe, respectively, at room temperature, while usually Co?*
(S§=2/3) ion indicates the large anisotropic g-value, for instance, g—vaLlues of inor-
ganic salt CoCly-6H,0 was observed at g=2.9-4.9 [56]. Thus, the observed g-value
- at room temperature is thought to be assigned to the conduction electrons on the
BO molecules. The g-value of Co?* ion is thought to be observed in low temperature
EPR measurement. The details in the mégnetic and electronic properties can not
be discussed owing to the lack of the information of the crystal structure, which will
be clarified in the future.

BO4MnCly salt shows metallic behavior down to 77 K as shown in Fig. 2.9. It
decreases gradually with lowering the temperature, where the ratio of the resistivity

is R(295K)/R(77K)=6.2. The value is five times larger than that in BO3sCoCls
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at 77 K, which suggests that the metallic state in BO4M1iCl4 is well stabilized
in comparison with Co salt. The magnetic property obeys the Curie-Weiss type
without anomaly in the magnetic susceptibility and the magnetization above 2 K.
The Curie-Weiss analysis gives the antiferromagnetic Weiss temperature §=—1.8 K
and the Curie constant C=3.49 emu/mol-K. EPR at room temperature indicates the
presence of two resonance signals, where g-values and the line widths are g=2.05-2.11
and AH,,=500-450, 28-50 Oe. Here, the usual g-value of Mn?* ion is the isotropic
value of g~2 [57], while, EPR g-value and line width in BO5(HCTMM)CGH50N [55]
are g=2.006 and H,,=35 Oe at room temperature.

These suggest that the observed EPR signals of broad and narrow line widths
in BO4MnCl, are assigned to the Mn?* ion and the conduction m-electrons on the
BO molecules, respectively. The split of the EPR signal suggests the absence of the
exchange interaction between the localized moments on Mn?* ion and the conduction
m-electrons. Using the observed EPR g-valué g=2.05 at room temperature, the
number of spins is estimated at N~0.8 (5=5/2)/Mn ion.

BO53CuCl, 3 salt shows the semiconductive behavior with the single activation
energy of E,=545 K and the room temperature resistivity of p,;=6.2 lcm as shown in
Fig. 2.9. The semiconductive behavior is unusual observation in BO salts because
almost of all BO salts indicate the metallic behavior down to 4.2 K [58]. The
magnetic susceptibility shows less temperature dependent without anomaly above
2 K, suggesting the absence of the Cu?* localized spins. The EPR line width and
the g-value are AHp,=48-150 Oe and g=2.010-2.242 in the applied field parallel
to the crystal short axis and perpendicular to the surfaée of plate of the sample.
Here, EPR g-value and line width in BOs(HCTMM)CgHsCN [55] are g=2.006 and
Hy,=35 Oe at room temperature, while the g-value of Cu?* with the tetragonal
ligand is 9=2.047-2.274 [59]. Thus, the observed EPR resonance is considered as
that of Cu?t ion. This is discrepant to the result of the susceptibility which suggests
the absence of Cu?t spins. However, we have no idea for these contradiction now,

it will be resolved after the crystal structure determina,ﬁon. ’
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BO35CuBr; salt shows the metallic behavior down to 120 K as shown in Fig. 2.13,
where the resistivity value at room temperatﬁre and the ratio for the resistivity at
room temperature and at 120 K are p;=3.4x10~2 and R(295K)/R(120K)=1.6, re-
spectively. The value of p is one order of magnitude larger than that of BO3sCoClg
and BO4MnCly salts, although, the ratio of the resistivity R(295K)/R(120K) is close
to the value of 1.2 in BO3gCoCls. The magnetic susceptibility shows the Pauli para-
magnetic nature without anomaly above 2 K, suggesting the absence of the localized
magnetic moments. Taking account of the absence of the localized moments, the
divalent Cu may be changed to the monovalent Cu by thé reduction in the sample

preparation.

EDT-TTF salts
(EDT-TTF)52CoCl, salt shows the metallic behavior around room tempera-
ture and the resistivity value p;=3.5x10~* at room temperature. The magnetic
susceptibility indicates the Curie-Weiss behavior without anomaly above 2 K. The
Curie-Weiss analysis gives the antiferromagnetic Weiss temperature §=—0.4 K and
the Curie constant C=2.89 emu/mol-K. The EPR line width and the g-value of the
- polycrystalline samples are estimated at A Hpp~200 Oe and g~2.07. From the mea-
surement of the polycrystalline sample, the magnitude of the exchange interaction
between the conduction electron and the localized moments was not obtained. For
the detailed discussion of the magnetic interaction, it is necessary to measure single
crystal EPR at low temperatures and the magnetic susceptibility.
(EDT-TTF)3CuCly salt shows the semiconductive behavior with the single ac-
tivation energy F,=203 K and the room temperature resistivity of p,=90 Qcm
as shown in Fig. 2.13. The magnetic susceptibility exhibits the Curie type and
shows the absence of anomaly above 2 K. The Curie constant is estimated at
C=0.418 emu/mol-K, resulting in the number of spins N=1.0 (5=1/2)/Cu ion using
the observed g-value g=2.115. Judging from the observed number of spins and the

semiconductive behavior with a small activation energy, this compound is character-
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ized as a band insulator with a narrow band gap. In addition, it is suggested to form
the crystal structure having weak trimerized nature taking into account the donor
to anion ratio of 3:1 and the semiconductive behavior with a small activation energy.
In the applied field parallel to the plate of the sample, EPR signal shows the single
Lorentzian with the line width AH,,=11.1 Oe and g=2.032, where the sample shape
is rectangle plate type. Meanwhile, EPR shows two resonance signals in the applied
field perpendicular to the plane, where the line widths and g-values are obtained at
AHy,=84.2, 22.5‘ Oe and ¢g=2.115, 2.007, respectively. Here, the typical g-value of

Cuzl+ ion with square planar structure of Cl ligands gives g=2.05—2.15 [60], while |
it is suggested that the g-value of EDT-TTF cation radical is almost g~2 judging
from the g-value of BEDT-TTF [62] having the similar electronic structure of the
molecule. Thus, in the applied field perpendicular to the sample plate, the broad
EPR signal shape with g=2.115 is assigned to the Cu®* ion and the narrow one is
assigned to the m-electrons on EDT-TTF molecule. Now, from the split of the EPR

signal, the exchange interaction J,_4 is estimated by the following equation,

Jw-d/kB ™~ PBHO(gCu — g,r)/kB ~ 0.02 K. (2.2)

This value indicates the presence of the weak exchange interaction between the
localized Cu?* spin and the m-electrons on EDT-TTF molecule.
(EDT-TTF),3CuBr; salt shows the Weakly temperature independent resistiv-

ity down to 77 K and the resistivity value is estima,.te'd‘ at p=3.0x10"? as seen
in Fig. 2.13. The temperature independent nature in spite of the low resistiv-
ity value suggests that this compound lies on the boundary of the metal-insulator
transition. The magnetic susceptibility behaves Pauli paramagnetic type without
anomaly above 2 K, where the Pauli paramagnetic susceptibility is estimated at :
x=2.5%10"% emu/mol. The EPR indicates the line width AH,,=15.3-14.5 Oe and
the g-value g=2.01-2.001. Here, taking into account the typical g-value of g=2.04—
2.14 of Cu* with tetragonal structure [61], the component of the anion and the

Pauli like nature in the susceptibility, the counter anion is suggested to be decom-
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posed into Cu(I)Br,~, which has no magnetic moment, in preparation. Thus, the
observed EPR signal is thought to be associated with the conduction electron on

the EDT-TTF molecules.

BMDT-TTF(MT) salts

'(MT);.7FeCly salt shows the Curie type behavior without anomaly in the mag-
netic susceptibility above 2 K. The Curie-Weiss analysis gives the antiferromagnetic
Weiss temperature §=—2.6 K and the Curie constant C'=3.45 emu/mol-K. Using
g-value of Fe®** spin, which gives the isotropic value of g~2 usually, the number of
spins is estimated at N~0.8 spin (S=>5/2)/Fe ion.

(MT);CuBr,; shows the temperature independent nature in the magnetic sus-
ceptibility. The signal of EPR shows the line width AH,,~150 Oe and the g-value
9g=2.007-2.010. Here, the typical g-value of Cu®* ion with tetragonal ligands struc-
ture indicates g=2.04-2.14 [61], while, it is suggested that the g-value of EDT-TTF
cation radical is almost g~2 judging from the g-value of BEDT-TTF [62] having
similar electronic structure. Consequently, the EPR line shape is assigned to the
conduction electron on MT molecules and there is the absence of the localized spin
of Cu?*. This result suggests that the counter anion is decomposed into Cu(I)Br,-,

which has no the magnetic moment, in preparation.

CiTET-TTF salts

(CiTET-TTF)CuCl,; salt behaves Pauli paramagnetic type of xpaui=1.1x10"%
_ emu/mol without anomaly in the magnetic susceptibility above 2 K. It suggests the
absence of the localized moment on Cu?* ion. Judging from the component of the
anion and the Pauli like susceptibility, Cu?t in the counter anion is suggested to be
reduced to monovalent in preparation.

(CiTET-TTF),Br salt shows the semiconductive behavior with the single acti-

vation energy E,=0.6 eV and the room temperature resistivity of p;=40 Qcm. The
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magnetic susceptibility indicates the low-dimensional feature with an antiferromag-
netic transition at Ty=3 K. However, the X-ray structure and EDX analysis show
the absence of Cu ions. Nonetheless, this salt indicates the interesting feature of
the magnetism on the organic donors away from the m-d interaction. The detailed

physical properties will be discussed in Chapter 4.

TTP derivatives salts

The EPR line width and g-value in (BDT-TTP)sCuClge shows AH,,~185 Oe
and ¢g=2.10 in the polycrystalline sample. Here, the typical g-value of Cu®t ion
with square planar structure of Cl ligands gives g=2.05-2.15 [60], however, we do
not have any information on EPR line width and g-value of BDT-TTP salts. It will
be important in the future to measure the magnetic susceptibility and EPR after
the synthesized sample enough to measure the magnetic properties.

In Fig. 2.14, (TMET-TTP),FeCl, shows the semiconductive behavior with the
activation energy E,=145 K around room temperature and the room temperature re-
sistivity of p,;=0.11 2cm. The resistivity indicates the semiconductor-semiconductor
transition around 120 K, and it gives the activation energy of F,=264 K below the
transition. The activation energy above the transition is significantly small one,
which is expected to be reduced strongly under pressure. The magnetic susceptibil-
ity indicates the Curie-Weiss nature without anomaly above 2 K. The Curie-Weiss
analysis gives the antiferromagnetic Weiss temperature §=—0.2 K and the Curie con-
stant C=4.20 emu/mol-K. Using isotropic g-value of g~2 expected for Fe* spin,
the number of spins is estimated at N~1.0 spin (5=5/2)/ Fe. In addition, the sus-
ceptibility does not have an apparent change at the semiconductor-semiconductor
transition. This observation suggests the weak magnetic interaction between the
conduction electrons on TMET-TTP molecule and the localized moments on Fe?*.

(TMEO-TTP)3Br; shows the EPR signal with the line width A H,,~18 Oe and
the g-value g=2.005 in polycrystalline sample, which is thought to be assigned to

the free m-carrier spin judging from the absence of magnetic sites.
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Table 2.6: Electrical and magnetic properties for TTF derivatives salts.

EPR

Cation Radical Prt Temperature® x©
Salts of BO (Qcm)  dependence of p Hy,(Oe) g-value
BO3.8CoCls 2.6x1073 M down to 4.2K C-W (#=-1.3K) ~56 2.001-2.011
BO4MnCl, 1.6x10~2 M down to 77K C-W (§=—1.8K) 500-450  2.05-2.11
28-50 2.05-2.11
BOs5.3CuCl, 3 6.2 E,=545K" P like 48-150  2.010-2.242
BO3sCuBr,  3.3x1072 M down to 77K P ~37 2.005-2.013
Cation Radical Prt Temperature X EPR
Salts of EDT (Qcm)  dependence of p Hpp(Oe) g-value
EDT;FeCly 61 - - -
EDT32CoCly 3.5x10~* M around RT. OC-W (§=-04K) ~200G 2.07
EDT3CuCly 90 E,=203K"® C 11.1-84.2 2.032-2.115
22.5 2.007
EDT33CuBr; 3.0x10~% M down to 77K P 15.3-14.5 2.010-2.004
Cation Radical Prt Temperature X EPR
Salts of MT (Qcm)  dependence of p Hy,(Oe) g-value
MT;.7FeCly 0.01 - C-W (#=-2.6K) -
MT;CuBr, - - P ~150  2.007-2.010
Cation Radical Prt Temperature X EPR
Salts of C,TET  (Qcm)  dependence of p Hpp(Oe) g-value
CiTET-CuCl; 2 - - P -
CiTETBr» 40 Ea=0.6eV 2D-AF (In=3K) 14.6-17.6 2.006-2.011

®M:Metallic behavior. PSingle activation type.

romagnetism.
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Table 2.7: Electrical and magnetic properties for TTP derivatives salts.

Cation Radical Temperature EPR
Salts of BDT (Qcm)  dependence of p Hpp(Oe)  g-value
(BDT-TTP)3CuClg ¢ ~185 2.102
Cation Radical Temperature EPR
Salts of TMET (Qcm)  dependence of p Hy,(Oe) - g-value
(TMET-TTP)4FeCly Ta—s~120K*>  C-WP (6=—0.2K) Unobserved
Cation Radical Temperature EPR -

Salts of TMEO

(Qcm) dependence of p

Hyp(Oe)  g-value

(TMEO-TTP)3Br,

18 2.005

a‘Ts_»s,:Semiconductor-semiconductor transition. PC-W:Curie-Weiss behavior.
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Figure 2.9: Temperature dependence of resistivity of BO salts. The compositions
of the salts represented as MnCl, CoCl, CuCl, CuBr are BO4MnCly, BO35CoClg,
BO53CuCl; 5 and BO35CuBry, respectively. The MnCl, CoCl and CuBr salts shows
metallic behavior in the investigated temperature range. The CuCl salt gives semi-
conductive behavior with the activation energy E,=545 K.
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Figure 2.10: Magnetic susceptibility and reciprocal susceptibility as a function of
temperature for BO3gCoClg. The Curie-Weiss analysis indicates the antiferromag-
netic temperature §=—1.3K.
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Figure 2.11: Magnetization of BO33CoClg at 2 K. The inset shows the hysteresis in
the low field range, suggesting the presence of weak ferromagnetism.
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Figure 2.12: Temperature dependence of residual magnetization of BO33CoClg,
indicating a weak ferromagnetic transition at Twrp=7.5 K.
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tion of the salts represented as CuCl and CuBr are (EDT-TTF)3CuCly and (EDT-

TTF),.3CuBr,, respectively. The CuCl salt shows the semiconductive behavior with
the activation energy F,=203 K.
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the semiconductive behavior with the activation energy E,=145 K and 264 K above
and below a semiconductor-semiconductor transition around 120 K, respectively.
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2.4 Summary

Iﬁ this Chapter, I have developed new class of the organic magnetic cation radical
salts to obtain the metallic organic systems with the strong 7n-d interaction. The
cation radical donors BEDO-TTF, C,TET-TTF, BMDT-TTF, EDT-TTF, EOPT,
EOOT, BDT-TTP, TMEO-TTP, TEMT-TTP and CPTM-TTP were employed in
the sample preparation to stabilize the metallic state in the low temperature range
and to realize the strong exchange interactions between the m-electrons and the
localized d-electrons. Meanwhile, the transition metal halides were employed for the
counter anions having the localized magnetic moments, where the copper dihalides
anions were expected to give strong of 7-d interaction particularly.

We summarize the results of sample crystallization, structural determination,
electrical and magnetic properties below. The single crystals were obtained in
about a half of the materials, and then the crystal structure were not character-
ized for the crystallized samples except for (C;TET-TTF),Br. In particular, we
regret the decomposition of the counter anions of copper dihalides in the sam-
ple preparation although these are likely to realize the strong =-d interactions.
The composition analysis could be carry out by EDX, and the electrical resistiv-
ities, EPR and ma,gnetié susceptibilities were measured in many samples. Actu-
ally, from the resistivity measurements we obtained the crystals having the metal-
lic behavior BO35CoCls, BO4MnCly, (EDT-TTF);2CoCly or the semiconductor
(EDT-TTF)3CuCly, (TMET-TTP),FeCly with low activation energies. Thus, the
approaches to the magnetic metallic cation radical salts are partly successful for
the donor selection in view of the stabilization of metallic states. However, EPR
and magnetic susceptibility measurements suggest the absence of strong exchange
interactions for BO33CoCls, BO4MnCly, (EDT-TTF)32CoCly, (EDT-TTF)3CuCly
and MT, ;FeCl,.

We can not discuss the appearance of 7-d interactions in detail because of the

lack of information on the crystal structures. The crystal structure analysis of the
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obtained samples remain unsolved for the future work after the synthesis for high

quality samples.
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Chapter 3

Solid State Properties of
(BEDT-TTF)3CuBr,



3.1 Introduction

As described in Chapter 1, the interactions between the organic m-electrons and
the localized magnetic moments are likely to cooperate to give new types of elec-
tronic instabilities different from the ordinary metal magnets or the charge transfer
complexes. According to this motif, I have been developing a new class of con-
ducting TTF and TTP-based cation radical salts on the basis of BEDT-TTF with
3d-transition metal halide anions as seen in the Chapter 2 [63, 64]. However, most
of the obtained salts are not well characterized due to the poor qualities of the
crystals and they are likely not to show interesting phenomena originating from the
strong 7-d interaction. Thus, in the present chapter, we discuss the detailed results
of (BEDT-TTF)3CuBry, which shows prototypical behavior for the 7-d interaction
system. In the present compound, I investigate the structural, electrical, mag-
netic and thermal properties in order to understand systematically the magnetic
interactions between the m-electrons on the BEDT-TTF molecule and the local-
ized magnetic moment. In section 3.2, we discuss the lattice dynamical behavior of
(BEDT-TTF)3CuBry4 from the measurement of X-ray diffraction at several temper-
atures or under pressures. Further, in section 3.3, we describe the detailed electrical
properties in the temperature-pressure phase diagram obtained by the measurement
of the high pressure resistivity. Furthermore, in section 3.4, we discuss the novel
magnetic properties of this compound from the measurement of static susceptibility
under ambient and high pressure, EPR, antiferromagnetic resonance (AFMR), ac
calorimetry, magnetic specific heat, lH-NMR and DV-Xa calculation. According to
these results and discussions, we reveal the characteristic of the 7 — d interaction in

the organic molecular conductors.

3.2 Structural Properties

The crystal structure determination is the fundamental process for the detailed

discussion of the physical properties. In the past, the crystal structure analysis of
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the present compound was reported by Mori et al [65]. The result indicates that
the anion has the mixed valence states of Cu(I)Bry~! and Cu(II)Br,~2, however the
estimated number of Cu?* spins in the magnetic susceptibility was in disagreement
with the structural result by the X-ray analysis. Thus, we determine the crystal
structure using the crystal synthesized carefully with no defects of Br atoms, where
the result indicates that the anion has divalent Cu®* in CuBr4?~. Next, we present
the results of X-ray structure analysis at low temperature under ambient pressure
obtained in collaboration with Okayama Univ. group, indicating the important
feature for the origin of the structural phase transition at 7.=59 K in the present
compound. Third, we show the results of the X-ray diffraction under high pressure
at room temperature in order to clarify the metal insulator transition under about
7 kbar. Finally, we discuss the correlations between the structure and the electronic

structure, and the lattice dynamics of (BEDT-TTF);CuBr,.

3.2.1 Experimental

Crystal Synthesis

Single crystals of (BEDT-TTF)3CuBry were prepared by the diffusion method.
We put 0.1mmol BEDT-TTF in the one compartment and 0.2mmol Cu(IT)Br; mixed
with 0.4mmol 18-crown 6-ether and 0.4mmol KBr in another compartment of an
H-formed cell, then filled it with 50 ml distilled benzonitrile under argon gas atmo-
sphere at room temperature. BEDT-TTF and 18-crown 6-ether were recrystallized
from chlorobenzene and from acetonitrile, respectively, while I used commercial high
grade Cu(II)Br; and KBr without further purification. After the crystal growth pe-
riod of one month, I obtained black plate-like single crystals with typical dimension
of 3x1x0.05 mm3. Magnetic susceptibility measurement indicated the absence of

any detectable amount of magnetic impurities.

X-ray Structure Analysis at room temperature

In the X-ray crystal structure analysis at room temperature, the intensity
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Table 3.1: Crystallographic data of (BEDT-TTF)3CuBr, at room temperature.

Chemical Formula C30H24S24CuBry
Chemical Formula Weight 1537.12

Cell setting Monoclinic
Space group P2 /c

a (A) 16.999(3)

b (A) 10.137(2)

c (A) 14.200(3)

B(C) 102.77(1)

V (A3) 2386.4(8)

Z 2

D, (Mgm=3) 2.139
Radiation type Mo Ko
Wavelength(A) 0.71069
Temperature(K) 293

Crystal size (mm?) 0.48x0.60x0.02

No. of independent reflections 5807
No. of observed reflections 2853(1 > 30(1))
R ' 0.051
wR . 0.045

data were collected from Rigaku four-circle diffractometer AFC-7S with graphite-
monochromated Mo Ko radiation using w-28 scan technique (20<55°). The absorp-
tion correction was performed by the numerical absorption program. The observed
2853 reflections were refined by full-matrix block diagonal least-square method using
the starting atomic coordinates of Mori et al [65]. Anisotropic temperature factors
were used for all non-hydrogen atoms, and for hydrogen atoms we adopted calcu-
lated positions and isotropic temperature factors. The final refinement R-factor
was significantly smaller for full occupancy of 1.00 at the Br atoms (R=0.051) than
that for the partial occupancy of 0.75 (R=0.089). Thus, we conclude that the Br
atom occupancy of CuBr, anion is evaluated #t the value of 1.00, which is in good
agreement with both result of Watanabe et al. [66] and Guionneau et al [67]. The

crystallographic data are listed in Table 3.1.

X-ray Study under High Pressure
A diamond anvil cell (DAC) was used for the high pressure generation. In the
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experiments under pressure up to 40 kbar, the single crystal or the powder sample
was'put into a 200 um diameter hole of a metal gasket (INCONEL alloy) with both
a ruby chip and Flurinert FC-70 and 77 mixted with 1:1 which were used for a
pressure indicator and pressure medium, respectively, as shown in Fig. 3.1. The
screwing up the retaining screw generates the pressure in the hole by the diamond
anvils with a 400 gm top surface. We used a synchrotron radiation source (SR) on
beam line 4C (BL-4C) at the Photon Factory National Laboratory for High Energy
Physics (KEK). The white X-ray beam was monochromatized with a Si(111) double
crystal to a wavelength of 0.6888 A calibrated by the Zr absorption edge. The
pressure values were determined by the ruby luminescence method in the accuracy
of 0.5 kbar.

The intensity data of the single crystal were collected from Huber six-circle
diffractometer in the pressurized range of 0-14 kbar. In the experiment of pow-
der samples, a photostimulatable fluorescent plate (imaging plate (IP); Fuji Film
Co. Ltd.) was used, and typical exposure times were 1-5 hours. Take-off angle
20max wWas about £35°. The two dimensional powder patterns recorded on the IP
were integrated for the intensity along each Debye-Sherrer ring to give conventional
one dimensional profiles [68] as shown in Fig. 3.2. The distance from the sample to
the IP is estimated by the measurement of the standard sample (Cr,03) to derive a
powder profile as a function of 20. In the measurement time of the pdwder samples,
the DAC on the diffractmeter was swinging around the x-circle to avoid the spotted
peaks by selective orientation on the IP. The applied pressure range was 0-40 kbar
for the powder samples. All the measurements of the singie crystal and powder

samples were carried out at room temperature.
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Figure 3.1: Schematic figure of a diamond anvil cell and the experimental setting
of the single crystal and the ruby pressure indicator. The pressure is generated by
tightening the screw.
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Figure 3.2: Schematic drawing of the setup of DAC and IP. A scanning step (Pixel
size) of IP is 0.1lmm. The distance L between DAC and IP was determined by the
lattice parameters of the standard sample (Cry03).
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3.2.2 Experimental Results

X-ray Structure Analysis at room temperature

The atomic coordinates, thermal parameters and isotropic, anisoti‘opic temper-
ature factors are listed in Table 3.2 and Table 3.3, and the intermolecular distances
and bond angles are in Table 3.4, where the molecular structure and the atom in- |
dices are shown in Fig. 3.3. These atomic parameters are in good agreement with
the results of Mori et al [65], whereas, the occupancy of Br atoms indicates 1.00
in the present work, namely, the composition of the present compound is (BEDT-
TTF)3;CuBry; this result will be utilized in the discussion of the physical properties.
The crystal structure is shown in Fig. 3.4, where the structure consists of alternating
stacking of BEDT-TTF 7 conducting sheets and magnetic Cu?* sheets. The donor
A and B molecules are crystaﬂographically independent, and the A molecule and
the Cu atom lie on the inversion center. There is the absence of disordered sites of
ethylene groups in all the donors.

Figure 3.5 shows the donor structure projected along the central C=C bonds
of BEDT-TTF molecule. Every BEDT-TTF molecule is surrounded by six neigh-
boring donor molecules, resulting in consisting two-dimensional hexagonal packing
structure. Several intermolecular short S...S contacts exist in the intercolumn direc-
tion (b-axis), where the distances of 3.360(4) A (S4-S5) and 3.492(4) A (S5-S8) are
shorter than the sum of the corresponding van der Waals radii 3.60 A as shown in
Fig. 3.6. Meanwhile, in the intracolumn direction (c-axis), there are no short S...S
contacts within the sum of van der Waals radii. These features are predicted by the
anisotropic lattice structural dynamical behavior in this compound, which will be
discussed in this section.

The presence of two independent molecules A and B demonstrates the signif-
icant difference in the valence states between the two molecules because the dif-
ferent valence states of the molecules give the different bond lengths and angles.

Here, the bond lengths of the donor molecules in (BEDT-TTF)3CuBry are com-
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pared with those of BEDT-TTF molecules having different charges as presented in
Table 3.5 [69]. Guionneau et al. [70] determined the charge distribution in BEDT-
TTF donors from the bond lengths of a, b, ¢, d defined in Table 3.5, where they
suggest that the oxidation of BEDT-TTF molecule lengthens the central C=C bond
(a), the external C=C bonds (d) and shortens the internal C—S bonds (b), the
external C—S bonds (c). In their report, the charge value § is estimated by the

following equation obtained phenomenologically,
§ =6.347 — 7.463(b + ¢ — (a + d)). (3.1)

Using this equation, the charges of BEDT-TTF A and B molecules are estimated
at the values of 0 and +0.57 charge, respectively, which are in disagreement with
the stoichiometry of (BEDT-TTF)sCuBr. Thus, taking account of the donor-to-
anion(CuBr4®") ratio of 3:1, BEDT-TTF is suggested to have 0 and +1 charges for A
and B molecules, respectively, which are in good agreement with the number of spins
in the magnetic susceptibility measurement as described in section 3.4. Moreover,
Marsden et al. suggest the charge separation between A and B molecules from the
splitting of the C—S stretching mode in the measurement of reflectance spectra [14].

Fina,lly, we consider the magnetic interaction in this compound using the atomic
distances. As will be mentioned in the result of the DV-Xa electronic structure
calculation of CuBr4*~, the vertical orbital to the ligand plane of Cuz"'. ion has no
localized d-electron. This suggests that the magnetic interactions between Cu?*
ions or between the Cu?t jon and the m-electron are caused by the superexchange
mechanism through the Br ligand atoms of Cu?* ion. As described in section 1.4,
the magnitude of the exchange energy J;; through the superexchange mechanism is
evaluated by J;;=—2t%/U, where t;; is the transfer integral between the site 7 and
J, and U is the Coulomb repulsion. Thus, the exchange energy is governed by the
magnitude of the transfer integral mainly. Nonetheless, we do not have the values of
the transfer integrals between the CuBr,?~ anions or between the CuBr,®~ anion and

BEDT-TTF molecule. Consequently, we consider the magnetic interaction between
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the BEDT-TTF molecule and the CuBr?~ anion using the anion-anion and donor-
~ anion distances. Figures 3.7 and 3.8 show the anion-anion and the donor-anion
distances. In the magnetic layer of the anions, the Cu?* ions form the quasi-two-
dimensional square lattice, where the Cu-Cu distance 8.724(1) A is thought to be
too long to realize the strong magnetic interactions. Moreover, the anion-anion
distances 4.190(1) A (Br1-Br2) and 4.817(1) A (Brl-Brl) are larger than the sum of
van der Waals radii 3.70 A . Meanwhile, in the donor-anion contacts, there are several
particularly close contacts 3.699(3) A (Br2-S8), 3.752(3) A (Br2-S11), 3.774(3) A
(Brl-S8) and 3.821(3) A (Br1-S6) in comparison with the sum of corresponding van
der Waals radii 3.65 A , where the above S atoms (S6, S8, S11) are the external
S atoms of BEDT-TTF molecule having the small density of w-electrons in the
HOMO level. Consequently, in the present compound, the donor-anion interaction
is considered to dominate the magnetic interaction over the anion-anion interaction

in terms of the distances of the atoms.
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Table 3.2: Fractional atomic coordinates and equivalent isotropic thermal param-
eters of (BEDT-TTF);CuBry at room temperature (see Fig. 3.3 for the atom in-
dices). Equivalent isotropic parameter Beq is defined by the following equation
Beq=(8/3)7r22izjU,-ja,-*aj*aiaj. '

Atom x y z Beq(A%)
Brl  047917(7)  0.3305(1) 0.11085(8) 3.35(5)
Br2  0.47403(7) 0.6674(1) 0.11120(8) 3.27(5)

Cul  0.5000 0.5000 0 1.82(6)
S -0.0474(1)  0.1348(3) 0.7170(2)  2.9(1)
S2 0.1453(1)  0.1341(3) 0.8243(2) 2.6(1)
S3  -0.0191(1) -0.0963(3) 0.6071(2)  2.6(1)
S4 0.1663(1)  -0.0973(3) 0.7118(2)  2.4(1)
S5 -0.2196(1)  0.1590(3) 0.6262(2) 2.7(1)

S6 0.3177(1)  0.1634(3) 0.9177(2)  2.5(1)
ST -0.1843(1)  -0.1203(3) 0.4939(2)  2.7(1)
S8 0.3406(1)  -0.1190(3) 0.7818(2)  3.1(1)
S9 0.8943(1)  0.1246(3) 0.9961(2)  2.8(1)
S10  0.9168(2) -0.1251(3) 0.8989(2)  2.9(1)
S11  0.7189(1)  0.1417(3) 0.9176(2)  2.7(1)
S12  0.7468(2) -0.1587(3) 0.8030(2)  3.0(1)
C1 0.0208(5)  0.018(1)  0.6937(6)  2.4(4)
c2 0.1005(5)  0.019(1)  0.7388(6)  1.9(4)
C3  -0.1300(5) 0.072(1)  0.6332(6) 2.0(4)
C4 0.2428(5)  0.073(1)  0.8392(6)  1.8(4)
C5  -0.1164(5) -0.032(1) 0.5833(6)  1.8(4)
Ccé 0.2539(5) -0.034(1)  0.7871(6)  1.7(4)
CT  -0.2017(5)  0.040(1) 0.5654(6)  2.4(4)
cs 0.4030(5)  0.053(1)  0.9302(6) 2.1(4)
C9  -0.2715(5) -0.013(1) 0.4737(6) 2.7(4)
C10  04152(5)  0.001(1) 0.8362(6) 2.4(4)
Cl1  0.9614(4)  0.000(1) 0.9782(6) 2.2(4)
C12  0.8180(5) -0.063(1) 0.8798(6)  2.0(4)
C13  0.8077(5)  0.051(1) 0.9242(6) 1.9(4)
Cl4  0.6539(6) -0.081(1) 0.8175(7)  2.9(5)
C15  0.6546(6)  0.066(1) 0.8128(7)  2.8(5)

H1 -0.2932 -0.0359 0.6104 2.9
H2 -0.3462 0.0823 0.5487 2.9
' H3 0.4529 0.1008 0.9632 2.6
H4 0.3942 -0.0242 0.9713 2.6
H5 -0.2606 0.0637 0.4339 3.2
H6 -0.3189 -0.0636 0.4369 3.2
H7 0.4697 -0.0415 0.8470 2.8
HS8 0.4130 0.0767 0.7906 2.8
H9 0.6087 -0.1142 0.7653 3.4
H10 0.6440 -0.1074 0.8819 3.4
H11 0.5981 0.0987 0.8072 3.3
H12 0.6740 ~0.0930 0.7540 3.3
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Table 3.3: Isotropic (for H atoms) and anisotropic temperature factors (A?) at room
temperature.

atom U1l U22 U33 U12 U13 U23
"Brl  0.0568(8) 0.0341(7) 0.0378(6) 0.0016(6) 0.0131(5) 0.0069(6)
Br2  0.0477(7) 0.0373(7) 0.0424(6) -0.0040(6) 0.0172(5) -0.0110(6)
Cul  0.0189(8) 0.0234(9) 0.0260(8) -0.0006(9) 0.0028(6) -0.001(1)
S1  0.020(1) 0.046(2) 0.041(1)  0.002(1) -0.003(1) -0.016(1)
S2  0.019(1) 0.037(2) 0.041(1)  0.004(1) -0.001(1)  -0.008(1)
S3  0.020(1) 0.035(2) 0.040(1)  0.005(1) -0.001(1) -0.007(1)
S4  0.018(1) 0.032(2) 0.037(1) -0.001(1) -0.001(1) -0.005(1)
S5  0.020(1) 0.036(2) 0.045(1)  0.004(1) -0.000(1) -0.009(1)
S6  0.023(1) 0.030(2) 0.037(1)  0.004(1) -0.004(1) -0.008(1)
ST 0.026(1) 0.033(2) 0.039(1)  0.002(1) -0.004(1) -0.010(1)
S8 0.017(1) 0.041(2) 0.058(2)  0.003(1)  0.001(1) -0.021(2)
S9  0.021(1) 0.031(2) 0.049(2) -0.001(1) -0.002(1) -0.011(1)
S10  0.025(1) 0.034(2) 0.050(2)  0.002(1)  0.003(1) -0.008(1)
S11  0.025(1) 0.031(2) 0.041(1)  0.003(1) -0.002(1) -0.006(1)
S12  0.031(1) 0.031(2) 0.045(2)  0.003(1) -0.008(1)  -0.010(1)
Cl  0.018(5) 0.036(7) 0.033(5)  0.003(5)  0.001(4) -0.003(5)

(

(

(

C2  0.021(5) 0.025(6) 0.027(4) -0.003(5)  0.001(4) -0.001(5)
C3  0.016(5) 0.030(6
C4  0.014(5) 0.022(6) 0.029(5)  0.004(4)  0.000(4)  0.007(4)

) (

) 0.027(5)  0.000(4)  0.003(4)  0.002(5)
) (

) 0.028(5)  0.003(4)  0.001(4)  0.003(4)
)
)
)

C5  0.017(5)  0.023(
. C6  0.016(5) 0.023(6) 0.022(4) -0.007(4) -0.001(4) -0.003(4)
C7  0.013(5) 0.036(7) 0.043(6) -0.004(4)  0.006(4) -0.005(5)
C8  0.012(5) 0.027(6) 0.039(5) 0.000(4)  0.001(4)  0.005(5)
C9  0.026(5) 0.042(7) 0.029(5) 0.005(6) -0.007(4) -0.006(6)
C10  0.014(4) 0.032(6) 0.044(5) -0.009(5)  0.007(4) -0.007(6)
C11  0.017(5) 0.029(5) 0.037(5)  0.001(6)  0.000(4) -0.007(6)
C12  0.019(5) 0.016(5) 0.035(5) -0.000(4) -0.005(4) -0.001(5)
C13  0.018(5) 0.021(5) 0.031(5) 0.002(4) -0.004(4)  0.006(5)
Cl14 0.025(6) 0.040(7) 0.037(6) -0.011(6) -0.007(5)  0.001(6)
C15 0.025(6) 0.041(7) 0.037(6) -0.004(6) -0.001(5)  0.003(6)

H1 0.0372
H2 0.0372
H3 0.0324
H4 0.0324
H5  '0.0409
H6 0.0409
H7 0.0360
HS8 0.0360
H9 0.0428
H10  0.0428
" H11  0.0423
H12  0.0423

78



Table 3.4: Bond lengths and angles of (BEDT-TTF)3CuBr4 at room temperature
without hydrogen atoms (see Fig. 3.3 for the atom indices).

Bond length (A)

Bri-Cul 2.409(1) S8-C10 1.800(9)
Br2-Cul 2.424(1) S9-Cll 1.76(1)
$1-C1 1.74(1)  S9-C13 1.760(9)
S1-C3 1.748(9) S10-Cl1 1.75(1)
S2-C2 1.736(9) S10-C12 1.758(9)
$2-C4 1.737(8) S11-Ci3 1.751(9)
$3-C1 1.72(1)  S11-C15 1.81(1)
$3-C5 1.740(9) S12-C12 1.737(9)
84-C2 1.724(9) S12-Cl4 1.82(1)
$4-C6 1.751(8) C1-C2 1.36(1)
$5-C3 1.744(9) C3-C5 1.32(1)
$5-C7  1.802(9) C4-C6 1.35(1)
$6-C4 1.753(9) C7-C9 1.52(1)
S6-C8 1.810(9) C8-C10 1.49(1)
S7-C5 1.759(9) C11-C11 1.32(1)
§7-C9 1.81(1) C12-C13 1.35(1)
$8-C6 1.722(9) C14-C15 1.50(1)

Bond angle (°)

CISI-C3  952(4) S6-C4C6  126.7(7)
C2-52C4  96.0(4) S3-C5-S7 113.2(5)
C1-S3-C5  955(4) S3-C5-C3  117.8(7)
C2-S4-C6  97.0(4) S7-C5C3  129.0(7)
C3-S5-C7  100.4(5) S4-C6-S8 114.3(5)
C4S6-C$  101.1(4) S4-C6-C4  115.2(7)
C5-S7-C9  101.1(4) S8-C6-C4  130.6(7)
C6-S8-C10  100.0(4) S5-C7T-C9  112.8(6)
C11-89-C13  95.7(4) S6-C8-C10  113.5(6)
C11-S10-C12 95.8(4) S7-C9-C7  114.1(6)
C13-S11-C15 100.4(5) S8-C10-C8  113.5(6)
C12-S12-C14 100.9(5) S9-C11-S10  114.2(4)
S1-C1-S3 114.9(5) S9-C11-C11  123(1)
S1-C1-C2  122.7(8) S10-C11-C11 123(1)
S3-C1-C2 122.3(8) S10-C12-S12 113.9(6)
52-C2-S4 114.1(5) S10-C12-C13 117.1(7)
S2-C2-C1 124.7(8) S12-C12-C13 129.0(7)
84-C2-C1  121.2(7) S9-C13-S1I  114.2(6)
S1-C3-S5  114.5(6) S9-C13-C12  117.1(7)
S1-C3-C5  116.6(7) S11-C13-C12 128.6(7)
S5-C3-C5  128.9(7) S12-C14-C15 114.3(8)
S2-C4-S6 115.5(5) S11-C15-Cl4 113.2(8)
S2-C4-C6  117.7(7)
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Figure 3.3: Molecular structure of BEDT-TTF drawn by ORTEP (see Ref. [71]).

At room temperature, the A and B molecules have 0 and +1 charges, respectively. -

Figure 3.4: Crystal structure of (BEDT-TTF);CuBry, which has the alternating
stacking between the BEDT-TTF layers and the magnetic layers of CuBrs®~ at
room temperature.
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Figure 3.5: Structure of (BEDT-TTF)3;CuBr, projected along the central C=C
bonds in the BEDT-TTF molecules. The Cu?* ions form a two-dimensional quasi-
square lattice. BEDT-TTF molecules have the trimerized BAB feature along the
c-axis.
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:§7-S12  3.512
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Figure 3.6: Intermolecular distances in the BEDT-TTF layer within the correspond-
ing van der Waals radii 3.60A.
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Table 3.5: Comparison of the bond lengths between (BEDT-TTF)3CuBry and the
other BEDT-TTF salts [69].

Compound ot Bond length (A)
a b c d
neutral BEDT-TTF 0 1.312(12) 1.757(7)  1.754(8) 1.332(7)
a-(BEDT-TTF),PF, 1/2  1.365(4) 1.740(2) 1.750(2) = 1.345(3)
(BEDT-TTF)3(ClOy4), 2/3  1.366(7) L731(7)  1.743(5) 1.345(9)
(BEDT-TTF)ReO4(THF)o 5 1 1.375(28) 1.719(10) 1.729(10) 1.365(18)

A molecule of (BEDT-TTF)3CuBry 0 1.32(1) 1.76(1) 1.759(9) 1.35(1)
B molecule of (BEDT-TTF)sCuBrs ~1  136(1)  1730(9) 1.744(9)  1.34(1)

+ 0
S S S S
: a :
S S S S
1Formal charge of BEDT-TTF**. 2The bond lengths b, ¢ and d of (BEDT-TTF)3CuBr,

were estimated by the average of the corresponding bond lengths. The bond lengths a,b,¢,d
are defined in the inset molecule.

b N
S

Br-Br:4.190 A

Cu-Cu:8724 A
|

0 A C

Figure 3.7: Anion-anion distances between the neighboring CuBr,?~.

82



N
(o))
o
on
0
i
o
aa
—

2 :Br2-S11 3.752

3:Brl-S8 3.774

4 :Brl-S6 3.879A

Figure 3.8: Donor-anion distances close to the van der Waals radii 3.65A.
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X-ray Study at low temperature

The X-ray structure analysis of (BEDT-TTF)3CuBr, in the low temperature
range under ambient pressure is the collaborating work with Okayama Univ. group,
which is reported in the results of Watanabe et al [66, 72, 73]. In this part, we
summarize the results of the X-ray structure analysis in the low temperature range.

Figure 3.9 shows the temperature dependence of lattice parameters of (BEDT-‘
TTF)3CuBr, in the temperature range 25-300 K. The lattice parameters indicate
large changes at Tc=59 K, where the resistivity has an anomaly and the magnetic
susceptibility shows a remarkable decrease. Here, the linear and thermal expansion

coefficients are defined as

dlna:__ Az
dT ~— z x AT’

where ¢ are lattice parameters a,b,¢ and V, A=298-T and Az=z(298K)—z(T).

(3.2)

Oy =

Assuming that the changes of the lattice parameters are Vproportional to temper-
ature from room temperature to just above T, the thermal expansion coefficients
are estimated at a,=0.85, 3.2, 6.7 and 10.4 x10=° K~! for z=a,b,c and V in the
temperature range of 300-65 K, which are in the ordinary magnitudes in comparison
to the other organic conductors [74]. The thermal expansion coeflicients below T,
are estimated at o,=—1.1, 1.3, 3.0 and 3.4 x10~® K~! for z=a,b,c and V in the
temperature range 65-298 K. The magnitudes of the thermal expansion coefficients
below T, are smaller than those above T,. The volume contraction AV at T is
estiﬁated at AV=6.7 A% which corresponds to 0.3% of the cell volume just above
T..

Next, we represent the change in the valence state of BEDT-TTF molecules
depending on the temperature. As mentioned in the structure determination at
room temperature, the charges of the BEDT-TTF A and B molecules are 0 and
+1, respectively. Watanabe et al. [73] suggests the disappearance of the charge
disproportionation between BEDT-TTF A and B molecules with decreasing the
temperature. Figure 3‘.10 shows the temperature dependence of the charges on

BEDT-TTF (A) and BEDT-TTF (B) with the result of Chasseau et al. [75], where
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the charges are estimated by the Guionneau’s equation as mentioned before. The
results are thought to indicate the uniformity of the valence of BEDT-T'TF molecules
below T. _

Watanabe et al. [66] investigates the extinction rule of P2,/c (h0l: 1=2n41, 0k0:
k=2n+1 disappearance) and finds out the disappearance of the (0k0) reflection be-
low T, indicating that the change of symmetry from P2;/c above T; to P, below Tt.
Figure 3.11 shows the temperature dependence of the (050) reflection profile and the
(050) integrated intensity, where the reflection appears below T, with changing the
symmetry. Since the X-ray integrated intensity corresponds to the order parameter,
the step wise behavior of the intensity indicates the first order transition of Tck at
ambient pressure, which is in good agreement with the results of the resistivity and
the specific heat as will be described in sections 3.3 and 3.4.

Watanabe et al. observed the trimerization of BEDT-TTF molecules in the
low temperature phase from the X-ray structure analysis, and they calculated the
overlap integral below and above T, as represented in Fig. 3.12. The values of
overlap integrals at room temperature are in good agreement with the result of
Mori et al [65]. The overlap integrals b2 and b3 below T, are enhanced from the
values above T, which suggests that the donor molecules are trimerized through the

increase of the overlaps of b2 and b3.
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Figure 3.9: Temperature dependence of the lattice parameters {(p)/l(0) (I=a,b,c)
and V(p)/V(0) of (BEDT-TTF)3CuBr4 under ambient pressure [73].
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Figure 3.10: Temperature dependence of the charges of BEDT-TTF A (solid sym-
bol) and B (open symbol) molecules in (BEDT-TTF)3CuBry. The circles denote
the results of Watanabe et al. [73], the triangles are the present results at room
temperature, and the squares are the results of Chasseau et al [75]. The solid lines

are guides for the eyes. The broken line denotes the location of the phase transition
at T..
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intensity (b) [66]. The step wise behavior at 7,=59 K indicates the first order
transition with changing the symmetry from P2,/c above T, to Pc below T..

21.0 K 65.9 K 299 K

b1 T4 6.6 6.4

b2 10.2 8.9 8.2

b3 162 147 13.2

b1/ 6.1 6.6 6.4

b2/ 9.0 8.9 8.2

b3’ -14.6 -14.7 -13.2

cl 5.5 5.2 4.9

cl! 5.2 5.2 -4.8

c2 0.7 1.0 0.6 (x10-3)

Figure 3.12: Overlap integrals of (BEDT-TTF)3CuBry at three temperatures.
The magnitudes of overlap integrals suggest the trimerization of the BEDT-TTF
molecules through the overlap integrals b2 and b3 below T, [72].
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X-ray Study under High Pressure
‘Figure 3.13 shows the integrated profiles of X-ray diffractions under 0, 7 and
15 kbar, and Figure 3.14 shows the pressure dependence of the d values for the
obtained diffraction lines in the range of 0-40 kbar. The apparent appearance or
disappearance of the diffraction lines are not observed with increasing the pressure.
The integrated intensity profiles and the diffraction lines change gently and succes-
sively with applying the pressure, suggesting the absence of the change in the crystal
system and large reconstruction in the structure. |
Figure 3.15 shows the integrated powder diffraction pattern and the intensity of
the single crystal data as a function of 26 at 0 kbar obtained from the F, values
of the structure analysis in the present work at room temperature. The scattering
intensity I of the single crystal data in the present experiment was calculated from
the following equation,
I= K|Rul*£(6), (3.3)
f(8) = cos?(26), - (3.4)
where K is the scale factor, F' is the structure factor and f(0) is the function of the
scattering angle factor of the polarization in the experimental using the synchrotron
radiation source. In the present setup, the Lorentz factors was not considered be-
cause of the use of an imaging plate, and the absorption coefficient was neglected.
Then, the difference of wavelength between A=0.6888 A (present experiment) and
2=0.71073 A (Mo-Kc), which causes the difference of the atom scattering factors,
was not also considered. The diffraction lines in the low angle range at 0 kbar can
be indexed on the basis of the intensity of the X-ray analysis, then, the lines up to
20 kbar can be analyzed by the indices at ambient pressure keeping the monoclinic
unit cell. Table 3.6 shows the observed and the calculated d values, and indicates
the refined lattice parameters under pressure in the range of 0—20 kbar. Above
20 kbar, the error of the cell parameters are large, which is supposed to be caused
by the deviation of the X-ray beam from the ideal setup. The weak diffractions, the

repeated lines and the diffractions in the high angle range were omitted because of
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the difficulty in the analysis. Figure 3.16 shows the pressure dependence of the cell
parameters. The slope of the changes of the a and b-axis lattice parameters decrease
gradually below 14 kbar, while the pressure dependence of the c-axis lattice parame-
ter is larger than that of the a or b-axis one. The linear and volume compressibilities
Ko are defined as

_ —dlnz —Az

dp  zxAp’ (3:5)

Ky

where z are a, b, ¢, 3, V, and Az(p) is z(p)—z(0). Using the cell parameters at 0 kbar
and 7.1 kbar in the low pressure range, the linear and volume compressibilities &,
are estimated at x,=2.0, 1.4, 4.7, 1.7, 7.6 x10~2 kbar~! for r=a,b,c,8 and V,
respectively, at room temperature. We will discuss the lattice dynamical properties
of this compound in the low pressure range in terms of the compressibility.

In the measurement of the single crystal, the reflections along the a-axis were not
refined well because only several reflections were observed because of the restricted
scattering angle in the instrument of DAC. Table 3.7 shows the pressure dependence
of the cell parameters in the b and c-axes, which are roughly in good agreement
with the result of the powder samples. A little differences of the cell parameters
between the single crystal and the powder samples are thought to be caused by the
determination of the cell parameters using a few reflections in the measurement of
the single crystal. |

The reflection peaks along the c-axis split into two peaks at 14 kbar as shown in
Fig. 3.17, which indicates the presence of two kinds of cell parameters. Moreover,
the observation suggests that the first order transition appear at 14 kbar, which is
in good agreement with the resistivity anomaly at 13.5 kbar as seen in section 3.3.

In order to study the change of symmetry, I investigated the extinction rule
under pressure. At the room temperature under ambient pressure, the space group
of this compound has monoclinic P2,/c with the extinction rule of (h0l: I=2n+1,
0k0: k=2n+1 disappearance). Thus, I measured the several reflections of (0k0)
and (00/) and then find out the disappearance of reflections (0k0) and (00{) up to

14 kbar, suggesting to retain the space group P2;/c up to 14 kbar. However, (002)
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and (006) reflections were not observed up to 14 kbar, which is thought to be caused

by their unobservably weak intensities.
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Figure 3.13: The integrated diffraction profiles in the low angle range under 0, 7
and 15 kbar with the X-ray exposure times of 1, 1 and 2 hours, respectively.
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Table 3.6: The observed and the calculated d values, the refined lattice parameters
and the cell volume under pressures. The weak lines, the repeated lines and the
undetermined d-values in the high angle range are omitted.

0 kbar 7.1 kbar 10 kbar
hkl dobs A dcalc A dobs A dcalc A dobs A dca.lc A
-200 8.280 8.298 8.205 8.203 8.177 8.178
011 8.178 8.155 8.010  8.017 7.964 7.978
-111 7.746 7.727 7.576  7.585 7.525 7.545
-211 6.242 6.236 6.125 6.127 6.094 6.097
-300 5.525 5.532 5463  5.469 5.449 5.452
211 5.476 5.472 5408  5.407 5.388 5.390
020 5.072 5.036 4.990  4.986 4.988 4.976
311 4.316 4.325 4277  4.277 4.264 4.264
400 4.147 4.149 4104  4.102 4.094 4.089
-213 4.091 4.101 3.980 3.981 3.948 3.944
411 3.518 3.518 3.480 3.480 3.470 3.470
-123 3.456 3.452 3.373 3.375 3.350 3.352
-223 3.353 3.351 3.276 3.274 3.251 3.252
-422 3.117 3.118 3.064 3.064 3.048 3.049
040 2.515 2518 -2 —2 2.488 2.488
a (A) 17.019(6) [16.999(3)]* 16.778(1) 16.713(2)
b 10.072(4) [10.137(2)] 9.9714(9) 9.953(1)
c 14.252(5)  [14.200(3)] 13.785(1) 13.636(2)
B (°) 102.79(4) [102.77(1)] 102.076(9) 101.838(1)
V (As) 2382(3)  [2386.4(8)] 2255.2(5) ©2219.8(3)

15 kbar 19 kbar
hkl dobs A dcalc A dobs A dcalc A
-200 8.162 8.169 8.111 8.123
011 7.917 7.933 7.850 7.862
-111 7.475 7.501 7411 7.442
-211 6.060 6.070 6.019 6.029
-300 5.442 5.446 5.416 5.416
211 5.375 5.375 5.336  5.333
020 4.968 4.966 b —
311 4.254 4.256 4.225 4.225
400 4.091 4.084 4.059  4.062
-213 3.9011 3.901 3.872 3.855
411 3.464 3.465 3.443 3.441
-123 3.321 3.325 3.286  3.290
-223 3.224 3.225 3.189 3.193
-422 3.033 3.035 -b -
040 2.484 2.483 2470 2.469
a (&) 16.677(4) 16.588(6)
b 9.933(2) 9.877(3)
c 13.458(3) 13.263(4)
B (%) 101.59(2) 101.64(3)
V (A)3 2184(2) 2128(2)

2Cell parameters of the single crystal structure analysis. PThe peak was too
weak for the fitting.
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Figure 3.16: Pressure dependence of the cell parameters I(p)/l(0) (I=a,b,c) and
V(p)/V(0) of (BEDT-TTF)3CuBr, obtained from the powder sample at room tem-
perature. The cell parameters of the single crystal are also.shown with the open
triangles (b-axis) and the open squares (c-axis), and the results along the a-axis
lattice parameter are omitted above 14 kbar owing to their quality.
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Table 3.7: Pressure dependence of the lattice parameters of the single crystal.

p (kbar) b (A)? c(A)®
7.8 10.014 13.729
10 10.031 13.695
14 10.008 13.496, 13.622¢

2 From (040) reflection. ® From (008) reflection.
¢ The peak is split into two peaks.

1000 ——
) I o, i
= — o © —
- — —
s b
) 500 |- | _
‘B ] ....~ .. * |
C — -
o) ° 0
£ -, . i

0 .'“ L1 w—
23.0 23.5 24.0

2 6 (deg)

Figure 3.17: Split peak profile of (008) at 14 kbar, indicating the presence of the
two kinds of unit cells due to the first order transition.
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3.2.3 Discussion

The present compound has a structural transition at T.=59 K with the large
change of the electrical and magnetic properties, which is strongly related to the
electronic structure as will be discussed later. Here, we summarize the results of the
structural analysis in addition to the results of the electronic and magnetic properties
in the preceding discussion. The crystal structure has the alternating stacking of
BEDT-TTF layer and CuBr4?~ anion layer with the Cu?* magnetic moments. In the
BEDT-TTF layer, the overlap integrals of molecules are large for the b-axis, while,
in the c-axis the overlap between BEDT-TTF B molecules is significantly small as
shown in Fig. 3.12. Below T, the overlaps of b2 and b3 as defined in Fig. 3.12
are enhanced with the BEDT-TTF molecular trimerization. In particular, for the
consideration of the electronic structure, it is important to investigate the change of
the charges of BEDT-TTF molecules as a function of temperature. That is, above
T., the charges of BEDT-TTF A and B molecules are separated into the values of 0
and +1, respectively, however, the charge separation changes to uniformity below T.
In the electrical properties, the resistivity has a semiconductive behavior with the
temperature dependence of the activation energy E,=1500-250 K, then, it indicates
an anomaly with the thermal hysterisis at T,. Applying the pressure causes an
abruptly decrease of the resistivity at room temperature, and the resistivity shows
the metallic behavior in the high temperature range of T, above 9 kbar. In the
magnetic properties, the susceptibility shows the Curie-Weiss behavior with the spin
number of the corresponding two BEDT-TTF B molecules and one Cu%* ion above
T.. Then, the susceptibility indicates the large reduction at T¢, and it is governed
only by the Cu?* ions below T.. The observation implies the disappearance of the
magnetic moments on BEDT-TTF B molecules below T,.. According to these results,
we discuss the electronic structure, the origin of the structural transition at T, and
the structural dynamical properties of (BEDT-TTF)3CuBr4 below.

At the beginning, we discuss the electronic structure at room temperature under
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ambient pressure. The band structure calculated by Marsden et al. [14] on the basis
of the extended Hiickel method as shown in Fig. 3.18, where the HOMO level is
split into upper four-fold and lower two-fold sub-levels owing to the charge sepa-
ration between A and B molecules. Taking into account the ratio for the donor
and the CuBry’~ anion is 3:1, the half of the upper four-fold sub-bands and the
lower two-fold sub-bands are occupied by electrons. Thus, the Fermi level lies on
the .narrow band gap which indicates that the electronic structure is described as
the band insulating state with the semiconductive behavior. However, the band
insulating state can not explain the presence of the magnetic moments on BEDT-
TTF molecules observed in the susceptibility. This implies that the electronic band
structure of the present compound is characterized as a Mott insulator as described
in section 1.2. Namely, Mott insulator requires the half-filled band structure in the
one electron band approximation without the consideration for the Coulomb repul-
sion. Thus, the density of states shows the features of degeneracy at the Fermi level
in the band structure as represented the schematic density of state in Fig. 3.19. In -
conclusion, the feature of the band structure in the present compound is the intrin-
sic half-filled band in the upper four-fold bands generated by the charge separation
between BEDT-TTF A and B molecules.

Next, we discuss the phase transition at 7,=59 K under ambient pressure in view
of the electronic structure. As discussed above, the charge separation of BEDT-TTF
molecules generates the Mott insulating state at room temperature, which is closely
related to the presence of magnetic moments on BEDT-TTF molecules. However,
the charge distribution between A and B molecules are almost uniformity below T,
estimated by the bond lengths of BEDT-TTF molecules. The disappearance of the
charge separation implies not to realize the Mott insulating state below Ti, which
is just in agreement with the experimental findings that the magnetic moments on
BEDT-TTF molecules disappear at T,.. Moreover, the electrical resistivity shows the
semiconductive behavior with small activation energy below T.. These suggest that

the band structure below T is described by the band insulator with a narrow band
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gap. As a consequence, the structural transition at T, with thé disappearance of the
magnetic moments on BEDT-TTF molecules is thought to be the transition from
Mott insulator above T, to the band insulator below T, as represented in Fig. 3.19.
We will discuss the origin of the disappearance of the charge separation and the
aspect for the magnetic properties of the transition in the section 3.4.

Leaving aside the consideration for the electronic structure, let us now discuss
the lattice dynamics at T, in the present compound in terms of the anharmonicity
of the phonons.

First, we evaluate the anharmonicity which is characterized by the Griineisen
relation. The Griineisen relation is given by [76],

V&

VG, = a ; a;(cij)t, (3.6)
where suffices i, j=1-6 are defined as the lattice parameters a,b, ¢, a, 8 and 7, the
Ya,: are the six components of the thermodynamical Griineisen parameters for the
longitudinal acoustic phonon modes (z'=1-3) and the shear modes (:=4-6), V is
the cell volume, C. is the specific heat at the constant strain component e, «; is
the thermal expansion coefficient and ¢;; is the elastic stiffness constant. The elastic
constants c;; are estimated from the linear complessibilities «; using the next Hooke’s

law,

6
Zc,'jfi:j =1. (37)

i=1

where the suffices i, 7=1-6 are defined as a,b, ¢, a,8 and 7, respectively. Here, we
neglect the off-diagonal terms of the elastic constants in the Hook’s law (eq. 3.7) as
a first approximation. Consequently, the ratio of the Griineisen parameter yg; are
estimated at YG,aYa pVa,c=1:5:3, indicating that the anharmonicities in the b and
c-axes are larger than the anharmonicity in the a-axis.

Using the obtained Griineisen constants, we now consider the lattice dynamics
at the structural transition 7. Generally, in the phase transition with lowering the
symmetry, the phonon mode having the eigenvector of the structural displacement at

the transition shows a frequency shift of the phonon mode above T,. Thus, we relate
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the frequency shift to the mode Griineisen parameter using the thermodynamical
Griineisen parameter in order to discuss the lattice dynamics. Here, the mode

Griineisen parameter y(q) is given by [76],

_ 1 ow(q, A, €;)
7(Q7)\,6i)——w(q’ /\)< o, ) (3.8)

where q is the phonon wave vector, A is the phonon branch index, w(q) is the phonon
frequency of the mode w(g, A), €; (€i#€}) is the elastic strain, and 1=1-6 refers to the
lattice parameters of a, b, ¢, a, 8 and v, respectively. Moreover, the thermodynamical

Griineisen parameter yg,; is expressed by [76]

"}’ . = Zq1>‘ ’Y(q’ /\)si)Cs(q, )\)
Gy Eq,)‘ Ce(q,)\) .

Now we assume that the only one longitudinal acoustic phonon mode causes the

(3.9)

change of the lattice constants as a function of temperature and that the specific
heats C. are independent of the directions. In the assumption, the above equa-
tions (eq. 3.6 and 3.8) suggest that the change of the frequency shift corresponds
to the thermodynamical Griineisen parameter 7g;. In the present compound, the
X-ray analysis reveals the trimerization of BEDT-TTF molecules at T, as shown in
Fig. 3.12. Judging from the enhancement of the overlap integral, the displacements
of the molecules are larger for the b-axis than that for the c-axis in the trimerization.
Thus, it is suggested that the frequency shifts of the phonon modes corresponding
the molecular displacements are large for the b-axis, resulting in the increase of
the magnitude of v, for the b-axis. This is good agreement with the ratio of the
Griineisen parameters vg,o: Yo Y6,.=1:5:3. Consequently, the structural defor-
mations of BEDT-TTF molecules are thought to cause the anharmonicities of the

longitudinal acoustic phonon modes corresponding to the molecular displacements.
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Figure 3.18: Band structure based on the extended Hiickel method in Ref. [14]. The
band is split into upper four-fold and lower two-fold sub-bands due to the change
disproportionation between BEDT-TTF A (0) and B (+1) molecules.

.
v

DOS DOS

Figure 3.19: Schematic representation of the density of states in the high tempera-
ture region (left-hand side) and the low temperature region (right-hand side). The
left-hand figure indicates the Mott insulating state above T¢, and the right-hand

figure indicates the band insulating state below T¢.
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3.3 Electronic Properties

In general, the electrical conduction properties give useful information on elec- |
tronic structure because the conduction mechanism reflects the number of carrier,
relaxation time, effective mass and band gap. In addition, the experiments under
high pressures give important information to consider the electronic structure be-
cause the organic salts are usually soft against the external pressure. The feature of
the soft solids is expected to give remarkable changes in the physical properties with
applying the pressure. Consequently, in this section, I present the investigation of
the temperature dependence of the electrical resistivities under ambient and high

pressures in order to clarify the electronic structure of (BEDT-TTF);CuBr,.

3.3.1 Experimental

The b-axis electrical resistivities uinder ambient pressure and high pressure up
to 23 kbar were measured by the four-probe method in the temperature range 4.2-
300 K. In the pressure range of 0-15.5 kbar, a Be-Cu clamp‘ce'll with the pressure
medium of Daphne 7243 Oil (Idemitsu Kosan Co. Ltd.) was used for the high
pressure generation. The Be-Cu clamp cell and the sample setup are shown in
Fig. 3.20. The values of the pressure were determined by the resistance of Manganin
wire (0.05¢) annealed for a day in vacuum at 200 °C and under 10 kbar. The pressure
values in the whole temperature range were estimated by the following equation [77],

1 dR(T)

“= Ry X dp

(3.10)

where C, is the temperature independent coefficient of the pressure determined by
the phase transition point of NH4F at 3.63 kbar at room temperature, R(T) is the
resistance of Manganin wire and p is the pressure value. In the pressure range 20-
23 kbar, the resistivity measurements were carried out by the cubic-anvil device at
The Institute for Solid State Physics in University of Tokyo, where the load was kept

at a constant pressure during the measurement of the temperature dependence. The
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sample setting in a cubic-anvil is shown in Fig. 3.21. The pressure value was used

the calibrated value by means of the phase transitions of NH,, Hg, Bi and Sn.
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90mm

25mm

Figure 3.20: Be-Cu clamp cell and sample setting in the measurement under pres-
sure. A: retaining screw, B: backing plate (WC), C: piston (WC), D: Teflon bucket,
E: clamp body (BeCu), F: sample, G: manganin wire, H: Stycast 2850 (Grace Japan

K. K. ), I: Cupronickel tube, J: Cu wire (0.14¢).

Au wire(25 1 m)

\

\

14

—

__— Pyrophyllite cell
| Teflon cell
Au foil

Sample —

2mm

Figure 3.21: Configuration of a cubic type gasket in a cubic-anvil cell and sample
setting in the measurement under 20 and 23 kbar [78].
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3.3.2 Experimental Results

Figure 3.22 shows the temperature dependence of the resistivity and the activa-
tion energy at ambient pressure. The resistivity behaves the semiconductive in the
investigated temperature range 40-300 K with the resistivity value p=3.2 Qlcm at
room temperature. It shows an anomaly at 7,=58.8 K with a thermal hysteresis,
which indicates the presence of a semiconductor-semiconductor transition at 7, with
the first order nature agreeable to the result of the X-ray analysis in the previous
section. Moreover, the resistivity shows a novel temperature dependence of the ac-
tivation energy F,=1500-250 K above T, and then, it indicates nearly temperature
independence of the activation energy E,~300 K below T. Aé shown in Fig. 3.23, at
room temperature, the iesistivity decreases rapidly with applying the pressure, and
it rgaéhes 1/120 (0.01 Qcm) of the value at ambient pressure (1.5 lcm) at 12 kbar.
Ab(;ve 12 kbar the resistivity upturns gradually up to 13 kbar, and then it decreases
again above 13 kbar.

Figure 3.24 shows the temperature dependence of the resistivity under high pres-
sures, where the pressure values p are the clamped values at room temperature. In |
the measurement with a clamp type cell, the pressure values at room temperature
decrease with lowering the temperature. On the high temperature side of T, the
resistivity decreases rapidly with the application of pressure, and then, it changes
from the semiconductive behavior to metallic one above 7 kbar. In particular, at
7 kbar the resistivity changes from the semiconductive behavior to the metallic
one although the decrease of the pressure value due to the thermal contraction
of the pressure medium. The semiconductor-semiconductor transition temperature
T:=59 K under ambient pressure raises up to T,=102 K under 9 kbar, and the fea-
ture of the transition is modified to metal-insulator one above 9 kbar. Below T, the
activation energies of the resistivities at 55 K are evaluated at F,=320-350 K under
0-9 kbar.

Figure 3.25 shows the temperature dependence of the resistivity under 0 and
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11-15.5 kabr. In the pressure range 11-13 kbar, the resistivities show the similar
temperature dependence in the whole temperature range with the metal-insulator
transition at 7,~96 K. However, the resistivity above 13.5 kbar are different behavior
from that under 11-13 kbar on the high temperature side of T, Namely, the resistivity
raises up gradually with decreasing the temperature above 13.5 kbar. Moreover, a
step like increase of the transition temperature is observed with applying the pressure
from 13 to 13.5 kbar. The anomalous behavior above 13.5 kbar is considered to be
associated with a first order transition observed in the measurement of high pressure
X-ray diffraction. The activation energies of the resistivity at 55 K are evaluated at
E.~350 K under 11-15.5 kbar. .

Figure 3.26 shows the temperature dependence of the resistivity under 20 and
23 kbar. It indicates a weak temperature dependence on the high temperature side of
the metal-insulator transition. The transition temperatures are observed at 50 and
48 K under 20 and 23 kbar, respectively, suggesting that the application of pressure
makes the transition temperature lowered from the value at 15 kbar. However, the
temperature dependence below T, under 20 and 23 kbar could not be measured
owing to the poor contact of the Au wires used for electrodes.

It should be noted that the temperature dependence just below T, seems to be
changed gently with applying the pressure. In order to clarify the nature of the
transitions, the temperature dependence of the resistivity are analyzed around 7.
under high pressures in terms of the gap formations. In the semiconductor, the
temperature dependence of the resistivity p(T, P) is represented by the following
equation,

p(T, P) = po(T, P)exp(E4(T, P)/2ksT), | (3.11)

where po(T', P) is the pre-exponential factor, E4(T, P) is the band gap and kg is the

Boltzmann constant. The above equation is transformed as seen below.

dinp(T,P) _ dinpo(T,P) | E(T,P)

d1/T) — d(1/T) 2kp (3.12)

Now we assume the semiconductor-semiconductor or the metal-insulator transition
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is governed by the band gap formation around T;. Around the transition, the band
gap E¢(T, P) is thought to be proportional to the order parameter (T, P) of the
tfansition, and then, the order parameter o(T, P) is considerably larger than that
of the pre-exponential factor po(T, P). Thus, the eq. (3.12) is represented by the

following equation around T,

dlnp(T, P) K o(T, P)
a/T) 2kg

(3.13)

where K is the renormalized factor. Figure 3.27 shows dlnp(T, P)/d(1/T) vs T
plots. In the experiment, the finite values of dlnp(T, P)/d(1/T) just above T, are
caused byvthe critical fluctuation effect of the phase transition. In order to describe
the nature of the phase transition quarititatively, we employ the half width AT/,
of the peak as defined in Fig. 3.28. The half width ATj; reflects the nature of
the phase transition, namely, in the pure first order transition AT}/, become zero,
while, in the pure second order transition, AT}/, gives the value of AT}/, =0.094T
according to the BCS theory of the gap formation [79]. In Fi.g. 3.28, the nomalized
width AT/, /T. increases grédually with increasing the pressure, which is thought
to be caused by the change in the transition feature from the first order nature to
the ‘second order one. However, ATy, /T, is abruptly changed to nearly zero at
13.5 kbar, suggesting the resumption of the first order nature above this pressure,
which is in good agreement with the result of the X-ray measurement at 14 kbar.
These observations of the change in the transition nature are followed by the change
of thermal hysterisis in the resistivity. Namely, the thermal hysterisis shows the
width of about 3 K under ambient pressure at T, between the heating and cooling
runs, and the width narrows gradually with increasing the pressure up and reaches
to zero just below P.,. Nonetheless, the width is suddenly broaden at the metal-
metal transition pressure P.;=13.5 kbar. These observations are in good agreement
with the pressufe dependence of ATy,.

As a summary of the resistivity behavior, the pressure-temperature phase dia-

gram is shown in Fig. 3.29, where the pressure values due to the thermal contraction
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of the pressure medium are corrected using the resistance of the manganin wire. The
insuiator phase I(I) exists in the low pressure and high temperature region, and I(I)
changes to the metallic phase M(I) with the application of the pressure. And then,
the increase of the pressure leads to the another metallic phase M(II) through the
first order transition as mentioned above. Here, the transition from I(I) to M(I)
is defined P, and the transition from M(I) to M(II) is defined P,. In the mea-
surement of the temperature dependence, the insulator phase I(I) changes to the
another insulator phase I(II) through the structural transition at T, with decreasing
the temperature. The structural transition temperature under 7,=59 K at ambient
pressure increases to about 100 K gradually up to 5 kbar and shows less pressure
dependent feature to 13.5 kbar. Moreover, T, shows a step wise increase at Py, and
then it decreases remarkably in the high pressure region above 20 kbar.

Further, the temperature dependence of the resistivity under 7 kbar changes from
the semiconductive behavior to the metallic one with decreasing the temperature. It
is explained that the measurement process at 7 kbar crosses over the phase transition
boundary of P, so that, the slope of the phase boundary line at P, is negative
tilted to the M(I) phase. |

Furthermore, the difference of the temperature dependence between 13 and
13.5 kbar is significantly large, however, the measurement processes at 13 kbar and
13.5 kbar have no apparent change of the resistivity accompanied by the crossing
the phase boundary of P.;. Thus, the phase boundary line of P.; is also negatively
tilted to the M(II) phase.
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Figure 3.22: Temperature dependence of the b-axis resistivity and the activation
energy E, of (BEDT-TTF)3CuBr, at ambient pressure. It shows an anornaly at
T.=59 K with a thermal hysterisis.
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Figure 3.23: Pressure dependence of the resistivity at room temperature. It de-
creases rapidly with the application of pressure, and reaches the magnitude of 1/120
(0.01 Qcm) at 12 kbar to the value of 1.5 Qcm under ambient pressure. Pe; and Pe
refer to the critical pressures for the insulator-metal and the metal-metal transition,
respectively.
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Figure 3.24: Temperature dependence of the resistivity under several pressures 0-
9 kbar. The pressure values in the parentheses of p are the clamped values at room
temperature, which decrease gradually with lowering the temperature. The same
sample is used to measure in the pressure of 0-9 kbar. The resistivity changes to the
metallic behavior rapidly with the application of pressure on the high temperature
side of T.. The transition at T, is represented by the inset arrows. The transition

temperature T, increases gradually by applying pressure, and reaches to about 102 K
at 9 kbar.
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Figure 3.25: Temperature dependence of the resistivity under 0 and 11-15.5 kbar.
The measured sample is different from the sample used for the pressure range of 0-
9 kbar. The transition temperature 7T, is represented by the inset arrows. Apparent
difference of the temperature dependence between 13 and 13.5 kbar is observed,
which suggests the presence of a phase transition at 13.5 kbar.
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Figure 3.26: Temperature dependence of the resistivity at 20 and 23 kbar measured
by the cubic-anvil instrument, where the pressure was kept at a constant value in
the measurement of the temperature dependence. The transition temperatures are
determined by the onset.
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Figure 3.27: The temperature derivatives of the resistivity vs T plots at several
pressures. At 5 kbar, it shows a sharp peak due to the first order transition. -The

transition broadens with applying the pressure, suggesting the change of transi-
tion nature from the first order transition to the second order ones. However, the

sharpness in the transition peaks is restored above 13.5 kbar.
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Figure 3.28: The definition of the half width AT/, of the peak around T¢ in the
differential logarithmic resistivity (a) and pressure dependence of ATj/2/T. (b). The
pressure values are corrected by the resistance of Manganin wire. There is a dis-
continuous change in AT /T, at the critical pressure P, represented by the dotted
line. The critical pressure P, is the phase boundary between the M(I) and M(II)
phase. The dash-dotted line denotes AT} ;2=0.094T; estimated by the gap formation
of BCS type for the pure second order transition.
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Figure 3.29: Pressure-temperature phase diagram of (BEDT-TTF)3CuBr4 obtained
by the measurements of resistivity under pressures, where the pressure values are
calibrated to avoid the effect of thermal contraction. The transition temperatures are
defined by the mid-point of the transition between the cooling and heating processes.
I(I), I(IT), M(I) and M(II) denote the insulator (I), insulator (II), metal (I) and metal
(II) phases, respectively. T is the insulator-insulator or metal-insulator transition

with changing the temperature. P,; is the critical pressure for the transition between
I(I) and M(I), and P, is the critical one between M(I) and M(II).
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3.3.3 Discussion

From the results and discussion of the structural properties and the magnetic
properties in section 3.2 and 3.4, the high temperature insulator phase I(I) of the
present compound is described by a Mott insulating state which has the magnetic
moments on BEDT-TTF molecules. The lowering of temperature leads to the tran-
sition at T,=59 K from the Mott insulator to the band insulator at ambient pressure,
accompanied by the disappearance of the charge disproportionation of the BEDT-
TTF molecules. In this part, we discuss the behavior of the resistivity as a function
of the temperature or the pressure on the basis of the above considerations.

First, we discuss the change in the electrical resistivity under pressure at room
temperature. With increasing the pressure, the resistivity at room temperature
shows a remarkable decrease and reaches 1/120 of the ambient pressure value at
12 kbar. The remarkable decrease with the slightly application of pressure is thought
to be caused by the change from the insulator phase I(I) to the metallic phase M(I)
‘at 7 kbar. Thus, we discuss the origin of the insulator-metal transition now. Here,
taking into account that the I(I) phase is described as a Mott insulator, we remind
the pressure-temperature phase diagram of the ordinary Mott insulator V,035. As
the phase diagram of V,03 shown in Fig. 1.5, the Mott insulator phase exists facing
to the paramagnetic metal state on the high pressure side through the boundary of
the Mott transition on the critical pressure at W/U~1 (W: band width, U: on-
site'Coulomb), which is explained by the increase of the band width with applying
the pressure. In the present compound, the application of pressure also increases
the band width with reducing in the intermolecular distance, while, the on-site
Coulomb interaction does not change under pressure. Thus, we can compare the
phase diagram between V,03 and (BEDT-TTF);CuBr, in terms of the pressure
effect. From the above consideration, this phase diagram is significantly similar
to that of (BEDT-TTF);CuBr,, suggesting that the origin of the insulator-metal

transition at Poi=7 kbar is the same as that in V;03;. Morever, the magnetic
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susceptibility decreases with increasing the pressure as described in section 3.4,
which is explained by the change from Curie-Weiss nature in the Mott insulator
phase to Pauli paramagnetism in the paramagnetic metal phase. Consequently, the
feature of the abrupt ’decrease in the resistivity with the application of pressure
is explained by the change from Mott insulator phase to the paramagnetic metal
one through Mott transition at P;;. This proves that the present compound lies
near the Mott boundary. The increasing the pressure from M(I) causes to change
to the M(II) phase through the phase boundary of P characterized as the first
order transition. In the M(II) phase, the resistivity raises up gently with lowering
the temperature, which is unusual behavior judging from the behavior of ordinary
semiconductors. In Mott-Hubbard system, this behavior is often observed in the
metallic phase near the Mott transition, which originates from the strong electron-
electron correlation [24, 25]. However, in the present compound, the metallic phase
with the highly correlated metal behavior is not placed near the Mott transition.
This contradict is considered to be caused by the structural change accompanying
the first order transition at P.;. Nonetheless, we do not have the information of the
crystal structure above P.,, thus, it is difficult to discuss the resistivity behavior
above Pg. It will be resolved in the future investigation.

Leaving the pressure effect at room temperature, we discuss the temperature
dependence of resistivity under ambient pressure. As seen in Fig. 3.22, the feature
of the resistivity is the large temperature dependence of the activation energy in
the high temperature region. In Mott insulator, the activation energy corresponds
to the band gap which is generated by the on-site Coulomb repulsion. As the re-
sult, the temperature dependence of the activation energy indicates the temperature
dependence of the band gap. Here, the application of pressure causes the increase
of the band width accompanied by the reduction in the intermolecular distance of
BEDT-TTF, resulting in the occurrence of the Mott transition at W/U~1. From
the consideration the above, the decrease of the temperature is also suggested to

cause the increase of the band width with the reduction in the intermolecular dis-
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tance associated by the thermal contraction of the crystal. Therefore, the change
of the band width generated by the thermal contraction causes to narrow the band
gap with lowering the temperature, resulting in the temperature dependent of the
activation energy.

Finally, we discuss the pressure dependence of the transition temperature of Tt.
The result of the change of the transition temperature under pressure is summa-
rized below. The structural transition temperature of T, increases gradually in the
pressure range 0-4 kbar, and it shows nearly const#nt nature in 4-12 kbar, where the
resistivity in the high temperature side of T, changes from the insulator to the metal.
Then, it decreases abruptly above P.; and tends to stabilize the metallic state st
the low temperature. In sections 3.2 and 3.4, the origin of the structural transition
is described by the disappearance of the charge separation between BEDT-TTF A
and B molecules, which is caused by the competition of the Madelung energy be-
tween the charge separation state and the chérge uniform state of the BEDT-TTF
molecules. The change of Madelung energy is generated by the reduction in the
intermolecular distance of BEDT-TTF with the thermal contraction. Here, under
- pressure at low temperature the reduction in the intermolecular distance is larger
than that at ambient pressure because the increase of pressure also causes the lattice
contraction. Thus, the reduction in the intermolecular distance under pressure is
suggested to stable the charge uniform state in comparison with that at ambient
pressure. Consequently, the increase of the transition temperature at low pressure
range of 0-4 kbar is explained by the stabilization of the charge uniform state related
to the Madelung energy under pressure.

In the higher pressure region of 4-12 kbar, the transition temperature is nearly
constant. From the above consideration, the origin of the change of the transi-
tion temperature is caused by the reduction of the intermolecular distance between
BEDT-TTF molecules. Here, in the trimerization at T, the overlap integrals of
BEDT-TTF molecules are enhanced for the b-axis, which suggests that the overlap

for b-axis is predominant to that for the c-axis at the transition. However, in the
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pressure range of 7-14 kbar, the slope of the change of the b-axis lattice constant de-
creases gradually, suggesting that the intermolecular distances are hardly shortened
for the b-axis with applying the pressure. This is in good agreement with the weak
pressure dependenée of the transition tempera:ture in the range of 7-13 kbar. Conse-
quently, the feature of the transition temperature is explained by the decreasing the
slope of the change of the lattice constant in the b-axis. Nonetheless, the transition
temperature‘decreases abruptly above P., although the slope of the change of the
lattice parameters shows the similar behavior below P.3. This is in disagreement
with the above consideration for the origin of the .transition. The discrepancy is sug-
gested to originate from the slightly reconstruction of the structure accompanied by
the first order transition at P.,. It will be investigated by X-ray structure analysis

above P in the future.
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3.4 Magnetic and Thermal Properties of (BEDT-
TTF)3CuBr,

The investigations of the magnetic and thermal properties of (BEDT-TTF)3CuBry
are motivated by the relation between the localized Cu?* d—spins and the m-electrons
on the BEDT-TTF molecules. The structural transition at T. and the electrical
properties under pressure are discussed in sections 3.2 and 3.3. However, there still
remain the problems of the origin of thé phase transition at T,=59K in view of the
magnetic properties, and we do not ﬁnderstand the role of m-conduction electrons
in the exchange interaction mechanism at the magnetic phase transition. In this
section, we present the results and the detailed discussion of magnetic susceptibil-
ity under ambient and high pressures, EPR, antiferromagnetic resonance (AFMR),
ac calorimetry, heat capacity by relaxation method and DV-Xe calculation of the
electronic structure of CuBr4?~ in order to understand systematically the magnetic

properties of (BEDT-TTF);CuBr,.

3.4.1 Experimental Details

~ Magnetic Susceptibility

Magnetic susceptibility and magnetization were measured by a SQUID magne-
tometer (Quantum Design MPMS-5) in the temperature range 1.8K-290K, where
the magnetic field (0-5T) was applied parallel to the crystallographic a*, b and c-
axes to get the information on the magnetic anisotropy. The sevexfa,l single crystals
collimated to each other in the same batch were mounted on, a plastic straw using
Apiezon N grease. The weight of the samples were 0.586, 0.866 and 0.556mg for
the measurements with the field parallel to the a*, b and c-axes, respectively. The
spin‘ susceptibility was obtained by subtracting the diamagnetic core contribution
Xdia=—8.12x 10~ (emu/mol) (Imol=one formula unit (BEDT—TTF)3CuBr4) [80]
from the observed susceptibility.

It is difficult to measure the magnetic susceptibility under high pressure for
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significantly small magnitude of the volume magnetization and small sample mass
using a conventional SQUID magnetometer. Consequently, as shown in Fig. 3.30, I
employed a small size Co free Be-Cu clamp cell specially designed for the SQUID
system in the magnetic susceptibility measurement under high pressure. The clamp
cell having the diameter of 7mm, the length of 25mm and the weight of 7.1g could
reach the maximum pressure of 4 kbar with the loaded sample, where the applied
pressure was calibrated by the pressure dependence of superconducting transition
temperature of lead [81]. In this measurement, the pressure medium was not used
owing to the restricted space for the sample loading, resulting in the generation‘
of inhomogeneity of the pressure distribution in the sample which was estimated
at AP=+0.15kbar under P=1.9kbar. We neglected the movement of the piston
and the change of magnetization of the blank ceﬂ by the application of pressure,
because of the slight influence to the measurement in the low pressures. Since the
magnetometer gave a field variation of at most 0.03% even for the maximum stroke of
+2.5cm, this variation gave no appreciable influence for the value of magnetization.
In this measurement, I subtracted the SQUID responsé of the blank cell from that
of the cell having the sample 6.8mg, then analyzed the net response using the fitting
function of the SQUID magnetometer as shown in Fig. 3.31. The fitting function is
represented by the following equation [82],

A2y =Xx(1)+ X(2)+ Z + X—S)- (2{R*+(Z + X(4))*}73
_{R2 +(A+Z+ X(4))2}—-2/3 _ {Rz +(-A+Z+ X(4))2}_2/3], (3‘14)‘

where Z is the sample position, f(Z) is the amplitude of the response curve.The pick-
up coil radius and the coil separation of SQUID are R=0.97 cm and A=1.519 cm,
respectively, X(1) and X(2) are a linear electronic drift and X(4) is a shift of the
sample from the center of magnet. The magnet‘ic susceptibility is estimated from
the amplitude X(3) dividing by the sensitivity calibration factor and multiplied by
the device dependent calibration factor. The experimental error of this method is

5-20 % in the temperature region 50 K-290 K.
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Figure 3.30: Co-free Be-Cu pressure clamp cell for high pressure magnetic suscepti-
bility measurement with a SQUID magnetometer [13].
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Figure 3.31: Response curve of SQUID magnetometer. Solid circles (@) and squares
(M) are the response of the BeCu cell without and with the sample, respectively.
Solid triangles (A) are the net amplitude obtained by subtracting the response of
the BeCu blank cell from that of the BeCu cell with the sample, and the solid line
represents the result of the fitting by eq. (3.14).
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Electron Paramagnetic Resonance

Electron paramagnetic resonance (EPR) measurement was carried out in the
temperature range 4.2 K-300 K using an X-band ESR spectrometer (JEOL JES-
RE2X). The magnetic field and the microwave frequency were detected by a gauss-
meter (JEOL NMR field meter ES-FC5) and a frequency counter (ADVENTEST
microwave counter TR5212). A single crystal was mounted on a Teflon rod using
silicone grease in a sealed ESR tube with thermal exchange gas (He 10 Torr). Angu-
lar dependence of the EPR signal was investigated at room temperature and 45 K

to rotate around the crystallographic a*, b and c-axes in every 10 degree.

Antiferromagnetic Resonance

Antiferromagnetic resonance (AFMR) is related to the resonance measurement
bet\;veen the magnon mode and the microwave in an antiferromagnetic ordered state.
The detailed analysis of AFMR gives significant information to consider the magnetic
anisotropy. |

We discuss the magnetic anisotropy of Cu?* spin before the description of the
principle of AFMR. In the consideration for the origin of the magnetic anisotropy,
the dipole-dipole interaction is predominant because the spin value of S=1/2 and
the nearly isotropic g-value, as show in the EPR results, suggest the absence of the
one-ion magnetic anisotropy and the negligibly small contribution of the anisotropic

exchange interaction. Here, the magnetic anisotropy energy in the two sublattice

model is represented by
1 1
E.=5Ki(B +B;) + 5Ka(7i +m), (Ka> Ki>0) (3.15)

where K; and K, are the anisotropy constants, the direction cosine of the sublattice
magnetic moments M; and M, are (o, 51,7:) and (az, B2,%2), respectively, and the
direction of z, y, z are the magnetic easy, intermediate, hard axes, respectively.
The magnetic anisotropy represented by the above equation is called as the biaxial
type. In the case of K=K, the magnetic anisotropy is called as the uniaxial

type. Since the dipole-dipole interaction depends on the positions of the magnetic
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ions, the present Cu2?t structure leads to the difference of anisotropic constants
between K;, K3, resulting in the biaxial type anisotropy in ordered state. Thus,
we describe the principle of AFMR for the two-sublattice model with the biaxial
magnetic anisotropy, where all the magnetic moment's are antiparellelly aligned to
the nearest neighbors.

We introduce the analysis procedure for the AFMR experimental results in what
follows. Now, we do not discribe four-sublattice model but two-sublattice model
because the experimental result is explained by the two-sublattice model. Generally,

the equation of motion in the sublattice M is given by [83]-[85]

Pl M x B (1= 1,2), (3.16)

where the suffix ¢ is the number of sublattice and 4. is the gyromagnetic ratio. In

the molecular field theory, the effective field H fﬂ is represented by
Hf=H - AM, + H,, (3.17)

Hf = H - AM, + H,,, (3.18)

where H is the external field, H, is the anisotropy field affecting sublattice z, A is
the coefficient of molecular field that comes from the other sublattice. The sublattice

magnetic moments are replaced as follows;
M=M+M, M =M —~M,. (3.19)

Using egs. (3.16)—(3.18), we obtain the following equations.

%% = M x H 4 M x (Hyat Hy) + M’ S(Hi~ Hy)  (3.20)

1dM' 1 L1
’)’——_t—i-i_-:M X(H—AM)+§MX(H13-H2;,)+M XE(H13+H2a)- (3.21)

Here, in the antiparallely spin axis, the direction cosines of the sublattices of eq. (3.15)

are B7~(3, y2~v3. Thus, the biaxial anisotropy energy E, is represented by

1 1 ,
F, = §K118_2 + §K2’)’2 (K2 > K > 0) (322)
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In the above case, the anisotropy fields to the crystal axes are given by
Hla:z: - 0’ Hlay = _(KI/Mg)Mlya Hla.z = —(KZ/Mg)Mlz, (323)

where Mp is the strength of the saturation moment in the sublattice. From the
above equation, the sum and the difference of the anisotropy fields are represented
by

oot Hy = [0,— (Ko M2) My, ~(Ko/ ME)M,] (3.24)

Hyu = Hy = [0, ~(Ka /MM, ~(Ka/ M) M) (3.25)
In eq. (3.20), the second term is neglected by [M'|>>|M |, while in eq. (3.21), the sec-
ond and third terms are negligible to the first term. Using the above approximation,
the equations of motion for the oscillatory part §M of M are given by

—%KJ-A;}O?Z(M;JM; + M, 0M,)

1 !
.&_%]:_/I_ = _H x M+ | (MM, + MSM)) , (3.26)
—%%(M;JM,’, + M M)
1 déM’  o(M'-H)
Y dt T 4AM}
where a is equal to 1-x)/x1. Eq. (3.26) and ( 3.27) are general equations of AFMR

‘M’ x SM' — AM' x M, (3.27)

in the two-sublattice system with biaxial anisotropy.

As the result of the magnetic susceptibility suggests that the magnetic easy axis
lies nearly on the b-axis, we analyze the AFMR spectra using the resonance condition
with the applied field parallel to the crystallographic a*b and be-plane. First, in the
magnetic field applied parallel to the zy-plane (z:easy, y:intermediate-axes), the
components of the applied field for the crystallographic unique axes are H,=H cosf3,

H,=HsinB, H,=0. Here, the components of the magnetic moments are given by

M, = xyHcospcos( — B) + xLHsin(s — B), (3.28)
M, = —yyHeospsin(s — B) + x. Heos(sp — B), (3.29)
M, = 2Mcos(s — B), | (3.30)
M, = —2Mysin( — B). (3.31)
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In the above equations, the relation between ¢ and (G is représented by
sin2f

cos2f — (xo — xy)H*/2K,

And, ¢, (3 are defined in Fig. 3.32. Here, from the substitution of eqgs. (3.28)-(3.31)

tan2y = (3.32)

H2 2¢
2B
> X
2K/ (x =2 )
spin—axis

Figure 3.32: Definitions of angles ¢ and (3 (left-hand) and relation between ¢ and
B (right-hand). :

into the general equations egs. (3.26), (3.27) and the replacement of d/dt by the
microwave frequency iw, the resonance frequency is determined by the resolution of
the determinant constructed by the magnetic moments and differencial moments as

shown in below,

(—%)4 - (%) 2 -[H*(a®cos’p + 1) + 24K, — 2AK,25in®(3 — B) — cos* (v — f3)]
+ a?H*cos®yh — H*[2AK,{cosBsinpsin(sp — B)
+ acos*pcos2(yp — B) + asinBeospsin( — B)} + 2AK;z(acos*yh — sin®yp)]
+ 2AKicos2(vp — B)2AK, — 2AK,sin*( — 8) = 0 (H < Hy), (3.33)
where Hg is the spin-flop field. The spin-flop field is defined by the critical field at
which the‘ spin axis flops from the direction of the external field to the direction per-

pendicular to the field, resulting in the rotation of the spin axis to the intermediate

axis. The spin-flop field is given by

Hy = ,' 2K (3.34)
XL~ Xy ,
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For H>Hy, eq. (3.32) is substituted by

tan2ip = T sin2f
T2 028 (xa - ) HP 2K

(3.35)

Next, in the applied field parallel to the zz-plane (z:easy, z:hard-axis), the reso-
nance frequency is determined by the same equation as eq. (3.33) after we exchange
suffices between 1 and 2 within the shaded area surrounded by the hyperbola in
Fig. 3.33 as defined the following equation,

H  H 1
2K, 2(K:-Ki) xi-Xx|

(3.36)

The hyperbola is shown in Fig. 3.33.  Within the shaded area, the resonance

Figure 3.33: Definition of critical hyperbola. The applying the field parallel to the z-
axis (easy axis) in the region of H > Hy, the spin axis flops to the y-axis (intermediate
axis). The flopped spin returns to the z-axis by the rotation of the field from the
z-axis to the z-axis. The straight line is as asymptote to the hyperbola.

frequency is determined by

H? H?
24K, + (w/7.)? (2AK; — 2AK;) — (w/7.)

- =1. (3.37)

The schematic field-frequency diagrams of antiferromagnetic resonance, drawn by
eqs. (3.33), (3.37) and (3.33) with exchanging between the suffices 1 and 2, are
shown in Fig. 3.34. Moreover, the schematic anglular dependence of antiferromag-

netic resonance is represented in Fig. 3.35. The resonance frequencies show the
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characteristic angular dependence for the magnetic axis. The present experiments
of (BEDT-TTF)3CuBr4 were carried out with the angular dependence for the crys-
tallographic a*b and bc planes in the X-band region at 3.67 K and 3.53 K. A single
crysta,l was mounted on a Teflon rod using silicone grease in a sealed ESR tube
with the heat exchange gas (He 10 Torr). The magnetic field and the microwave
frequency were detected by a Gaussmeter (JEOL NMR field meter ES-FC5) and a
frequency counter (ADVEN TEST microwave counter TR5212). The temperature is

determined by the *He vapor pressure.

©

Figure 3.34: Schematic field-frequency diagram of antiferromagnetic resonance in the
applied field parallel to the three principal axes; (a) easy axis, (b) intermediate axis
and (c) hard axis. The solid lines denote the antiferromagnetic resonance modes with
biaxial anisotropy. The broken line is the resonance line with uniaxial anisotropy.

FElectronic Structure Calculation by DV-Xo Method

The electronic structures of CuBr4?~ anion and isostructural anion CuCl®~ were
calculated by molecular orbital calculation using the discrete variational (DV)-Xa
method in collaboration with Professof Y. Kaizu in Tokyo Institute of Technol-

ogy [13]. In the DV-Xa method, the radial distribution functions of atomic orbitals
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Figure 3.35: Schematic angular dependence of the resonance field the fixed frequency
below )_ defined in Fig. 3.34, where the sample is rotated from the easy axis to
intermediate axis (a) and from easy axis to hard axis (b).

were estimated by the resolution of Schrédinger equation using the numerical cal-
culations, where the electron-electron interaction is represented by the local density
functional method as given by
' /E-f—‘g—zdrz -3 (%p(r)) v , (3.38)

where p(r) is electron density, r;, is the distance between the electrons. This calcu-
lation was carried out with 4000 DV sampling points, where the exchange potential
was given by Slater’s Xo potential with @=0.7. The geometry of the CuCl>*~ and
CuBr4*~ were taken to be the Dy, configuration with the Cu-Cl distance of 2.25A
and the Cu-Br distance of 2.42A.

Ac Calorimetry
Heat capacity measurement was carried out by ac calorimetry in the temperature
range 30-280 K. The periodical heat pulses were given to the sample by the chopped

light from a halogen lamp. The temperature oscillation of the sample was detected

130



by an Alumel-Chromel (25 ym) thermocouple using a lock-in amplifier (EG&G Inst.
Co. Model 124A) with a preamplifier (EG&G Inst. Co. Model 116). The sample’
was mounted on the thermocouple by GE7031 varnish. The chopping frequency
- w=3 Hz was employed in order to satisfy the condition of 1/7.<w<1/7;, where 7.
and 7; is the external thermal relaxation time of the sample to the thermal bath and
the inner relaxation time within the sample, respectively. Under the condition, the

heat capacity C,, is given by,
Cp = AQ/(wAT), (3.39)

where AQ is the incident heat and AT is the amplitude of the temperature oscilla-
tion of the sample. Though AQ was not determined in the present apparatus, the
absolute value of the heat capacity was estimated independently by a DSC thermal
analyzer (Rigaku Co. TAS-300) and a cooling unit (Rigaku Co. DSC 8230) in the
temperature range of 130-330 K with the sample mass of 9.37 mg.

Heat Capacity Measurement by Relazation Method

In the investigation of the magnetism, the heat capacity measurement gives
important information on the magnetic phase transition and the magnetic interac-
tions. Here, I carried out the heat capacity measurement by the relaxation method
in the temperature range of 4.4-13 K to measure the heat capacity of the present
sample whose amount was not enough for an ordinary adiabatic calorimeter. First,
we describe the principle of the thermal relaxation method [86]. Figure 3.36 shows
the schematic of the method, where the sample mounted on a bolometrer is linked
to the heat reservoir through the lead wires with the thermal conductance k. The
net power P applied to the sample is given by the following equation,

T dt |
— - 1A /
P= /T KT + C o, (3.40)

where Tp is the temperature of the heat reservoir, ¢, C and T are the time, the heat
capacity and the temperature of the sample with the bolbmeter, respectively. Under

the constant temperature with the supplied power, we obtain the following equation
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from eq. (3.40),
P = k(T,,)AT (To > AT), (3.41)

where Ty, is (T} + To)/2, Ty is the temperature under the supplied power, and
AT=T,—T,. At the time of the power-off, the temperature of the sample is relaxed
to the temperature of the thermal reservoir Ty with the relaxation time 7. The

temperature relaxation is represented by
T(t) = To x AT exp(~t/7) (k> kint), (3.42)

where kin is the thermal condactance between the sample and the bolometer. In

the above equation, the heat capacity C of the sample is given by,
T =C/k. (3.43)

Thus, the heat capacity C is evaluated by the measurement of the relaxation time
7 and the thermal conductance k.

Next, we describe the apparatus of the relaxation method. Figure 3.37 shows
the bolometer consisting of a sample mount plate, thermometer, heater and lead
wire. The sémple mount plate was the silicon single crystal wafer with the surface
of (111) (manufactured by Sharp; 5x5x0.15 mm, 6mg), the thermometer was a chip
of carbon resistance (Allen-Bradlay), the heater was formed by vacuum evaporation
of Moleculoy (Ni, Cr, Al, Co alloy), and the thermal leak wire (0.08 ¢) as used
for the lead wire is 0.06% Ga doped Au. Figure 3.38 shows the schematic of the
cryostat [87]. The thermometer on the bolometer was calibrated by the carbon
glass standard thermometer (Lake Shore Cryotronics Inc. ) in the heat reservoir in
the temperature range of 4.4-13 K at each measurement cycle. And, the thermal
exchange He gas (10 Torr) was put into the outer jacket.

Finally, the heat capacity measurement is mentioned below. In the measurement,
at the beginning, the thermal conductance was evaluated by the suppled power P

and the temperature difference AT. Turning off the power, the temperature of the
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bolometer was relaxed to the temperature of the heat reservoir, and the relaxation
time was estimated by the fitting of the relaxation curve as shown in Fig. 3.39.
Figure 3.40 shows the heat capacity of the bolometer without the sample in the
temperature range of 4.4-12.8 K. The heat capacity of the sample was estimated
by subtracting the heat capacity of the bolometer from that of the bolometer with
the sample attached by Apiezon N grease. In the measurement, the weight of the

samples and the grease were 1.427 mg and 0.233 mg, respectively.
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Kint
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Figure 3.36: Schematic of heat capacity measurement by the thermal relaxation
method. The sample is mounted on the bolometer, which is connected to the heat
reservoir by lead wires with the thermal conductance k. Tj is the temperature of
the heat reservoir, P is the power supplied to the bolometer, and k;, is the thermal
conductance between the sample and the bolometer.

/,/////////2

Figure 3.37: Bolometer in the relaxation method calorimeter. A: Lead wire combi-
nating with a thermal leak wire (0.08¢ Au doped 0.05% Ga), B: Au evaporated film,
C: Moleculoy evaporated film, D: Carbon thermometer (Allen-Bradlay) coated by
Stycast, E: Stycast (2850FT, Grace Japan K. K.), F: Silicon plate (5x5x0.15mm)
and. G: Ag paste.
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Figure 3.38: Cryostat of the calorimeter by the thermal relaxation method. A:
Radiation shields, B: Indium seal flange, C: Outer jacket, D: Upper part of the heat
reservoir, E: Indium seal flange, F: Inner jacket, G: Lower part of the heat reservoir,
H: Carbon glass thermometer, I: Sapphire plate, J: Bolometer, K: Evacuation tube of
the inner chamber, L: Evacuation tube of the outer chamber, M: Radiation shields,
N: Heater of the heat reservoir, O: Lead wires and P: Sample [87].
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Figure 3.40: Heat capacity of only the bolometer in the temperature range of 4.4-
12.8 K. The solid line implies the fitting curve of C=AT+BT?*+CT® (A=7.51x1072,
B=1.66x10"2, C=—1.84x107%) puJ/K.
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3.4.2 Experimental Results

Magnetic Susceptibility

Figure 3.41(a) shows the temperature dependence of thé spin susceptibility in
the applied field (H=4 kOe) parallel to the b-axis after the subtraction of the Pascal
diamagnetic contribution. Above T,=59 K, the magnetic susceptibility shows the
Cur'ie-Weiss behavior, and it has a discontinuous change at T,. For the behavior
above T, it is impossible to separate the respective contributions of the BEDT-
TTF layer and the Cu?t layer from the observed susceptibility, since there is the
strong exchange interaction between the localized m-electrons on the BEDT-TTF
molecules and the localized Cu d-electrons, as we will discuss later. Consequently, we.
employ a single Curie-Weiss equation for the analysis of the observed susceptibility
above T.. The analysis gives the antiferromagnetic Weiss temperature §=—100 K
and the Curie constant C'=1.07 emu/mol-K. Using the g-value g=2.02 observed
from the EPR measurement ‘(H ||b), the spin density is estimated at N~3 spins
(S=1/2)/formula unit. Taking into account that BEDT-TTF B molecules are in
the cation radical state with +1 charge, the observed spins are assigned to two
BEDT-TTF B molecules and one Cu?* ion having magnetic moments with S=1/2.
Namely, the experimental findings prove that the behavior of the susceptibility above
T is described in terms of the localized magnetic moments of the m-electrons of the
BEDT-TTF B molecules and the localized d-electrons of Cu®* ions coupled by the
strong antiferromagnetic interaction (§=—100 K), which is consistent with the result
of EPR measurement. At T.=59 K, the susceptibility discontinuously drops by 40%
from the value just above T, indicating the occurrence of the first order phase
transition accompanied by the disappearance of a part of the localized spins. The
change of the susceptibility at T, has no dependence on the directions of the applied
field among the a*, b and c-axes as shown in Fig. 3.41(b).

Below T, the susceptibilify has a hump around 28K, then it shows a small peak-
of an antiferromagnetic transition at Tn=7.65 K (see Fig. 3.42 for details). The data
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of the field dependence of susceptibility give the estimate of the transition temper-
ature Tny=7.651+0.05 K from the extrapolation to H=0 kQOe. The broad hump is
considered to be brought about by the magnetic short-range-order effect which is
characteristic of a low-dimensional antiferromagnets. Taking into account the an-
gular dependence of EPR signal which will be mentioned later, the decrease of the
spin density at T, is interpreted as the disappearance of the localized w-electron
spins on BEDT-TTF cation radicals at the B sites. As a consequence, only Cu?*
spins contribute to the magnetic behavior below T,. The Cu?* sites in the structure
of (BEDT-TTF);CuBr, form a distorted square lattice, thereby, the susceptibility
with the hump can be fitted to the theory of a two-dimensional Heisenberg anti-
ferromagnet model [88] in the temperature range from 20 K to 55 K. The result
of the fitting gives thé spin density of Ngy~1 spin/formula unit and the intralayer
exchange interaction of Jy_q=—15.7 K. These results are in a good agreement with
the 'H-NMR measurement [89], which gives Ty=8 K and Jy_4=—20 K.
jﬁ‘igure 3.42 shows the detailed temperature dependence of the magnetic suscep-
tibility in the temperature region below 30 K in the field applied parallel to the a*,
b and c-axes. Below Ty, the susceptibility shows the anisotropy, namely, the suscep-
tibility for the b-axis drops while it is elevated for the a* and c-axes with decreasing
the temperature. This behavior proves that the magnetic easy axis lies almost in the
b-axis in the antiferromagnetic ordered state. However, the susceptibility parallel to
the b-axis does not approach to zero at T'=0 K. Moreover, the susceptibility parallel
to the a*-axis is slightly lower than the susceptibility for the c-axis. This discrepancy
from the typical behavior of the angular dependence in ordinary antiferromagnets
is interpreted by that the easy axis deviates slightly from the b-axis. The presence
of the antiferromagnetic transition evidences the important role of the interlayer
interaction between the Cu®* layers because no long range order exists at a finite
temperature in pure two-dimensional Heisenberg antiferromagnets. [26]

Magnetization curves in the magnetic field parallel to the a*, b and c-axes

are shown for several temperatures in Fig. 3.43. The magnetization curve paral-
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lel to the b-axis exhibits a spin-flop transition as characterized by a discontinuous
change around 6 kOe in the temperature region below Ty, although it shows a
monotonous increase for the a* and c-axes. The spin-flop transition field is estimated
at He(0)=6.0 kOe by extrapolating the spin-flop field values to T'=0 K. Using the
exchange field Hg=—22¢,J4-45/gcuptn=467 kOe with the number of the nearest
neighbor Cu?* ions 2cu=4, Ja-a==15.7 K, gcu=2.02 and S=1/2, the anisotropy
field is estimated at Hx==38.5 Oe from the relation;

Hy=1\/Hp(2Hg — Hp) ~\/2HeHx (Ha < Hg). - (344)

The obtained result of the small anisotropy field suggests that the origin of the
anisotropy energy is caused mainly by the magnetic dipole-dipole interaction. More-
over, the small magnetic anisotropy Ha/Hg ~107* is consistent with the Heisenberg
nature of the spin system.

The susceptibility under high pressure is shown in Fig. 3.44. The susceptibility
under 1.7 kbar decreases by about 13% from the value under 1 bar at 7=100 K,
where the experimental error is 5%. The large change of the susceptibility suggests
the decrease of the spin density and/or the increase of the Weiss temperature. The
transition at T.=59K is found to be shifted to higher temperature by the application
of pressure, consistent with the pressure dependence of the resistivity measurements.
The broad features in the changes of the susceptibility at the transition tempera-
ture region are considered to be caused mainly by the inhomogeneous distribution
of the pressure due to the absence of pressure medium. In Fig. 3.45, we plot the
pressure dependence of the observed susceptibility at =100 K. This is compared
to the susceptibility expected on the assumption that only the Cu?* spins exist at
the same temperature estimated by the two-dimensional Heisenberg antiferromag-
net model using the exchange interaction energy Jy_g obtained from the 'H-NMR
measurement under high pressures [89]. The ratio of the susceptibility change is cal-
~ culated at dlny/dP=—8.240.4% /kbar as a function of pressure. It is supposed that

the observed susceptibility reaches the limit value excepted for only Cu?* magnetic

139



moments (dashed line in Fig. 3.45) around 6kbar at which the insulator-to-metal

transition takes place.
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Figure 3.41: (a) Temperature dependence of magnetic susceptibility in the field of
H=4 kOe applied parallel to the b-axis. The mole unit corresponds to the formula
unit of (BEDT-TTF)3CuBry. The solid line denotes the theoretical fitting for the
two-dimensional square lattice Heisenberg antiferromagnet model (ref. [88]) with
two fitting parameters (Ngy, J4—q) in the temperature range 20-55 K. The number
of spins and the intralayer exchange interaction between Cu?* spins are estimated at
Ncy~1 spin/unit and Jy_q=—15.7 K. (b) The detailed temperature dependence of
the susceptibility in the applied field parallel to the a*, b and c-axes around T, [13].
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behavior [13].
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Figure 3.45: Pressure dependence of the susceptibility x(P) at 100 K. The solid
line represents the linear line for the best fitting to the result. The dashed line
with xcu(P) is the susceptibility expected on the assumption that only Cu?* spins
contribute to the susceptibility at 100 K. xcu(P) is estimated based on the two-
dimensional square lattice Heisenberg antiferromagnet model [88] using the value of
the exchange interaction Jy_q obtained from the result of the 'H-NMR measurement
under high pressure [13, 89].

145



Electron Paramagnetic Resonance
The temperature dependence of EPR line width and g-value in applied field
parallel to the b-axis is shown in Fig. 3.46, where the absorption signal is described
by a single Lorenzian in the whole temperature range. Above T, the line width
shows a constant value of 110 Oe and decreases to 50 Oe discontinuously at T.
The g-value is almost independent of the temperature in the whole temperature
range except a discontinuous step at 7.. And, they exhibit a broaden-out abruptly
below 10 K. Figure 3.47 shows the detailed temf)erature dependence of the line
width and g-value in the low temperature range below T.. The line widths decreases
gently With decreasing the temperature, suggesting the presence of the magnetic
short-range-order effect. It is broadened abruptly below around 10 K, which is
characteristic of the critical broadening to the magnetic long-range-order in the
low-dimensional antiferromagnet. The g-values show the temperature independent
behavior above ca. 15 K, and then, a slight decrease appedrs for the b-axis with
lowering the temperature below 12 K which is generated by the short-range-order
effect. From the temperature, they increase suddenly with the concomitance of thé
broaden-out in the line width below 10 K.
Castner et al. analyzed the critical broadening of the line width AH, in S=1/2
two-dimensional quasi-square lattice antiferromagnet Cu(HCQO),-4H,0 [90] above
T~ using the following equation,

¢

a

2
AHC=B-“1P-[

wex

° (T/2mp.)%?
] (1+T/2mps)*’ (3.45)

where w? is the second moment, wey is the exchange frequency, ps is the spin-stifness
constant and B is renormalization factor. The critical broadening in the line width
AH, is estimated by subtracting the short-range-order contribution of the line width
from the total line width, where the short-range-order contribution is evaluated by

the polynomical fitting in the temperature range of 15-45 K as shown in Fig. 3.47.

Then, ¢ /a is the ratio of the temperature-dependent spin correlation length to the
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nearest neighbor distance as given by

£ exp(2mps/T)
a0 +T/2mp.)’ (349

where C¢ is the constant prefactor and they employ ps=0.18J with the exchange

energy J. In the temperature range with critical broadening, egs.(3.45) and (3.46)
are simplified by neglecting (1+7/27p,) term in the following equation,

o 2mps D T
In(AH,) =3 T + 21n (9 ) . (3.47)

2mps

In eq. (3.47), the first term on the right hand side is predominant term in the two-
dimensional magnet. Consequently, the exchange interaction energy J is estimated
by the slope of the In(AH,) vs 1/T plot. Figure 3.48 shows the critical broadning
of the EPR line width represented by the In(AH,) vs 1/T plot, where the slopes are
given by 67kJ. From the analysis with the above equation, the exchange energies
J are estimated at J=—18 K, 19 K and 18 K for the a, b and c-axes, respectively,
which are almost in good agreement with the result of the magnetic susceptibility.
Figure 3.49 shows the angular dependence of g-values around the a*, b and c-axes
at room temperature and below T, (T'=45 K). From the angular dependence, the
principal values of the g-tensor are calculated to be g1=2.061, g5=2.021, g5=2.020 at
room temperature and g;=2.114, ¢,=2.041 and g=2.040 at T=45K (see Fig. 3.50)
for the geometry of CuBrs?~. The obtained values at room temperature are almost
the same to the mean values between the g-values of the m-electrons of typical
BEDT-TTF salt (ex. a-(BEDT-TTF),l5; ¢;=2.0113, go=¢5=2.0033 [62]) and the
g-values of the square planar CuBr,*~ [61]. The Lorentzian line shape with the
intermediate g-value between the BEDT-TTF cation and the Cu?* ion proves the
presence of exchange interaction Jg_q between BEDT-TTF (B) and Cu?* spins,
whe‘re the estimation gives Jp_a>>(9cu — ger)B H~0.01 K. The principal values df
the g—tehsor at 45 K are in good agreement with the g-values of the square-planar
CuBrs®~. Moreover, the directions of the g-tensor principal axes at T=45K are

2—

in good agreement with the orientation for the CuBr4*~ expected from the X-ray
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analysis within the experimental error as shown in Fig. 3.50. These results suggest
the disappearance of w-electron spins on BEDT-TTF B molecules below T, while

the square planar structure of CuBr4>~ remains unchanged.

Antiferromagnetic Resonance
Figure 3.51 shows the angular dependence of the resonance field in the bec-
plane. Two resonance peaks were observed within —28°<f<12° and show the
characteristic bubble like pattern, where the b-axis is §=0°. This angle depen-
dence is the feature of the resonance pattern when we rotate the field direction
from the easy axis to the intermediate axis. It indicates that the easy and inter-
mediate axes are the b and c-axes, respectively, which is in good agreement with
the result of the susceptibility. The analysis on the basis of eq. (3.33) results
in Q4=v2A4K,=6.6 kOe, Q_=/2AK;=5.9 kOe and a=1-y;/x1=0.47, 6,=8.0°,
where the relation 8, between the field direction and the easy axis is represented
by B=0+0,. Meanwhile, Fig. 3.52 shows the angular dependence of the rosonance
field in the a*b-plane. The upper mode (spiﬁ—ﬁop mode) and the lower mode are
observed within —16°<6<28° and —38°<#<28°, respectively. The angle dependence
of double parabola is the feature of the rotation pattern from the easy axis (b-axis)
to the hard axis (a*-axis), where the easy axis is in good agreement with the i'esuh
of the susceptibility and AFMR in the be-plane. The analysis by eq. (3.33) with the
exchange between suffices 1 and 2 and eq. (3.35) results in 24=6.6 kOe, 2_=5.9 kOe
and a=0.50, 6,=2.0°, which are in good agreement with the result in the be-plane.
The difference between ), and Q_ proves the presence of fhe biaxial anisotropy,
though the small difference in the anisotropic implies that the magnetic anisotropy
is approximately uniaxial type. The estimated values of 2_=5.9 kOe at T=3.53 K
and. 3.67 K are almost consistent to the spin-flop field Hy=7.0 kOe at the tem-
peratures in the susceptibility. Moreover, a=0.47 and a=0.50 in the bc and a"b
planes, respectively, are in good agreement with a=0.46 and 0.43 in the result of the

susceptibility at the corresponding temperatures. These results demonstrate that
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the crystallographic a*, b and c-axes nearly correspond to the magnetic hard, inter-
mediate and easy axes, respectively. Moreover, the result of 8, suggests that the
magnetic easy axis lies at (6, ¢)=(—2,—8) defined by Fig. 3.51, which explains the
deviation of the easy axis from the b-axis in the susceptibility measurement. In this
measurement, the temperature dependence of resonance peak could not be observed
near the antiferromagnetic transition temperature because of the weakly resonance

peak.

Electronic Structure Calculation

From the DV-X« calculations of the electronic states of CuCl,2~ and CuBr,*",
the wave functions of the HOMO levels, which consists of one Cu-3d,2_,2 orbital and
four ligand orbitals, has the strong mixing with the character ratio Cu-3d,2_,2/Cl-
 3p=0.40/0.59 and Cu-3d,2_,2 /Br-4p=0.34/0.65, respectively. These results suggest
that the distribution of the 3d-electrons of Cu?* are widely extended to the ligands
in the CuCl,*~ and CuBr,®" anions. In particular, the unpaired electron of the

CuBr,4*~ anion is extended widely superior to the CuCL>~ anion.

VH-NMR measurement

'H-NMR measurements under ambient and high pressure are collaborating work
with Prof. Takahashi’s group in the Gakushuin University. As the results of the
measurements were reported in Refs. [89, 91], we summarized the results of 'H-
NMR. Figure 3.53 shows the temperature dependence of the spin-lattice relaxation
rate 77" under ambient pressure. T;~! decreases gently with lowering the temper-
ature, and shows a slight anomaly at T.=59 K in spite of the abrupt disappearance
of the magnetic moments on BEDT-TTF B molecules. Below T;, T,~! indicates a
minimum around 18 K, and then, it increases suddenly below the minimum tem-
perature owing to the critical spin-fluctuation in the vicinity of the temperature of
magnetic long-range-order. From the peak of T;~!, the antiferromagnetic ordering
temperature is estimated at Ty=8 K, which is in good agreement with the result of

the susceptibility Tn=7.65 K. Moreover, the line width shows remarkable broadening
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Table 3.8: Pressure dependence of antiferromagnetic transition temperature T,
exchange energy J and expectation value <S> of the Cu spin from the result of
'H-NMR, where So=1/2 [89, 91]. '

pkbar | Ty (K) | J (K) [ <5>/S
0 8 20 0.65
6.5 11 27 0.52
20 15 32 0.49

from ca. 20 G above Ty to 200 G below Ty, accompanying the magnetic ordering.
Under 9 kbar, T; 7! is smaller than that at ambient pressure as shown in Fig. 3.54.
The exchange interactions between the Cu®* ions under 0, 6.5 and 20 kbar are es-
timated at 20, 27 and 32 K, respectively, using the results of T;™! at 20 K. The
antiferromagnetic ordering temperatures under 6.5 and 20 kbar raise up to 11 and
15 K, respectively, from the value at ambient pressure. The expected value of the
localized Cu?* magnetic moment under 0, 6.5 and 20 kbar are evaluated at 0.65, 0.52
and 0.49 pg, respectively, using the second moments of the line widths at 1.4 K. The
large decreases from one ,ui; of Cu®t are due to the quantum spin fluctuations related
to the feature of the Heisenberg antiferromagnet. The estimated value of the Néel
temperature, exchange energy and spin reduction under pressures are summarized

in Table 3.8.
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Figure 3.46: Temperature dependence of EPR line width and g-value in applied field
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discontinuously at T.=59 K. Below T, the line width decreases gently with decreas-
ing the temperature owing to the short-range-order effect. The g-value is almost
temperature independent in the whole temperature range except a discontinuous
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Figure 3.47: Detailed temperature dependence of EPR line widths and g-values in
the applied field parallel to the a* (3), b (8) and ¢ (o) -axes in the low temperature
range. Line widths show the characteristic of the critical broadening in the vicin-
ity of the magnetic long-range-order with the large shift of the g-value. Solid lines
indicate to evaluate the short-range-order effect fitted by the second order polynom-
ical equation in the temperature range 15-45 K. The critical broadening of the line
widths are estimated by the subtracting the short-range-order components from the
total line widths.

152



6.00 —
4 200
4100
80

4 60
1 40

4.00 -

In (AH / Oe)

1 20

4 10
2.00 A R R
0.08 0.1 0.12 0.14

1/T (K™
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principal axes (8,¢) at T=45K. The Cu ion at the origin is coordinated with four
Br ligand atoms (I, II, III, IV). The orientations of the ligand atoms (I, II, III, IV)
determined by X-ray data at room temperature are shown in the second column.
The principal axes for gy, g, and g3 at T=45K correspond to the normal direction n
to the ligand plane, the Cu-Br(I) and the Cu-Br(II) directions at room temperature,
respectively.
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Figure 3.51: Angular dependence of AFMR field in the bc-plane (¢=90°) at
T=3.53 K. The external field at the origin §=0° lies on the b-axis. The analy-
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Figure 3.52: Angular dependence of AFMR field in the a*b-plane (¢$=0°) at
T=3.67 K. The external field at the origin #=0° lies in the b-axis. Analysis by
eq. (3.33) with exchange between suffices 1 and 2, (3.35) results in £,=6.6 kOe,
2.=5.9 kOe and a=0.47, 6,=8.0°. The definition #, ¢ are shown in the upper figure
of Fig. 3.51.
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Figure 3.53: Temperature dependence of the spin lattice relaxation rate 73! of
'H-NMR [89]. T,™! decreases gradually with lowering the temperature above 18 K,
and T;~! shows a slight anomaly at T.. It shows a minimum around 18 K, and
then, it increases abruptly owing to the critical fluctuation in the vicinity of the
antiferromagnetic transition temperature.
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Figure 3.54: Temperature dependence of the spin lattice relaxation rate T;~! under
ambient pressure and 9 kbar [91]. T;~! at 9 kbar is smaller than that at ambient
pressure, suggesting the enhancement of the exchange interaction. The antifer-
romagnetic ordering temperature Ty shifts from Ty=8 K at ambient pressure to

Tn=11 K under 9 kbar.
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Ac Calorimetry Measurement

Figure 3.55 shows the temperature dependence of the heat capacity after cal-
ibrated by the DSC data at 273 K, where the accuracy is within 5%. It shows a
slight hump around 100 K, and indicates a sharp peak with a A-type anomaly at
T.=58.84£0.2 K in the heating process with a step of the base line in the heat capac-
ity above and below T.. Figure 3.56 shows the temperature dependence around 7.
The sharp peak proves the first order transition at T, which is in good agreement

with the results of the X-ray study [66], resistivity [92] and magnetic susceptibility.

Heat Capacity by Relazation Method

Figure 3.57 shows the temperature dependence of the heat capacity by the
relaxation method after subtracting the heat capacity of the bolometer and Apiezon
grease. The heat capacity indicates a small anomaly around 9 K. The peak of
the heat capacity associated with the antiferromagnetic order is not observed at
Tn=7.65 K. In ordinary low-dimensional Heisenberg magnet, the magnetic entropy
expense is significantly small at the long range ordering temperature. This is the case
for the present compound with the absence of appreciable peak at Ty. Figure 3.58
shows C/T vs T? plot, where a small hump exists around 9 K. In general, as the
heat capacity of a substance is described in terms of the lattice, conduction electron
- and magnetic heat capacity, the estimation of the magnetic heat capacity requires
to subtract precisely the other two contributions. Here, the heat capacity of the
conduction electron is negligible because the present compound is the insulator at
low temperature. However, the heat capacity of the lattice can not be estimated
precisely in the present compounds. Here, assuming that the lattice contribution
has a cubic temperature dependence, it is suggested that the magnetic heat capacity
obeys the cubic temperature dependence after subtracting the lattice contribution
from the total heat capacity. This feature of the cubic temperature dependence
is thought to be the presence of the three-dimensional antiferromagnetic ordering

below 9 K on the basis of the spin wave theory of the antiferromagnet.
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Figure 3.55: Temperature dependence of the heat capacity measured by ac calorime-
try. The absolute value of heat capacity is calibrated by the DSC mesurement at
273 K. The one mol is defined as one unit cell here. The arrow indicates the struc-
tural transition at 7,=58.8 K. '
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Figure 3.56: Temperature dependence of the heat capacity around 7,=58.84+0.2 K.
The sharp peak and the step of heat capacity below and above T. proves the first
order type.
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Figure 3.57: Temperature dependence of the heat capacity by the relaxation method,
which shows a slight hump around 9 K. The one mol is defined as one unit cell. An
antiferromagnetic ordering peak is not observed at Ty=7.65 K.
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Figure 3.58: C/T vs T? plot of the heat capacity. The linear dependence in the
plot below 9 K suggests T° dependence of magnetic heat capacity after subtracting
the lattice heat capacity having T® dependence from the total heat capacity. This
feature of the cubic temperature dependence is thought to be the presence of the
three-dimensional antiferromagnetic ordering below 9 K on the basis of the spin
wave theory.
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3.4.3 Discussion
Origin of structural transition at T,

In this section, we discuss the origin of the phase transition at Tc=59 K us-
ing the results of crystal structure, electrical resistivity and magnetic properties.
For the consideration of the origin, the experimental findings at the transition are
summarized as follow. The resistivity has a discontinuous change at T, with the
hysteresis and the heat capacity shows the sharp peak with the step of the heat
capé,city, indicating the first order nature of the transition [92]. From the mag-
netic susceptibility and EPR measurements, the magnetic properties are described
in terms of the magnetic moments on the Cu?* ions and the BEDT-TTF cations at
the B sites in the high temperature phase. Meanwhile, the spin system in the low
temperature phase consists of only the Cu?* spins as a results of the disappearance
of the BEDT-TTF magnetic moments at T.. The change in the magnetic system
generates the 50% reduction of the EPR line width accompanied by the change
in the g-values. Namely, the disappearance of the BEDT-T'TF magnetic moments
brings about the reduction of dipolar field which governs the line width of the EPR
signal. Moreover, it is also consistent with the change of g—valﬁe, that is, the g-values
in the low temperature phase are identical to those for the Cu?* ion surrounded by
the square planar Br ligands. From the point of structural change, the space group
changes from P2,/c to Pc at T, accompanied by the slight trimerization due to the
change from the high temperature phase to the low temperature one. On the basis
of the EPR and optical reflectance spectra, the previous papers [14, 92] pointed out
the change in the ligand symmetry of the CuBr,®~ anions as the structural origin of
the phase transition. However, this contradicts the present results of EPR and the
X-ray structural analysis {66, 72] in the low temperature phase. Namely, the X-ray
analysis indicates that no substantial change of the static Jahn-Teller distortion in
the CuBr,2~ anion was detected at 20K. Thus, the present experimental findings

require the explanation for the disappearance of BEDT-TTF spins at sites B with-
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out the change of the ligand symmetry of CuBr?>~. In this respect, we have three
kinds of possible explanations for the origin of the transition at T¢: 1) the transition
from paramagnetic to antiferromagnetic insulator state in a Mott insulator; 2) the
dimerization of BEDT-TTF cation radicals associated with a spin-Peierls transition;
3) the transition from a Mott insulator to a band insulator.

First, we discuss the possibility of the first explanation. The presence of the
localized spins on the BEDT-TTF B molecules evidences that the electronic and
the magnetic properties of the BEDT-TTF layer in the high temperature phase is
characterized as a Mott insulator where the on-site Coulomb repulsion overwhelms
the transfer integral. However, the composition of the present compound gives +2/3
filled band structure, if we neglect the difference between the A and B sites. This
is not favorable for ordinary Mott insulators because Mott insulating state requires
the half-filled band structure in the one-electron band approximation where the on-
site Coulomb repulsion works most effectively. On the other hand, as mentioned
in section 3.2, the X-ray analysis proves the presence of the charge separation be-
tween +1 (B) and neutral (A), which causes the HOMO level splitting into upper
four-fold and lower two-fold sub-levels [14, 65] as shown in Fig. 3.18. As a con-
seqﬁence, the half-filled state is realized in the upper band, which is favorable to
the Mott insulator state. In this regard, the behavior at high pressures gives an
important information related to the competition between the transfer integral and
the on-site Coulomb interaction. Namely, the application of pressure enhances the
transfer integral while it does not change the on-site Coulomb interaction effectively.
Actually, the remarkable decrease in the resistivity and the appearance of the metal-
insulator transition prove the increase of the transfer integrals in comparison with
the change of the on-site Coulomb interaction. Here, Figure 3.59 summarizes the
temperature-pressure phase diagram obtained from the behavior of resistivity [92]
and 'H-NMR [89]. In this phase diagram, the high tempefature insulator phase
I(I) having the localized magnetic moments of BEDT-TTF B molecules borders the

low temperature insulator phase I(II) where the magnetic moments disappear. In
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Figure 3.59: Temperature-pressure phase diagram obtained from the electrical prop-
erties and 'H-NMR [89, 91, 92]. I(I) and I(IT) denote the insulator phases, while
M(I) and M(II) do the metallic phases. The dash-dotted line indicates the pressure
dependence of the antiferromagnetic transition obtained by 'H-NMR (Ref. [89, 91]).

the temperature range above the boundary of insulator phase I(II), the application
of pressure changes the phase from insulating I(I) to metallic M(I) at P;=T7kbar,
and finally stabilizes metallic phase M(II) above P,=13kbar. It should be noted
that the magnetic susceptibility in phase I(I) becomés reduced with the approach
to the phase boundary to M(I), as mentioned in the previous section. In addition,
the pressure-temperature phase diagram of (BEDT-TTF)3CuBry is reminiscent of
that of the typical Mott insulator V;03 as shown in Fig. 1.5 [24, 25]. In the phase
diagram of V,0j3, the paramagnetic insulator phase borders the antiferromagnetic
insulator phase at the low temperature boundary and the paramagnetic metallic
phase at the high pressure boundary. Comparison between the phase diagrams
of (BEDT-TTF);CuBry and V,0; suggests that the transition from I(I) to M(I)
is characterized as the Mott metal-insulator transition which is realized through»
the competition between the transfer integral and the on-site Coulomb interaction.

Thus, the aspect of the Mott transition, the decrease of the magnetic susceptibility
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in the I(I) insulator phase in the vicinity of the I(I)-M(I) boundary is considered
to be a precursor of the Mott M-I transition. Meanwhile, the disappearance of the
localized magnetic moments at the transition from I(I) to I(II) is eXplained by the
transition from the paramagnetic insulator to the antiferromagnetic insulator phase.
In this transition, the antiferromagnetic exchange interaction works to couple the
magnetic moments with the antiparallel arrangement, resulting in the considerable
reduction in the magnetic susceptibility. Moreover, this transition is accompanied
by the structural change, similar to the transition from a paramagnetic to an antifer-
romagnetic state in ordinary Mott insulators. Nevertheless, in an ordinary magnetic
system, the antiferromagnetic ordered state is characterized as the appearance of
the anisotropy in magnetic susceptibility, which is disagreeable to the present ob-
servation. Consequently, it is impossible to explain the origin of the transition with
the change from the paramagnetic insulator to antiferromagnetic insulator state in
the Mott regime.

Next, we consider a spin-Peierls transition as the possible origin of the phase
transition. In the crystal structure as shown in Fig. 3.12, BEDT-TTF donors form
the face-to-face stacking structure with the ABBABB sequence in the c-axis direc-
tion, where A molecules are neutral donors and B molecules have a 7r-hole/molecule
with §=1/2. The transfer integral ¢, between adjacent B molecules is the smallest
one in the intrastack direction, while the transfer integrals ¢p;, tp2, ths have sig-
nificant values in the side-by-side direction (b-axis). Taking into account that A
molecules are nonmagnetic, the above structural consideration reveals the existence
of magnetic linear chains of BEDT-TTF B molecules coupled by the side-by-side in-
teraction with the estimate of the exchange interaction Jg_poc—ty,,%/U. Therefore,
the one-dimensional structure will favor a spin-Peierls state with the formation of
a dimerized structure at low temperatures, resulting in the singlet ground state for
B sites. In particular, the absence of the anisotropy in the magnetic susceptibility
in the vicinity of T, seemingly supports the scenario of the spin-Peierls transition

as the disappearance of the magnetic moments at B sites. Actually, the dimeriza-
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tion' of BEDT-TTF B molecules below T is suggested from the overlap integral
calculation based on the X-ray structure analysis [72]. Hence, the development of
the dimerization in the B sites enhances the antiferromagnetic exchange interaction
between BEDT-TTF spins in a dimer, resulting in the disappearance of the mag-
netic moments at sites B in the low temperature phase. Moreover, the magnetic
ga,p‘estimated from the susceptibility below T is considered to correspond to the
exchange interaction between the dimerized spins in the spin-Peierls state. In the
magnetic susceptibility, the subtraction of the contribution of Cu®* spins from the
observed value gives the contribution of BEDT-TTF B spins in the vicinity of the
transition, where the former contribution is obtained from the fitting curve for the
two-dimensional square lattice Heisenberg model as shown in Fig. 3.41. The analy-
sis of the BEDT-TTF contribution just below T, based on the singlet—tripiet model
leads to the minimum value of the intrachain exchange interaction Jg_g~—220 K
in the dimerized B molecules in the spin-Peierls state for T<T,. On the other hand,
the exchange energy between the BEDT-TTF molecules in the linear chain above
T, is roughly estimated at Jg_p~—100K from the Weiss temperature for T'>T;
~given by 0~4Jg_gS(S + 1)/3kg, where the value is obtained by neglecting Jy_4
and Jg_q. It is reasonable to explain that the structural transition at 7, causes
ca. 100% enhancement of the exchange interaction, and the above experimental
findings give comfortable evidence for the spin-Peierls transition. Nonetheless, the
following features of the transition are definitely disagreeable to it. That is, the or--
dinary spin-Peierls transition is characterized as the second order transition, where
the temperature dependence of the magnetic gap is given by the BCS type func-
tion [93]. However, the intensity of (0k0) X-ray reflection [66], heat capacity and the
maénetic susceptibility at 7. have the discontinuous behavior at T, suggesting the
first order nature of the transition. Further, as mentioned in section 3.2, the X-ray
structure analysis [73, 75] indicates the disappearance of the charge disproportion-
ation between BEDT-TTF A and B molecules below T,. This observation implies

that the BEDT-TTF spin network is not characterized as the one-dimensional mag-
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netic chains in the low temperature range. Consequently, the spin-Peierls transition
is excluded from the candidate of the origin of the phase transition.

Finally, we discuss the third explanation for the transition at T.. As we have
mentioned above, it is suggested that the charge distribution between BEDT-TTF
A and B molecules is almost uniform with +2/3 charge per BEDT-TTF molecule
below T;. The disappearance of the charge disproportionation below T is the con-
sistent trend to the change from a Mott insulator to a band insulator because the
Mott insulator state in the present compound is strongly related to the charge
disproportionation of BEDT-TTF molecules. In this respect, the first order phase
traﬁsition accompanied by the change of the charge disproportionation in the present
compound is reminiscent of the neutral-to-ionic transition observed in mixed-stack
donor—aéceptor crystal TTF-CA((tetrathiafulvalene-p-chloranil) with decreasing the
temperature and/or applying the pressure [94, 95]. At the transition, TTF-CA
shows discontinuous changes of the molecular ionicity, lattice constants, magnetic
susceptibility and conductivity, indicating the first order transition [96, 97]. The
simple model suggests that the change of the Madelung energy with decreasing
temperature or applying pressure drives the neutral-ionic transition [98]. That is,
the compound has the neutral state in the region Ip-Es>Vy, while the ionic state
in the region Ip-E A <V, where Ip, Ep, Vi are the ionization potential of donor, the
electron affinity of acceptor and the Madelung energy of the crystal, respectively.
In the donor-acceptor alternate stacking salt (BEDT-TTF)3CuBr,, the Coulomb
interaction between the donors gives an important contribution to the Madelung
energy when the charge disproportionation is modified depending on temperature.
It is a favorable trend to the dissolution of the disproportionation at the structural
transition 7. with the thermal contraction. That is, the thermal contraction brings
about the enhancement of the Coulomb repulsive interaction between the donors
at sites B having +1 charges because the charge transfer from cation donors B to
neutral donors A reduces the repulsive Coulomb energy. Consequently, the charge

re-distribution between the A and B donors toward a uniform one is favored at the
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expense of the Coulomb repulsion at T.. In addition to this origin, in terms of
the magnetic properties, the transition from Mott insulator to the band insulator
refer to the magnetic transition from the paramagnetic state above T, to the non- .
magnetic state below T,. Here, the difference of the magnetic entropy between the
paramagnetic state and the nonmagnetic state is given to be the value of 4RIn2 in
a unit cell which corresponds to the entropy having the magnetic moment on four
BEDT-TTF B molecules. Thus, at the transition of T, the magnetic entropy of
4RIn2 per unit cell is stabilized by the change of the band structure. In conclu-
sion, the transition at T, is described by the transition from the Mott insulator to
the band insulator accompanying with the stabilization of the magnetic entropy of
BEDT-TTF B molecules. However, we do not have appropriate explanation on the
metal-insulator transition in the high pressure region, which remains unsolved for

the future investigation.

Feature of magnetic interaction

Now, let us discuss the feature of magnetic interactions of (BEDT-TTF)3CuBr,4
on the basis of the magnetic susceptibility, magnetization, EPR, AFMR and DV-
Xa calculation. The beginning of the discussion devotes to the origin of the strong
exchange interactions observed from the susceptibility. The Weiss temperature
0=-100 K is one or two orders of magnitude as large as that of the other simi-
lar organic conductors containing localized d-electrons such as (BEDT-TTF),FeCly
(6=—6 K) and (BEDT-TTF)FeBry (=5 K) [54]. This suggests that the large
Weiss temperature is caused by the presence of the strong antiferromagnetic ex-
change interaction between the BEDT-TTF* cation layer and the Cu?* ion layer.
Taking into account that the van der Waals distance is 3.8A for the Br-S atomic
contact [14], the shortest distance of 3.699(3) A between the Br atom of CuBr, and
the external S atom of BEDT-TTF B molecule is enough short to realize the orbital
overlap. Here, the DV-Xa calculation implies that the Cu 3d electron extends to
the peripheral region of the CuBr,*~ anion t‘hrough the hybridization of the Cu-3d
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and Br-4p orbitals in the HOMO wave function. This is thought to be a feafure in
the electronic structure of CuBrs?~ different from the other transition metal halide
a,niolns. Therefore, the delocalized d-electrons, which are the origin of magnetic mo-
ments of the Cu®* ions, can easily interact with the m-electrons delocalized on the
BEDT-TTF donors. As a result, it is concluded that the cooperation of the novei
electronic structure of CuBr,®~ causes the strong exchange interaction between the
donor m-electrons and the localized d-electrons. The existence of the strong m-d
interaction is the feature which has never been found in other organic conductors of
TTF type having localized d-electrons.

We move on to the magnetic properties below Ti, where the magnetic properties
are governed only by the localized d-electrons of Cu?* ions. As mentioned in section
3.2, the Cu?* spin system is well explained based on the two-dimensional square
lattice Heisenberg antiferromagnet model. The estimated exchange interaction en-
ergy Jg-4=—15.7 K in the susceptibility, which is followed by the result of EPR
and 'H-NMR, is significantly large although the long distances Cu-Cu(8.724(1) A)
or Br—Br(4.190(i) A) between the nearest neighbor CuBr,*” anions in the mag-
netic layer. Thereby, the comparison with the other analogous compounds having
CuBr4*™ anjons reveals the anomalous of the.present compound. For instance,
in bis(piperidinium)tetrabromocupurate(II) [(pipdH),CuBry], the flattened tetrahe-
dral CuBr,®" ions form the dimerized chains [99]. The exchange interaction energy
between the dimers is estimated at J=—6.64 K in which the double superexchange
paths Cu-Br-Br-Cu are realized with the closest Br-Br distance of 4.10 A. Further, _
there is no example of square planar CuBr,~ in the crystals having CuBrs*~ anions
except (BEDT-TTF)3CuBry, and the anion structures of all the others form the
flattened tetrahedral ligands [100]. This suggests that the square planar structure
of the CuBr4*~ realized in the present compound is caused accidentally by the novel
restricted geometry of the surrounding donor packing. Therefore, the difference in
the electronic structure caused by the difference in the ligand symmetry between

“the flattered tetrahedral and the square planar structures gives the difference in
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the strengths of the exchange interactions. Consequently, we suggest that the large
exchange interaction of the present compound is associated with the extended spin
polarization of Cu?* d-spins to the ligand Br atoms in CuBr,?".

Next, we discuss the spin structure in the magnetically ordered state of Cu?®*
-spins below Tx=7.65 K using the result of magnetic susceptibility, AFMR and DV-
Xea. In the antiferromagnetic ordered state, the magnetic anisotropy plays an im-
portant role to determine the spin orientation. From the results of the susceptibility
and, AFMR, it is suggested that the origin of the anisotropy energy is the magnetic
dipolar interaction between Cu?*t spins. In order to investigate the contribution of
the dipolar interaction to the magnetic anisotropy, we carry out the calculation for

the dipolar energy Eq4 using the following equation,

Eq = 921'“3252 E Z Quu(rij)auaw (348)
W §,j(id)
. 1 3$ij#$ijy
q)u,,(rz-j) == ;——3 (Sﬂl/ - T— B(Tz')B(Tj), (3‘49)
i ij

where p and v take z, y and 2 for the crystallographic a*, b and c-axes, respectively,
ziju and x;;, are the y and v components of the distance r;; between ¢ and j sites
for ¢, 7=Cu, Br, also, o, and o, are the direction cosines of the spin vectors for
the p and v axes, respectively, and then §,, has the value of 1 (u=v) or 0 (u#v).
B(r;) is the electron occupancy whose value is given from the result of the DV-Xa
electronic state calculation of the CuBr42' anions. Here, the magnetic susceptibility
indicates that the Cu®t spins are oriented antiparallely to the spins of the nearest
neighbors in the Cu?* layer. However, we can not determine the spin ordered struc-
ture in terms of the interlayer interaction between the antiparallel and the parallel
alignments. Now, we assume the antiferromagnetic spin arrangement for all the spin
sites, taking into account the observed magnetic anisotropy result as mentioned in
the magnetic susceptibility and AFMR. The calculation in the antiferromagnetic in-
terlayer interaction gives @aa=—5.0x10‘3, ®,,=—3.2x1073 and &, =8.4x1073 A3,
indicating that the easy, intermediate and hard spin axes are oriented parallel to the

a*, b and c-axes, respectively, while, the experimental results of AFMR and magnetic
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susceptibility reveal that the magnetic easy, intermediate and hard-axes lie on the
b, ¢ and a*-axes. The disagreement is explained by the additional contribution of
the anisotropic exchange interaction and/or the extended feature of the d-electron
wave function to BEDT-TTF molecules through the charge transfer interaction.

Finally, we discuss the feature of the antiferromagnetic ordered state below Ty.
From the anisotropy of the magnetic susceptibility, the b, ¢ and a*-axes are found
to be the easy, intermediate and hard axes, respectively. According to the mean field
theory, the perpendicular susceptibility at T=0 is given by x1 °=Ngcu2¢p?/42cud-d.
Meanwhile, in the low-dimensional Heisenberg antiferromagnets, the quantum spin
fluctuation causes the spin reduction which lowers the perpendicular susceptibility
below Ty in comparison with that expected by the mean field theory. From the spin
wave theory {101], the perpendicular susceptibility at T'=0 is given by

X1’ AS(e) e(@)
x1(0) = 1+41/2a (1 5 2+ a)ZCuS> ’ (3:50)

where AS(a) and z are the anisotropy dependent spin reduction and the number of
nearest neighbors, respectively, a=H} / Hg (H:anisotropic field, Hg:exchange field),
and e(a) is the parameter defined for the Heisenberg exchange energy. Using the
magﬁetic anisotropy value a~10~*, AS=0.192 [102] and e()=e(0)=0.632 [101] for
the two-dimensional square lattice as a function of o, we estimate the predicted value
x1(0)=3.07x10"*(emu/mol). The observed value of the perpendicular susceptibil-
ity for the c-axis is extrapolated to x  (0)=4.8x1073(emu/mol) at T=0K, which is
56% as large as the predicted susceptibility value. Generally, the enhancement in the
dimensionality reduces the zero-point reduction [26]. Thus, the difference between
the predicted and the observed value is thought to be caused by the presence of the
interlayer interaction. However, the interlayer interaction is not realized through the
usual superexchange path of o-bands because the interlayer distance 17 A of Cu?t
ions is significantly long. Consequently, the interlayer interaction between Cu?* ions
is realized by the superexchange of the m-orbitals on BEDT-TTF molecules. This is
supported by that the magnetic heat capacity obeys the cubic temperature depen-
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dence below 9K obtained by the relaxation method, which evidences the presence of
the three-dimensional nature of the antiferromagnetically orde_red state. In addition,
the reduction value is discrepant to the result of 'H-NMR, where the magnitude of
the spin values are estimated by the dipole sum calculation from the Cu*t ion to
the proton site. In the calculation, the delocalization feature of the Cu 3d-electron
in the CuBr4*~ anion is not taken into account. Thus, the discrepancy is thought to
be caused by the point dipole calculation only from the Cu?* sites in the 'H-NMR
analysis. In conclusion, the antiferromagnetic transition is importantly affected by
the interlayer interaction between the Cu?* layers. In conclusion, the antiferromag-
netic ordering between Cu?* ions are caused by the interlayer interaction through

the m-orbitals on BEDT-TTF molecules.
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3.5 Summary of (BEDT-TTF);CuBr,

In order to clarify the 7-d interaction in organic cation radical salts, I have
been investigated (BEDT-TTF)3CuBry in detail. (BEDT-TTF);CuBr, has alter-
nate stacking of two-dimensional conducting sheets of BEDT-TTF donors and two-
dimensional magnetic layers of CuBr4®~ where the donor sheet consists of two kinds
of BEDT-TTF molecules, neutral molecule A and cation radical molecule B with
the composition of A/B=1/2. It has the characteristic transitions at 7.=59 K
and Ty=7.65 K at ambient pressure which are related to the changes in the struc-
tures, electronic and magnetic properties, and the remarkable pressure effects in
the electronic and magnetic properties. To find out the relation among the crystal
structure, electronic and the magnetic properties, I carried out the X-ray analysis
at room temperature under ambient and high pressure, electrical resistivity, mag-
netic susceptibility, EPR, AFMR, heat capacity and DV-Xa electronic structure
calculation.

Above T, the magnetic susceptibility obeys the Curie-Weiss law with a signif-
icantly large antiferromagnetic Weiss temperature §=—100K, which represents the
strong magnetic interaction between m-electrons of BEDT-TTF+ B molecules and
localized d-electron of Cu?* ions. Moreover, the single Lorenzian line shape of EPR
also proves the existence of the strong w-d interaction, where the interactions is
evaluated at J;_4>>0.01 K. The number of spins estimated from the susceptibility
are :a,ssigned to two BEDT-TTF B molecules and one Cu?* ion having the mag-
netic moment with S=1/2. The presence of the localized spins on the BEDT-TTF
molecules is considered that the BEDT-TTF layer is described by a Mott insulator
realized by the charge separation between BEDT-TTF A and B molecules.

The large discontinuous drop of the susceptibility at T, is explained by the dis-
appearance of the magnetic moments on the BEDT-TTF B molecules. Taking into
account the dissolution of the charge disproportionation between A and B donor

molecules obtained by the low temperature X-ray analysis below T, the disappear-
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ance of the magnetic moments at sites B is caused by the transition from a Mott
insulator to a band insulator with the first order nature.

The resistivity shows a remarkable decrease with applying the pressure, and the
metallic phase is stabilized in the high temperature range of T above 7 kbar. More-
over, the magnetic susceptibility decreases with increasing the pressure in the high
temperature Mott insulator phase in the vicinity of the insulator-to-metal bound-
ary at high pressures. These features of the electronic and magnetic properties
under pressure suggest that the insulator-to-metal transition at 7 kbar is the Mott
metal-insulator transition.

In the low temperature region below T, the magnetic susceptibility is governed
by only Cu?* spins, and it is well described by the two-dimensional Heisenberg
antiferromagnet with the large exchange energy Jy_a=—15.7 K which is followed
by the results of the critical broadening of EPR and 'H-NMR. From the electronic
structure calculation of CuBrs?>~ anion using DV-Xa method, the large exchange
energy is explained by the widely extension of the localized d-electron to the Br
ligands on the CuBrs?~. The susceptibility shows an antiferromagnetic transition
between Cu?t ions at Ty=7.65 K. In the ordered state, the susceptibility and an-
~ tiferromagnetic resonance find that the magnetic easy, intermediate and hard-axes
lie '(;lmost on the b, ¢ and a*-axes, respectively. From the comparison between the
experimental results and the dipole-dipole calculation, the magnetic anisotropy is
generated by the dipole-dipole interaction additional to the anisotropic exchange in-
teraction and/or the extended feature of the d-electron wave function to BEDT-TTF
molecules. The presence of the magnetic long range order in the two-dimensional
Heisenberg system indicates a important role of the interlayer interaction realized

through the m-electrons of BEDT-TTF molecules having itinerant nature.
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Chapter 4

Solid State Properties of
(C{TET-TTF),Br



4.1 Introduction

In organic charge transfer complexes composed of TTF derivatives, the -
electron systems form a large variety of electronic structures among superconducting
state, charge density wave, spin density wave and Mott insulating state in low-
dimensional frame through the competition among the transfer integral, on-site
Coulomb interaction and electron-phonon interaction [18]-[21],[103]-[105]. In re-
cent years, these complexes have been found to show interesting features in metallic
state around the Mott boundary in relation to superconductivity [9]-[12].

On the contrary to this, the complexes belonging to the Mott insulator regime
remain not so well understood, although they are expected to give a novel class of
molecule-based low-dimensional magnets. We are interested in the Mott insulating
state in the view of the magnetism of the organic charge transfer corﬁplexes, because
the unpaired electrons delocalized over the molecular m-orbitals on the molecules in
the Mott insulating state lead to novel features in their magnetic behavior [106].
Moreover, various types of low-dimensional structures will come to hand on the ba-
sis of the modification of the donor molecule arrangements as well as the designing
of donor molecules, providing the diversity of magnetic behavior. Consequently,
the detailed investigations of organic magnetic insulators will provide new aspects
of the magnetism in view of the low-dimensional magnetic systems that have been
studied in inorganic compounds through many experimental and theoretical ap-
proaches [26, 107]. In the past, several organic Mott insulators such as o' and ('
(BEDT-TTF),X (X=AuBr,, CuCly, IBry, ICl; [18]-[22],[103]) have been targeted as
low-dimensional antiferromagnets, in all of which a localized magnetic moment with
S=1/2 is generated in a BEDT-TTF dimer unit associated with dimerized-donor
based crystal structures. On the other hand, a class of organic magnetic insulator
(CLTET-TTF),Br (C,;TET-TTF: bis(methylthio)ethylenedithio-tetrathiafulvalene)
has a uniform donor arrangement with the absence of dimerized structure that most

charge transfer complexes of BEDT-TTF have. Thus, the investigations of this

179



compound are expected to reveal new interesting features of the magnetic proper-
ties among organic magnetié insulators in contrast to ordinary BEDT-TTF salts.
Moreover, it is possible to compare the C;TET-TTF salt with BEDT-TTF salts in
detail in view of the crystal structure, electronic structure and physical properties
because the molecular structure of C;TET-TTF is very f:lose to that of BEDT-
TTF. In the present chapter, we report the crystal structure, the band structure,
the electrical resistivity, ESR and the magnetic susceptibility in order to clarify the

correlation between the crystal structure and the magnetic properties.

4.2 Experimental

Single crystals of (C;TET-TTF);Br were prepared by the electrochemical method
from C;TET-TTF and ((C2Hs5)4N);CuBry in ethanol under Argon atmosphere at
room temperature. In an electrochemical cell, ((C2Hs)4N)2CuBry; was decomposed
into Cu?* and Br™, so that the produced crystal did not contain even a trace of Cu**
ions, according to energy-dispersive X-ray (EDX) analysis. After the crystal growth
period of two weeks, the black plate or block type single crystals are obtained with
typical dimension of 3x1x0.05 mm? or 2x1x0.5 mm?, respectively. It was found
that the crystals with different shapes have the same crystal structure from the
X-ray analysis. The found composition is C=28.07, H=2.37 and S=60.25 % from
elemental analysis, which is in good agreement with the calculated from the X-ray
analysis for (C;TET-TTF);Br (C2Hz0516Br); C=28.i5, H=2.36 and S=60.12 %.
In the X-ray crystal structure analysis, the intensity data were collected from
Rigaku four-circle diffractometer AFC-7S with graphite-monochromated Mo Ko
radiation using w-scan technique (20<55°), then the absorption was corrected. The
structure was solved by the direct method (SHELXS86) [108] and refined using 3536
reflections by full-matrix least-squares method (SHELXL93) [109]. Anisotropic tem-
perature factors were used for all non-hydrogen atoms, and for hydrogen atoms the
calculated positions and isotropic temperature factors are adopted. The crystallo-

graphic data are listed in Table 4.1.
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We calculated the molecular orbitals of the C;TET-TTF donor on the basis of
the extended Hiickel method [110]. The transfer integral ¢ was estimated from the
overlap integral s using the equation ¢t=Fs, where the E is the constant value of
the order of HOMO energy —10 €V [110]. The band structure was calculated by
means of tight binding method. The HOMO level of the donor is considered to be
3/4-filled from the chemical formula.

The electrical resistivity to the c-axis was measured by four-probe method under
ambient pressure in the temperature range 190-300 K. ESR measurements were car-
ried out in the applied field parallel to the a*, b and c-axes in the temperature range
3-300 K, using a conventional X-band ESR spectrometer (JEOL JES-TE200) and
a helium continuous flow type cryostat (Oxford ESR910) for temperature control.
The magnetic field and the microwave frequency were calibrated by a gaussmeter
(JEOL NMR field meter ES-FC5) and a frequency counter (Advantest microwave
counter TR5212), respectively. A single crystal was mountéd on a Teflon rod by
silicone greé,se, and sealed in an ESR quartz tube with thermal exchange gas (He
10 Torr). The temperature dependencé of the magnetic susceptibility was mea-
sured by a SQUID magnetometer (Quantum Design MPMS-5) in the applied field
H=10 kOe parallel to the a*, b and c-axes in the temperature range 1.8-400 K. The
single crystals, where the crystal axis were collimated, were mounted on a plastic
straw with silicone grease. The spin susceptibility was estimated by subtracting
the Pascal diamagnetic contribution yg4a=—4.49%x10"* emu/mol (1mol=(C,TET-
TTF)2Br)) from the total susceptibility. In the calculation of the core diamagnetic
susceptibility, the contribution of C;TET-TTF donor is obtained from the observed

value x=—2.09x10~* emu/mol of neutral C; TET-TTF donor at room temperature.
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Table 4.1: Crystallographic data of (C;TET-TTF),Br.

Chemical Formula

Chemical Formula Weight

Cell setting
Space group

a ()

b (A)

c (A)

8()

V (A3)

VA

D, (Mg-m™?)
Radiation type
Wavelength(A)

Temperature(K)
Crystal size (mm®)

CaoH205:6Br
853.23
Monoclinic
P21/a
27.71(5)
11.11(2)
5.037(8)
90.6(1)
1551(4)

-2
1.827
Mo Ka
0.71073
293
0.50x0.37x0.33

No. of independent reflections 3537

No. of observed reflections

R[F? > 20(F?)]
wR(F?)
Weighting scheme

2394(1 > 20(I))

0.0685

0.1988

w = 1/[0c*(Fo?) + (0.1452P)?
+1.7684 P, where P =
(Fo> +2F.%)/3
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4.3 Experimental Results

At the beginning, we present the crystal structure of (C,TET-TTF),Br.

Table 4.2, Table 4.3 and Table 4.4 summarize the atomic coordinates and the
displacement parameters, the anisotropic temperature factors, and the intramolec-
ular distances and bond angles. The molecular structure and the atom indices
are shown in Fig. 4.1. Also, the crystal structure is shown in Fig. 4.2. There is
one independent donor molecule in a unit cell, while a Br atom is at the position
of inversion center. Since all donor molecules are crystallographically equivalent,
they are expected to have the same partial charge +0.5 taking into account the
donor-to-anion ratio of 2:1. There is the absence of disordered sites of ethylene
groﬁps and methylthio groups attached to the TTF moieties, although the ther-
mal motions of methylthio groups are a little large. The intermolecular short S..S
contacts within the C;TET-TTF layer are shown in Fig. 4.3. The shortest inter-
molecular S...S contacts are 3.574(6)A (S3-S8) in the intrastack direction (c-axis)
and 3.586(7)A (S6-S7) in the interstack direction (b-axis), respectively, which are
slightly smaller than the sums of the corresponding to the van der Waals radii 3.60A.
As a consequence, C;TET-TTF donors form a loosely two-dimensional lattice in the
bc-plane, where the donor arrangement has zigzag feature with a head-to-tail config-
uration in the interstack direction. Every C;TET-TTF molecule is surrounded by
six neighboring donor molecules as shown in Fig. 4.4, resultihg in the formation of
two-dimensional hexagonal packing structure with the absence of dimerization sim-
ilar to the 8-(BEDT-TTF),X salt (X=I3, Cuy(CN)[N(CN).];) [105, 111]. In view of
the symmetry of the structure, the donor molecules of the -BEDT-TTF salts are
known to be located at centrosymmetric sites, in contrast to the present salt. In the
present compound, the dihedral angle is estimated at 57.6(2)° between the molecu-
lar plangs of adjacent donors interrelated by the screw axis symmetry. We note that
the asymmetric donor molecules are oriented in the same direction within a column,

which is not so common among ordinary asymmetric TTF derivative salts where
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donor molecules used to have a head-to-tail configuration in the column except the
cases of the present salt and some other salts [112]-[114].

The overlap integrals of the donor HOMO are calculated on the basis of the
two-dimensional donor arrangement given in Fig. 4.4, which shows the coexistence
of intrastack(c) and interstack(b;, b;) interactions. The estimation provides by =5.4,
by=4.3 and ¢=5.8x1073, that reveals a two-dimensional character in the energy band
caused by small differences in the strengths of the transfer integrals in all the in-plane
dire'ctions. The magnitude of the overlap integrals are a little small in comparison to
usual BEDT-TTF salts with two-dimensional layer, accompanyed by the absence of
strong S...S contacts. These feature of weak and isotropic overlaps is also observed
in 6-(BEDT-TTF),X salt (X=I3, Cuy(CN)[N(CN););) [105, 111], which is considered
as the characteristic of the 8 or §-like moleculafpa,cking structure. Figure 4.5 shows
the band structure and the Fermi surfaces calculated by the tight binding method.
The band calculation suggests the presence of two-dimensional metallic bands that
generate two sets of quasi-one-dimensional Fermi surfaces, though these band widths
are narrow ranging about 0.4 eV due to the small overlap integrals. Since the
degeneracy in the M-Y dispersion is caused by the crystallographic symmetry, the
3/4-filled nature is intrinsic. On the other side, the first Brillouin zone has the half-
filled feature taking into account the Harrison’s simplest band construction in the
presence of two molecules per unit cell.

Figure 4.6 shows the electrical resistivity, which behaves semiconductive with a
single activation energy E,=0.6 €V in the investigated temperature range 190-300K
and indicates the room temperature resistivity value of py=40 Qcm. This observa-
tion is in disagreement with the band calculation which suggests metallic nature.v
- This discrepancy will be discussed later. The ESR signal shows the line shape of
single Lorentzian type whose g-values and peak-to-peak line widths are g,»=2.0113,
9v=2.0061, g.=2.0055 and AH,»=15.6, AH,=14.6, AH.=17.6 G at room tempera-
ture in the applied field parallel to the a*, b and c-axes, respectively. Taking into
account that these g-values resemble those of BEDT-TTF donors [62] having similar
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electronic structure, the unpaired m-electrons observed in the ESR measurements are
considered to reside on the C; TET-TTF molecules. The temperature dependence
of the line width and the g-value are shown in Fig. 4.7. The line widths show a weak
increase below about 100 K with decreasing the temperature and tend to saturate
below about 20 K, which suggests the presence of the magnetic short range order
effect. They exhibit a broaden-out abruptly below 5 K, indicating the onset of anti-
ferromagnetic ordering in the low-dimensional antiferromagnet. The g-values show
temperature independent behavior above 20 K, and a slig'ht decrease with lowering
the temperature below 20 K that is generated by the short range order effect [115],
and then finally they increase suddenly with the concomitance of the broaden-out
in the line width below 5 K.

Figure 4.8 shows the magnetic susceptibility and the reciprocal susceptibility as a
function of temperature in the applied field parallel to the c-axis. The susceptibility
shows the Curie-Weiss behavior in the high temperature range, and then it shows
a broad hump of low-dimensional antiferromagnetic short range order around 12 K,
that is considered to be related to the weak increase in the line width observed in
the same temperature range. In the temperature range 30-290 K, the susceptibility
data in the field parallel to the a*, b and c-axes are well represented by the sum of a
Curie-Weiss term and a temperature independent one after the correction of Pascal
diamagnetic contribution;

C
| X=r7"%g + Xo-
Using this equation, the analysis of the c-axis data gives the Curie constant C'=0.454
+0.002 emu-K/mol, the antiferromagnetic Weiss temperature §=~17.3+0.7 K and
the temperature independent diamagnetic susceptibility Xo=—1.140.1x10"* emu/mol,
where 1 mol involves one formula unit (C; TET-TTF),Br. These values for the c-axis
are in good agreement with those for the a* and b-axes. From the Curie constant,
the spin density (S=1/2) is estimated at N=1.2 spin/mol using the ESR g-value;
namely, there exists one localized magnetic moment of S=1/2 in two donors. It

is noticeable that the susceptibility contains the temperature independent term Yo,
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even after the correction of Pascal diamagnetic contribution xgia. The magnitude
of the xo amount about 25% of the xgia. The origin of the xp is possibly due to
the m-electron ring current in the donor molecule. The correction is expected to
be affected by the valence state of the donor, namely, I have used the observed
core diamagnetic susceptibility of the neutral donor for the evaluation in the charge
transfer complex by neglecting the partial valence feature (+0.5) in the actual case.
However, the temperature independent term is not solely explained by the correc-
tion of the core susceptibility because the enhancement in the core diamagnetism of
BEDT-TTF complexes having similar extended m-electronic strucfure to C,TET-
TTF is only 4% from the corresponding neutral donor [80]. Therefore, the origin of
the temperature independent term remains unsolved for (C, TET-TTF),Br.

Figure 4.9 represents the detailed susceptibility behavior in the temperature
region below 30 K in the applied field parallel to the a*, b and c-axes. The sus-
ceptibilities have an antiferromagnetic short range order hump around 12 K. The
difference of the susceptibility between the a*-axis and the b, c-axes is explained by
the difference in the g-values. Below T'=3 K, the susceptibility shows an abrupt
increase for the a*, b and c-axes. The behavior of the susceptibility and the ESR
line width broadening in the low temperature range suggest the appearance of an
antiferromagnetic order at Ty=3 K. It is worth noting the absence of magnetic
anisotropy below Ty among the susceptibilities in the field applied parallel to the
three independent crystallographic axes. Although a possible explanation for this
is the deviation of the easy spin axis from these crystallographic axes, the origin
remains unspecified. Figure 4.10 shows the magnetization curves in the field par-
allel to the b and c-axes at 2 K up to 5 T, which indicates a slightly concave with
the absence of an apparent spin-flop transition. The behavior of the magnetization
a,pp'ears in the field parallel to a*-axis is similar to that with the field parallel to
the b and c-axis. The concave feature indicates that the large spin reduction in the
S=1/2 Heisenberg antiferromagnet with quantum spin fluctuation is suppressed by

the external field in the ordered state [116, 117].
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Table 4.2: Fractional atomic coordinates and equivalent isotropic displacement
parameters of (C;TET-TTF),Br (see Fig. 4.1 for the atom indices). Dis-
placement parameter U, is defined on the basis of the following equation
Ueq=(1/3)2;3";Uijai*a;*aja;. Displacement parameters for H atoms are fixed on
the value of the bonding carbon atoms.

Atom x y z Ueq/A?
Br 0.0000 0.0000 0.0000 0.053
Cl  0.2260(2) 0.5777(5) 0.1487(11) 0.031(1)
C2  0.1856(2) 0.5759(6) -0.0123(12) 0.034(1)
C3  0.2918(2) 0.5219(6) 0.4924(12) 0.034(1)
C4  0.3046(2) 0.6300(5) 0.3982(12) 0.034(1)
C5  0.1066(2) 0.5133(6) -0.2488(12) 0.036(1)
C6  0.1191(2) 0.6174(6) -0.3662(11) 0.036(1)
C7  0.3748(3) 0.5185(7) 0.8101(13) 0.045(2)
C8  0.3954(2) 0.5902(7) 0.5858(13) 0.044(2)
C9 0.0458(3)  0.3352(9) -0.0630(17) 0.071(3)
C10  0.0497(3) 0.7886(7) -0.4296(16) 0.059(2)
S1 0.23882(6) 0.4585(1) 0.3636(3) 0.037
S2 0.26803(6) 0.6927(2) 0.1493(3) 0.041
S3  0.14457(6) 0.4577(2) -0.0005(3)  0.040
S4  0.17267(6) 0.6860(2) -0.2488(3)  0.039
S5 0.32184(7) 0.4315(2) 0.7263(4)  0.050
S6  0.35674(6) 0.7127(2) 0.4796(4)  0.047
S7 0.05374(7) 0.4358(2) -0.3362(4) 0.052
S8 0.08615(6) 0.6865(2) -0.6222(3)  0.043
H7A  0.3667(3) 0.5733(7) 0.9529(13) 0.054
H7B  0.3995(3) 0.4642(7) 0.8768(13) 0.054
HSA  0.4009(2) 0.5371(7) 0.4363(13) 0.053
HSB  0.4264(2) 0.6227(7) 0.6411(13) 0.053
H9A  0.0173(3) 0.2878(9) -0.0921(17) 0.106
HOB  0.0425(3) 0.3807(9) 0.0978(17) 0.106
HIC  0.0733(3) 0.2832(9) -0.0480(17) 0.106
H10A 0.0291(3) 0.8340(7) -0.5465(16) 0.088
H10B 0.0703(3) 0.8425(7) -0.3320(16) 0.088
HI10C 0.0303(3) 0.7434(7) -0.3080(16) 0.088
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Table 4.3: Anisotropic temperature factors (A?).

U23

atom Uy Us2 Uss P Uis

Br _ 0.0459(6) 0.0508(6) 0.0608(7) _ 0.0070(4) -0.0065(5) -0.0135(5)
Cl  0034(3)  0.031(3)  0.029(3)  0.004(2) -0.001(2)  0.002(2)
C2  0.036(3) 0.033(3) 0033(3)  0.006(2) 0.002(2) 0.000(2)
C3  0.038(3) 0.034(3) 0.030(3)  0.003(3) -0.001(2) -0.002(2)
C4  0.034(3) 0.028(3) 0.039(3)  0.003(2) -0.001(2) -0.001(2)
C5  0037(3)  0.036(3)  0.034(3)  0.006(3) -0.004(2) -0.002(2)
C6  0.041(3) 0.038(3) 0.028(3)  0.009(3) -0.003(2)  0.002(2)
C7  0.043(4)  0.057(4)  0.034(3)  0.001(3) -0.010(3) -0.001(3)
C8  0.0353)  0.059(4)  0.039(3) -0.001(3) -0.007(3) -0.005(3)
C9  0069(5)  0.081(6)  0.062(5 -0.037(5)  0.012(4)  0.006(5)
C10  0.071(5)  0.046(4)  0.059(5)  0.024(4)  0.007(4)  0.002(3)
S1  0.0400(8) 0.0305(7) 0.0415(3) -0.0035(6) -0.0062(7) 0.0052(6)
S2 0.0398(9) 0.0369(8) 0.0471(9) -0.0022(7) -0.0036(7) 0.0120(7)
S3  0.0433(9) 0.0336(3) 0.0431(9) -0.0026(6) -0.0076(7) 0.0061(6)
S4  0.0418(9) 0.0388(8) 0.0360(3) -0.0003(7) -0.0019(6) 0.0066(6)
S5 0.0554(11) 0.0388(9) 0.0542(10) -0.0036(8) -0.0175(8) 0.0133(8)
S6  0.0421(9) 0.0347(9) 0.0638(11) -0.0054(7) -0.0071(8) 0.0013(7)
ST 0.0492(10) 0.0503(11) 0.0550(11) -0.0068(8) -0.0133(8) 0.0016(8)
S8 0.0497(10) 0.0477(9) 0.0328(8)  0.0111(8) -0.0025(7) 0.0026(7)
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Table 4.4: Bond lengths and angles of C;TET-TTF (see Fig. 4.1 for the atom

indices).

Bond length (A)

C1-C2 1.377(9) C5-Cé6 1.346(9)
C1-52 1.728(7) C5-S3 1.740(7)
C1-S1 1.745(6)  C5-S7 1.751(7)
C2-S3 1.737(7)  C6-S8 1.750(7)
C2-54 1.742(7) C6-S4 1.765(7)
C3-C4  1.340(9) C7-C8 1.501(10)
C3-S1 1.748(7) C7-S5 1.804(8)
C3-55 1.752(7)  C8-S6 1.810(8)
C4-52 1.748(7)  C9-S7 1.788(9)
C4-56 1.758(7)  C10-S8 1.808(8)
Bond angle (°) :

C2-C1-S2 123.8(5) S3-C5-S7  120.3(4)
C2-C1-S1 120.9(5) C5-C6-S8 124.4(5)
$2-C1-S1 115.3(4) C5-C6-S4  116.4(5)
C1-C2-S3 121.3(5) $8-C6-S4  119.2(4)
C1-C2-54 1235(5) C8-C7-85 115.1(5)
S3-C2-84 115.1(4) C7-C8-S6 113.1(5)
C4-C3-S1 117.0(5) C1-S1-C3  95.1(3)
C4-C3-S5 128.8(5) C1-S2-C4  95.3(3)
$1-C3-S5 114.2(4) C2-S3-C5  95.7(3)
C3-C4-S2 117.2(5) (C2-54-C6  95.3(3)
C3-C4-S6 127.2(5) C3-S5-C7  103.3(3)
$2-C4-96 115.4(4) C4-S6-C8  99.2(3)
C6-C5-S3 117.6(5) C5-ST-C9  102.9(4)
C6-C5-S7 122.1(5) (C6-S8-C10  99.8(4)
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Figure 4.2: Crystal structure of (C;TET-TTF),Br, where the donor molecule have
the alternating stacking along the a-axis [48].
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Figure 4.3: Intermolecular S...S distance of (C;TET-TTF);Br within the corre-
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Figure 4.4: The arrangement of C; TET-TTF donors projected on the bc-plane. The
calculated overlap integrals are b1=5.4, 62=4.3 and c=5.8x107° [48].
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' Figure 4.5: Band structure and Fermi surfaces of (CiTET-TTF);Br. The energy
scale is given on the basis of the donor HOMO energy (—10 eV) [48].
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Figure 4.6: Temperature dependence of the electrical resistivity, which is the semi-
conductive behavior with a single activation energy of E,=0.6 eV.
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Figure 4.7: Temperature dependence of ESR line widths (a) and g-values (b) in
the applied field parallel to the a*(()), b(A) and ¢(O)-axes. The insets show the
detailed behavior in the low temperature range, suggesting the presence of an anti-
ferromagnetic ordering at Ty=3 K [48].
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Figure 4.8: Temperature dependence of magnetic susceptibility and reciprocal sus-
ceptibility in the field of H=10 kOe applied parallel to the c-axis. xo=—1.1x10"*
emu/mol denotes the temperature independent term in the susceptibility. The mole
unit corresponds to the formula unit of (C;TET-TTF);Br. The best fitting with
a single Curie-Weiss contribution gives the spin density N=1.2 spin/mol and the
Weiss temperature §=—17.3 K [48].

194



—_
a0
T

|

—
o
I

x (102emu/mol)
o
o

Figure 4.9: Temperature dependence of magnetic susceptibility at low temperatures
below 30 K in the applied field of H=10 kOe parallel to the a*(0), b(<) and ¢(O)-
axes. The solid line denotes the theoretical fitting for the two-dimensional square
lattice Heisenberg antiferromagnet model [88] in the temperature range 8-290 K,
where 0.5 spin with S=1/2 is allotted to one C;TET-TTF donor according to the
charge distribution. The exchange interaction is estimated at J=—6.1 K. An antifer-
romagnetic transition is observed at Ty=3 K. The inset shows the detailed behavior
around the antiferromagnetic transition [48].
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Figure 4.10: Magnetization curves in applied field parallel to the b and c-axes at 2 K
up to 5 T, which show a slightly concave without an apparent spin-flop transition.
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4.4 Discussion

The semiconductive nature with large activation energy and the presence of
localized magnetic moments on C;TET-TTF donors evidence features of Mott in-
sulator generated by the competition between the on-site Coulomb interaction and
the transfer integral. Comparison to the reported BEDT-TTF-based Mott insu-
lators [18]-[22],[103] provides a good suggestion on the electronic structure of the
present compound. For instance, o/ and #-ET3X type Mott insulators have in-
trinsic half-filled bands, which are realized by the band splitting due to the strong
dimerization of donor molecules. In these compounds, the competition between
the .interdimer transfer integral and the effective on-site Coulomb interaction Ueg,
the latter of which is given by the intradimer transfer integral, generates the Mott
insulating state, where the magnetic moment is well localized around the region con-
fined in the dimerized unit of BEDT-TTF molecules. The effective on-site Coulomb
interaction U.g defined as the on-site Coulomb energy in é dimer unit is given by

U - V U2 + 4tin ra2
Ueff - 9 : =+ 2Itintra| ~ 2'tintml ,(fOI‘ U > ltintral), (41)

where U is the on-site Coulomb energy of the individual donor and #jner, is the intra-
dimer transfer infegral. On the contrary, the present compound has the 3/4-filled
band structure due to the uniform donor stacking, indicating that this compound
is not likely to the ordinary Mott insulator, although the band structure of this
compound has the half-filled nature in the first Brillouin zone as shown in Fig. 4.5. In
this sense, the picture of the donor-dimer-based Mott insulating state is failed here,
suggesting that the region, where a localized moment exists, is extended widely in a
unit cell. Consequently, the features of the electron localization are considered to be
situated far from those of Mott insﬁlator state realized in the ordinary BEDT-TTF
complexes and are just around the Mott boundary inlthis compound. Moréover, it
is possible that this less localized nature affects the magnetic behavior in (C,TET-
TTF);Br. |
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Now, we discuss the magnetic structure and the exchange interaction mecha-
nism in details. Taking into account that all donors molecules are crystallograph-
ically equivalent, all the donor molecules are equally charged due to the charge
transfer to anions. Here, it is likely to assume that 0.5 spin with S=1/2 exists
on a donor molecule within the consideration of the X-ray average structure, al-
though the underlying physics behind it remains to be clariﬁed in the future. The
antiferromagnetic exchange interaction Jox—t?/U between the donor molecules is
described in terms of the transfer integral ¢ and the on-site Coulomb interaction U.
Thﬁs, the above consideration leads to the estimation of the exchange interactions
Jiox—tp2/U~—1,2/U and Jyoc—ty3% /U for magnetic neighbors in the different three
directions in the bc-plane, where the ratio of the exchange interactions is given to
be J3/J1~0.5 from the extended Hiickel electronic structure calculation discussed
before. From the information on the structure and the band calculation, as shown
in Fig. 4.11, the predominant exchange interactions J; form a distorted square mag-
netic lattice, while J; causes the frustration in the spin arrangement. Therefore,
the exchange interaction network is described in terms of a triangular lattice with
two kinds of antiferromagnetic exchange interactions J; and J;, where the magnetic
moments in the distorted square lattice formed by the stronger interactions J; are
coupled to each other through the weaker interactions J,.

In the case of J;=J;, the magnetic system is described as a two-dimensional regu-
lar triangular lattice antiferromagnet, which provides interesting models for classical
and quantum spins [118, 119]. Namely, in the two-dimensional regular ”triangular”
lattice, the next nearest neighbor of a magnetic site is the nearest neighbor of the
magnetic site, where the antiferromagnetic interaction causes a novel spin arrange-
ment with frustration feature. Meanwhile, in the present case having Jy>J3, the
magnetic lattice is expected to be the distorted triangular one. It is possible to
compare this compound with CuCl,-graphite intercalation compounds(GIC), where
Cu** magnetic moments form an S=1/2 two-dimensional distorted triangular lattice

Heisenberg antiferromagnet [120]. The susceptibility of CuCl,-GIC has a magnetic
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Figure 4.11: Schematic representation of the triangular magnetic lattice for the
C,TET-TTF layer with antiferromagnetic interactions J; and Ja.

short range order hump characteristic of low-dimensional antiferromagnet around
60 K and no magnetic phase transition above 0.5 K, which is explained by the spin
frustration in the S=1/2 triangular lattice Heisenberg antiferromagnet.

Here, we examine the presence of the spin frustration in view of the estimation of
the exchange interaction in this compound. To my knowledge, there is no theoretical
prediction for the susceptibility of the two-dimensional distorted triangular Heisen-
berg antiferromagnet. Thus, the susceptibility with a hump is analyzed by means
of the two-dimensional square lattice antiferromagnetic Heisenberg model [88] with
predominant exchange constant J;. The susceptibility is well described by the two-
dimensional square lattice Heisenberg antiferromagnet model with the exchange en-
ergy of J;=—6.1 K as shown in Fig. 4.9. It is worth reminding that the estimated ex-
change interaction is one order of magnitude small in comparison with the exchange
interactions of o, 8’-(BEDT-TTF),X and 6-(BEDT-TTF),Cuy(CN)[N(CN),]; salts.
Actually, the transfer integral between the adjacent dimers in o’ and @’-(BEDT-

TTF),X salts, which have a two-dimensional square antiferromagnetic lattice with
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dimerized donors having S=1/2 [19]-[21], is in the same range to the transfer inte-
grals of the present compound in spite of the large difference in the magnitudes of the
exchange interactions. Furthermore, in §-(BEDT-TTF),Cuz(CN)[N(CN),], which
has the similar distorted triangular antiferromagnetic lattice [111] to the present
compound, the transfer integral is also in the same range. In this case, the ratio
of fhe exchange interactions estimated at Jy/J;=0.1 is considerably smaller than
that in the present compound, suggesting that the predominance of J; makes spin
frustration considerably depressed. Consequently, the difference in the exchange
interactions between the present compound and the above BEDT-TTF salts is sup-
- posed to be associated with the frustrated spin arrangement through the competition
between the antiferromagnetic interactions J; and J;. In other words, the compe-
tition between antiferromagnetic J; and J; is considered to strengthen the features
of spin frustration in (C,;TET-TTF),Br, resulting in the reduction of the apparent
value of the estimated exchange interaction. It is also worth pointing out the im-
portance of the novel electronic structure for the novel maghetic features, that is,
the less localized nature in the electronic structure, discussed before in relation to
the peculiar features realized in Mott boundary, is suggested to cause the reduction
in tile strengths of exchange interactions in comparison with the ordinary organic

magnetic insulators having well localized magnetic moments on the donor molecules.
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4.5 Summary

We investigate the crystal structure and physical properties of organic antifer-
romagnet (C; TET-TTF),Br in order to contribute to the developments of magnetic
organic molecular conductors. In (C;TET-TTF);Br, the donor molecules form two-
dimensional #-type donor arrangements with the absence of donor dimerization that
the ordinary BEDT-TTF complexes behaving as Mott insulators have. The resis-
tivity behaves semiconductive with a single activation energy FE,=0.6 eV, which
is in disagreement with the band calculation. ESR and the magnetic susceptibility
prove the presence of localized magnetic moments S=1/2 on donor molecules, whose
concentration is ‘given to be the assumption of 0.5 spin/donor. These findings appre-
ciablely evidence the features of Mott insulating state in this compound, although
the absence of donor dimerization suggests that the magnetic moments are less local-
ized. The temperature dependence of ESR line width shows a broaden-out abruptly
below 5 K. The susceptibility shows the Curie-Weiss behavior having the antiferro-
magnetic Weiss temperature §=—17.3 K in the high temperature range, it shows a
broad hump of low-dimensional antiferromagnetic short range order around 12 K,
and finally suggests the presence of éntiferromagnetic long range ordering below
Tn=3 K. The consideration based on the calculation of the transfer integral reveals
" the feature of an S=1 /2 two-dimensional distorted triangular Heisenberg antifer—’
romagnetic lattice with exchange interactions J; and J; having different strengths
(J1>J2). The fitting to the model of a square lattice Heisenberg antiferromagnet
gives the estimate of exchange interaction J;=—6 K by neglecting J,, which is con—v'
siderably small in comparison with the similar systems belonging to BEDT-TTF
complexes. This demonstrates the important role played by the spin frustration
in the triangular antiferromagnetic arrangement formed through the competition
of two antiferromagnetic interactions with different strengths. The less localized
electronic state realized in the 3/4-filled band structure is also considered to be

responsible for the novel features of magnetism.
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Chapter 5

General Conclusion



Organic charge transfer complexes are eminently suitable for the develop-
ment of molecular magnets. In these complexes, m-electrons system gives a large
variety of magnetic interactions in the low-dimensional electronic structures with
the competition between the transfer integral and the on-site Coulomb interaction.
In the large on-site Coulomb interaction, the systems form the low-dimensional mag-
net composed by the m-electrons on the organic molecules. In the case, with the
competition between the transfer integral and the on-site Coulomb interaction, the
systems become itinerant magnets with the coexistence of electron transport and
magnetism. In the case of the transfer integral overwhelming the on-site Coulomb
interaction, the systems give a metallic staté. To the above system, I introduce mag-
netic anions consisting of 3d transition metal halides, where the interaction between
the m-electrons on organic molecules and the localized d-electrons of the anions is
expected to provide novel magnetic interactions through the 7-d interaction. On
the basis of these stand points of organic cation radical salts, we have developed
magnetic organic systems using various TTF or TTP-types organic dqnors. Among
these salts, we have obtained two interesting systems classified into different two
categories (BEDT-TTF)3CuBry and (C, TET-TTF),Br. In the former, the presence
of m-d interaction gives novel electronic properties related to the coexistence of the
electron transport and magnetism. Meanwhile, the latter shows the feature of a low-
dimensional quantum spin system composed by the m-electron magnetic moments.
Here, we summarize the essence of the results in the present thesis.

In Chapter 2, I present my trial on the development of organic metal magnets
having the n-d interaction on the basis of the cation radical salts with a various
TTF or TTP-type donors. I employed the cation radical donor BEDO-TTF(BO),
C;TET-TTF, BMDT-TTF, EDT-TTF, EOPT, EOOT, BDT-TTP, TMEO-TTP,
TEMT-TTP and CPTM-TTP as organic conduction parts and 3-d transition metal
halides as the counter anions for the localized magnetic moments. The obtained
crystals were characterized by means of EDX for elemental analysis, X-ray crystal

structure analysis, electrical resistivities, EPR and magnetic susceptibilities. The
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imp‘orta,nt results for the obtained crystals are summarized below. The resistivity
measurements found some metallic salts BO3gCoCls and BO4sMnCly or the semi-
conductive behavior salts (EDT-TTF);CuCly and (TMET-TTP),FeCl, with the low
activation energy. However, EPR measurements and magnetic susceptibilities sug-
gest the absence of strong exchange interactions for most of obtained crystals. Since
X-ray crystal structure analysis were unsuccessful due to the poor qualities of the
crystals, it is difficult that we discuss the detailed solid state properties.

In Chapter 3, I investigated (BEDT-TTF)3CuBr, systematically in view of the
m-d interaction in organic cation radical salts, resulting in the clarification of novel
electronic structure related to the coexistence of electronic transport and magnetism.
(BEDT-TTF)3CuBr, has alternate stacking of two-dimensional conducting sheets
of BEDT-TTF donors and two-dimensional magnetic layers of CuBr,®~ where the
donor sheet consists of two kinds of BEDT-TTF mélecules, neutral molecule A and
cation radical molecule B with the composition of A/B=1/2. It has two phase
transitions at 7,=59 K and Ty=7.65 K at ambient pressure, and shows the remark-
able decrease in the electronic resistivity under pressure. Above T, the magnetic
susceptibility obeys the Curie-Weiss law with the large antiferromagnetic Weiss tem-
perature 8=—100K. The large Weiss temperature proves the existence of the strong
m-d interaction between the BEDT-TTF conducting sheet and the Cu®** magnetic
sheet in the high temperature phase above T,. The observed spins correspond to two
magnetic moments on BEDT-TTF B molecules and one Cu?* spin. The existence
of the magnetic moments on BEDT-TTF molecules suggests that the BEDT-TTF
layer is described by a Mott insulator above T realized by the charge separation of
BEDT-TTF A and B molecules. At T, the large discontinuous drop of the suscep-
tibility is caused by the disappearance of the magnetic moments on the BEDT-TTF
B molecules. Taking into account that the low-temperature X-ray analysis shows
the dissolution of the charge disproportionation between A and B donor molecules
below T, the disappearance of the magnetic moments at sites B suggests that the

transition is caused by the transition from a Mott insulator to a band insulator with
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the first order nature. The resistivity shows a remarkable decrease with applying the
pressure, and the metallic phase is stabilized in the high temperature range above
T. above 7 kbar. Further, the magnetic susceptibility decreases with increasing the
pressure in the high temperature Mott insulator phase in the vicinity of the insulator-
to-metal boundary at high pressures. These feature of the electronic and magnetic
properties under pressure proves that the insulator-to-metal transition at 7 kbar is
characterized as the Mott metal-insulator transition. In the low temperature region
below T, the magnetic susceptibility is governed by the two-dimensional Heisenberg
antiferromagnetic layer of Cu?* spins with the large exchange energy J3_4=—15.7 K,
and it undergoes an antiferromagnetic transition at Tjy=7.65 K. The large exchange
interaction between Cu?t jons is caused by the widely extended of the localized
d-electrons to the Br ligands on CuBr4®~ anion. The presence of the magnetic long
range order suggests a important role of the interlayer interaction mediated by the
m-electrons of BEDT-TTF molecules having itinerant nature.

In Chapter 4, I investigate the crystal structure and physical properties of or-
ganic antiferromagnet (C; TET-TTF).Br as a low-dimensional quar_ltum spin system
comprising magnetic moments of m-electrons on the donor molecules. The donor
molecules consist of two-dimensional 6-type donor arrangements without the donor
dimerization that the ordinary BEDT-TTF complexes behaving as Mott insulators
have. The resistivity behaves the semiconductive type with a single activation energy
E,=0.6 eV, which is in disagreement with the band calculation of extended Hiickel
metlhod. ESR and the magnetic susceptibility prove the presence of localized mag-
* netic moments S=1/2 on donor molecules, whose concentration is given to be the

assumption of 0.5 spin/donor. These findings appreciably evidence the feature of
Mott insulating state in this compound, although the absence of donor dimerization
suggests that the magnetic moments are less localized. The temperature depen-
dence of ESR line width shows a broaden-out abruptly below 5 K. The susceptibil-
ity shows the Curie-Weiss behavior with the antiferromagnetic Weiss temperature

0=-17.3 K in the high temperature range. It shows a broad hump characteristic

205



of the low-dimensional antiferromagnetic short-range—ofder effect around 12 K, and
finally suggests the presence of antiferromagnetic long-range-order below Tn=3 K.
The consideration based on the calculation of the transfer integral reveals the fea-.
ture of an S=1/2 two-dimensional distorted triangular Heisenberg antiferromagnetic
lattice with exehange interactions J; and J, having different strengths (J;>J3). The
fitting to the model of a square lattice Heisenberg antiferromagnet gives the exchange
intei'action Jix~—6 K by neglecting J,, which is considerably small in comparison
with the similar systems belonging to BEDT-TTF complexes. This demonstrates
the important role played by the spin frustration in the triangular antiferromagnetic
arrangement formed through competition of two antiferromagnetic interactions with
different strengths. The less localized electronic state realized in the 3 /4-filled band

structure is also considered to be responsible for the novel features of magnetism.

I describe the future scope of the investigation in my thesis. As discussed above,
I have investigated the solid state properties of organic cation radical salts (BEDT-
TTF)3CuBry and (C;TET-TTF),Br, and developed new organic metal magnets
with m-d interaction. Nevertheless, we remain to solve the problems for their com-
pounds. Thus, I will carry out the measurements to solve the problems as described
below.

In (BEDT-TTF)3CuBry, the present band calculation on the basis of the extend
Hiickel method can not explain the solid state properties. Namely, the magnetic
susceptibility indicates that the present compound is described by Mott insulator
which requires the half-filled band structure within the one-electron approximation,
while, the present band calculation shows the narrow band gap state at the Fermi
energy, suggesting the band insulator. Consequently, we will need to calculate the
band structure using more sophisticated calculation method in order to solve the
disagreement between the experimental findings and the band calculation.

Next, I will measure the temperature and the pressure dependence of optical

reflectance spectra. As discussed in Chapter 3, the phase transition at 7. is caused
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by the dissolution of the charge separation between BEDT-TTF A and B molecules.
However, the valence state of BEDT-TTF molecules are estimated by the bond
lengths from the X-ray structure analysis, which does not provide the detailed tem-
perature dependence of the valence state of BEDT-TTF molecules precisely. More-
over, we do not have the information of the charge distribution under pressure.
Marsden et al. indicates the charge separation between BEDT-TTF molecules from
C—S stretching mode in the measurement of the optical spectra [14] at room tem-
perature. Thus, we will be able to estimate the detailed temperature dependence
and the pressure dependence using the optical spectra, which providé the favorable
information for the consideration of the band structure under pressure.

Thirdly, I will carry out the high pressure resistivity above 25 kbar. In the
present thesis, we do not find out the apparent instability in the metallic electronic
state associated by the w-d interaction. However, the pressure-temperature phase
diagram suggests the possibility of the metallic state in the low temperature above
25 kbar. As a consequence, I will measﬁre the electrical resistivity above 25 kbar to
find out the feature of metallic electronic instability caused by the 7-d interaction.

In (C,TET-TTF),;Br, I am interested in the high pressure resistivity measure-
ments. As discussed in Chapter 4, the present compound has a less localized nature
of the magnetic moments on the organic donor molecules. However, the electronic
transport shows the semiconductive behavior with a large activation energy. Here,
the application of the pressure increases the transfer integrals between the donor
molecules, resulting in reduction of the charge localization. Thus, the resistivity
measurement under high pressure can be used to investigate the origin of the local-
ization.

Next, I will measure the magnetic heat capacity in the low temperature range
to investigate the origin of the antiferromagnetic transition. As shown in Chapter
4, the EPR line width is broadened out at 3 K, which suggests the magnetic long
range order at 3 K. However, the magnetic susceptibility shows a slight anomaly

and have no magnetic anisotropy below Ty=3 K which is away from the ordinary
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antiferromagnetic ordering state. The magnetic heat capacity provides the informa-
tion to consider the magnetic properties in detail. Consequently, I will carry out the
magnetic heat capacity measurement to find out the detailed feature of the magnetic
transition.

In the development of the organic cation radical salts having the strong n-d
interactions, the crystal structure determinations were unsuccessful for almost all
the obtained compounds because of the poor qualities of the obtained samples. Thus,
I will try to synthesize samples having better qualities and determine the crystal
structures, which make the detailed discussion possible for the magnetic interaction

in the obtained compounds.
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