Thesis

Electronic States of Molecular Compound, (DI-
DCNQI),M, (M =Li, Ag, Cu), and Doped System,
(DMe-DCNQI),Li1;..Cu,

Ko-ichi Hiraki

Department of Functional Molecular Science,
School of Mathematical and Physical Science,

Graduate University for Advanced Studies

1996



Preface

The author is interested in organic conductors based on DCNQI, which has provided
one-dimensional electronic structure and a variety of electronic phases. In this thesis, the
novel electronic states of DCNQI-M system have been searched for by 1) changing the
intercolumn interaction and band width, and 2) controlling the filling of the « band of
DMe-DCNQI columns through the Cu doping to the nearly pure one-dimensional
electronic system. The Cu doping is expected to cause some change in filling of the band
and generate three-dimensional nature through hybridization of the Cu 3d orbital with the-
7 band. The electronic states were investigated by resistivity, p, magnetic susceptibility, y
and 'H- and ®C-NMR measurements. The topics of 1) and 2) are described in chapters 3

and 4, respectively.
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TTF
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one (two, three) dimensional
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nuclear magnetic resonance
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electrical resistivity

magnetic susceptibility

g-value of electron

NMR shift

nuclear spin lattice relaxation rate



¥ gyromagnetic ratio of nucleus
I nuclear spin number
S electron spin number

Us Bohr magneton
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1-1 Organic conductors

There are increasing interests in the electronic properties of organic or molecular
conductors. The features of the organic compounds are summarized as follows,

1. controllability of the electronic properties by molecular modification

2. low-dimensionality (1D, quasi-1D, 2D)

3. strong correlation of conduction electrons

4. strong electron lattice interaction.

In this chapter, the historical aspects of organic conductors are described briefly.

The conducting charge transfer salt consists of a donner subsystem and an acceptor one,
either of both which are responsible for electronic conduction. When the molecules form
a stacking structure, the overlap of the w orbital of the molecules form a 1D conduction
band. TTF-TCNQ (Fig. 1-1-1) was an epoch-making charge transfer organic compound
which was first synthesized in 1970[1]. The planer molecules, TTF and TCNQ, stack to
form segregated 1D columns along the crystallographic 5 axis[2]. This compound has
high electrical conductivity along the & axis[2] even at room temperature. With
decreasing temperature, the high conductivity increases further more than that expected
in the normal metal (Fig. 1-1-2) [3]. At 53 K, the conductivity forms a peak and at lower
temperatures, it decreases rapidly. The peak of conductivity was considered to come from
fluctuations of the superconductivity[4]. But the possibility of the high temperature
superconductivity was roled out later. The anomaly is now understood as a metal-
insulator transition with lattice distortion, namely the Peierls transition[5]. TTF-TCNQ

introduced a new phenomena of CDW, which is a new mode of the Fermi surface



instability in the 1D electronic system.

TMTTF and TMTSF molecules are shown in Fig. 1-1-3. They form a charge transfer
complexes with nonmagnetic counter anions, X (X=PFq, AsFs, ClO4, Br, erc). The
electronic conduction in TTF-TCNQ is carried by two kinds of conducting columns, TTF
(hole conduction) and TCNQ (electron conductioﬁ). On the other hand, the conduction in
(TMTTF/TMTSF),X (abbreviated to TM,X) is carried only by the TMTTF/TMTSF
stack (hole conduction) as shown in Fig. 1-1-4[6]. Since the valency of the TM molecule
is +1/2, the filling of the quasi-1D 7 electronic band is turned out to be quarter. Many
member in the TM,X family behave metallic at high temperatures while they undergo
metal-insulator transition or charge localization (CL) at low temperatures[7]. In the
insulating states of this system, the collective modes of charge or spin has been frozenin a
different manner from that of TTF-TCNQ. The typical Pressure-Temperature phase
diagram of TM,X is shown in Fig. 1-1-5. The physics of this phase diagram is considered
as follows. As seen in the crystal structure (Fig. 1-1-4), we can see the two fold peﬁﬁdic
potential by the location of the anion, X (in this case, X=PFj), along the column axis. The
anion potential folds the Brillouin zone. The band structure is changed from quarter filling
to half filling, effectively. In presence of the large Coulomb repulsion, U, the system can
become a Mott insulator. This is considered to be the case in (TMTTF),PF, for example.
At lower temperatures, the local spins, appeared at CL transition, form a long-range
singlet-like state with lattice distortion along the column axis in this salt. The ground state
is the non magnetic spin-Peierls (SP) state. Applying pressure transfer the system toward
the right-hand side in the phase diagram[8] with a charge of the ground state to SDW

state due to liftinng of dimensionality. Replacing the sulfur atoms in TMTTF to selenium,



and changing the anion, X, are considered to have the same effect as application of
pressure. The most remarkable fact is that the superconducting state is situated in the
neighbor of the SDW state. In 1979, it was reported that (TMTSF),PFs shows
superconductivity around 1 K under a pressure of 12kbar[9]. This is the first report of the
superconductivity in the organic compounds. In 1980, (TMTSF),ClOs was reported to
shows superconductivity at ambient pressure[10]. But most of TM>X systems undergo
the metal-insulator transition at ambient pressure due to the Fermi surface instability of
the 1D electronic system.

The BEDT-TTF (ET) molecule (Fig. 1-1-6) opened a way to wide variation of
molecular arrangement in two dimension, where nesting of Fermi surface is not effective
[11]. A typical crystal structure of ET,X are shown in Fig. 1-1-7, where the case of
X=Cu(NCS), is depicted[12]. The ET molecule and X form 2D conducting and insulating
sheet, respectively. This layered structure gives quasi 2D electronic structure, which is a
strong contrast to the case of TM,X and tends to suppress Peierls or SDW transition. In
fact, many of ET>X remain metallic down to lower temperatures[13]. The salt with
X=Cu[N(CN)z]Br has the highest 7c among the organic superconductors to date (7¢
=11.6 K)[14].

The investigations of metal complexes of DCNQI (DCNQI-M) started in 1986[15].
Although superconductivity has not yet observed, the DCNQI-M system introduced
novel physical interests in terms of the electron correlation and nt-d hybridization inherent

in term. The properties of DCNQI-M are described in the next chapter.



1-2 DCNQI-M complexes

DCNQI molecule is shown in Fig. 1-2-1. This is an organic i acceptor molecule, which is
uniformly stacked along the r:. axis in the crystal, forming 1D columns. The metallic ions,
M (M=Li, Ag, Cu), are coordinated in Dy distorted tetrahedral fashion to the N atoms of
CN groups of DCNQI molecules[16]. The M complexes of DCNQI, (DCNQI);M or
DCNQI-M, have the same crystal symmetry with the space group, /4,/a, irrespectively of
the kind of M or the substitution group, R'/R?[17]. In 1986, A. Aumiillar ef al. reported
that (DMe-DCNQI),Cu (R'/R?*=Me) remains metallic down to liquid helium temperature
in spite of the low-dimensional structure[15]. The Peierls instability due to the one
dimensionality was not observed. Their report is the beginning of the study of the
DCNQI-Cu system. The stability of the metallic state in (DMe-DCNQI),Cu comes from
the hybridization of Cu 3d orbital and 1D organic © band[18].

In this chapter, the electronic properties of DCNQI-M complexes are described from the

viewpoint of the n-d hybridization* .
(DMe-DCNQI),Li, (DMe-DCNQI):Ag

The electronic states of the complexes with monovalent metal ions are insensitive to the

choice of Li or Ag become the electrons of Li and Ag do not contribute to the electronic

* The results in the figures 1-2-2, 1-2-4 and 1-2-6 in this chapter were obtained by the

present author. All of them reproduced the earlier results [42].

H



properties[19]. The conduction band in the Li/Ag salt of DMe-DCNQI, DMe-Li/Ag is
constructed by the DMe-DCNQI columns and therefore have strong 1D characters. In
Fig. 1-2-2, temperature dependence of p and nf DMe-Li (a) and DMe-Ag (b), is shown.
DMe-Li/DMe-Ag behaves metallic at higher temperature while it becomes insulating at
lower temperatures. Since Li/Ag is monovalent in the crystal, the valency of DMe-
DCNQI is -1/2. Therefore the filling of the 1D = band is quarter with the Fermi wave
vector, k/=c*/4. The ground state is non magnetic Peierls (or spin-Peierls) state with
lattice distortion of 2k CDW[20]. The gradual change of the resistivity can be explained
in terms of pseudo gap due to the fluctuations of 2k; CDW and/or freezing of 4k CDW

which is suggested by the X-ray diffuse scattering[20].
(DMe-DCNQI)-Cu

The mixed valent Cu ions interconnect the DCNQI 1D = bands through the 3d orbital at
Fermi level[18]. The average valence of Cu is known to be close to +4/3;
Cu":Cu®*~2:1[18,21,22]. The valence of the DCNQI molecule turned out to be ~-2/3
[18,27]. Therefore the filling of the 1D = band is ~1/3. The properties of Cu salt of
DCNQI is quite sensitive to pressure. The temperature-pressure phase diagram of
DCNQI-Cu is shown in Fig. 1-2-3. (DMe-DCNQI),Cu behaves metallic down to low
temperatures at ambient pressure as shown in Fig. 1-2-2 (c), while under ~300bar the
insulating state is induced at 70-200 K, depending on the pressure[23]. In the insulating
phase, a superlattice with three fold period [24,25] and a charge separation of the Cu ion

like Cu®"Cu'"Cu""Cu®Cu"*Cu’ occur simultaneously along the ¢ axis[26]. In the



metallic state, the spin susceptibility, x, is not sensitive to temperature like Pauli
paramagnetism (Fig. 1-2-2(c)), while in the insulating phase the Curie-Weif3 type of
magnetism is observed, which is carried by ‘the 1 spins (Fig. 1-2-4). At lower
temperatures, typically below 10 K, the Cu®" spins order antiferromagnetically[26-28].
The replacement of the substitution group, R'/R? has the same effect as application of
pressure[31]. DMe(d)/DBr/DCI-Cu undergoes the metal-insulator transition even at
ambient pressure[29,30]. The metal insulator transition of the Cu salts is understood as a

cooperative phenomena of Peierls transition in the  band and Mott transition in the d-

like band[31].
(DI-DCNOI):Cu

(DI-DCNQI),Cu, which was first synthesized by Hiinig e/ al., has the same crystal
symmetry as DMe-M and also behaves metallic down to low temperatures[32]. The
electronic properties of the DI-Cu are different from those of the DMe-Cu in the
following respects,
1. anisotropy of resistivity, p,/py, in DI-Cu ~3 is less than that of DMe-Cu (~10) [33]
(Fig. 1-2-5)
2. critical pressure of the metal-insulator transition is markedly larger in DI-Cu
(~15kbar) than the DMe-Cu (~0.3kbar) [33] (Fig. 1-2-4)
3. % of the DI-Cu is about twice as large as that of DMe-Cu and forms a broad peak at
around 110 K[34] (Fig. 1-2-6).

The population of LUMO on the iodine sites in DI-DCNQI is much larger than on the



methyl sites in DMe-DCNQI. The facts of 1. and 2. may be explained by the 3D nature
caused by the direct LUMO-LUMO interaction through the iodine sites in DI-Cu[33].
The fact of 3. suggests enhancement of the electron correlation effect in this system. The
band width is predicted to be narrower in DI-Cu by first principle band calculation[35].
Estimate of the intracolumn transfer integrals based on the molecular orbital calculation

also indicates narrower 1D = band in the DI-DCNQI column[33].

1-3 Scope of the present study

In the real materials, there is some degree of three dimensionality due to the
intercolumn interaction even when it is called the 1D conductor. For example, the ratio of
the transfer integrals in three directions in TM,X is ~1:10:100 (f,:f-:2-)[37]. As for
(DMe-DCQI),Cu, the ratio is ~1:10 (%:4,)[38]. The purpose of the present study is to
synthesize and examine new electronic states caused by changing the magnitude of the
intercolumn interaction and/or band filling of the 1D electronic system. The M (Li, Ag,
Cu) salt of DCNQI is advantageous to perform the present study by the following
reasons.

®Easy to control the intercoulmn interaction by changing the substitution group, R'/R”.

@®Same crystal symmetry between the salts with monovalent Li/Ag and mixed valent Cu

(~1.3+). The crystal symmetry is also independent of R'/R?
@ As for Cu salt, there is intercolumn interaction via the 3d orbitals of Cu ions.
It seems that the replacing the substituents, Me to I, increases the intercolumn

interaction through the LUMO on iodine sites and decreases the intracolumn transfer



integral[33,35]. The DI-systems is expected to be more three dimensional and highly
correlated than DMe-system. The conducting and magnetic properties of 1D electronic
system constructed by DI-DNQI columns are dt;,scribed in chapter 3, The Ag and Li salts
with DI-DCNQI, DI-Ag and DI-Li, have been newly synthesized in the present study.
DI-Li/DI-Ag is expected to afford nearly pure m electronic systems constructed by the
original DI-DCNQI columns. In the chapter 3-2, the author has synthesized DMe-M and
DI-M systems systematically and characterized by p and % measurements. The detailed
electronic structures have been studied by "H/"*C-NMR measurements in chapters from
3-3 to 3-6, In chapter 3-6, the metallic state of DI-Cu are discussed with the viewpoint of
the hybridization between the Cu 3d orbital and = band.

In the chapter 4, an attempt of carrier doping to the 1D electronic system is described.
The author aimed at controlling the filling of DMe-DCNQI 1D & band by changing the
average valence of M with alloying of M with different valences. The ground state of
undoped DMe-Li is a nonmagnetic insulator associated with freezing of 2k CDW([20]. It
is expected that the Cu doping to the Li site in DMe-Li causes some change in the filling
of the 1D = band and also generates the 3D character through participation of the Cu 3d
orbital to the electronic band. The doped system, (DMe-DCNQI)Li;.Cu,, were
synthesized systematically and characterized by the measurements of p and x, that are
described in the chapters 4-1, 4-2 and 4-3. The detailed of the systems by *C-NMR

measurements is described in chapter 4-4.
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Fig. 1-1-1 Crystal structure of TTF-TCNQ.[2]
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Fig. 1-1-2 Temperature dependence of resistivity, p, of TTF-TCNQ.[3]
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Fig. 1-1-6 BEDT-TTF molecule.

Fig. 1-1-7 Side view of crystal structure of (BEDT-TTF),Cu(NCS),.[12]
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2-1 Principles

In this chapter, principles of the nuclear magnetic resonance (NMR) are introduced
briefly.

Each nucleus interacts with its environment via hyperfine interaction[1,2]. There are
three types of hyperfine interactions between 1) a nuclear spin and electron spins, 2) a
nuclear spin and the orbital current of electrons and 3) a nuclear quadropole moment and
field gradient.

The Hamiltonian of magnetic hyperfine interaction between the nuclear spin, 7, at a site
i and the electronic spin, S, at a site j may be express as

H=gypl,- 45, W=
where A;; is a hyperfine coupling tensor, The diagonal term of the A;;, which originates in
the interaction between the nuclear spin and the electronic spin on the same atomic site, /,
consists of such contributions as the Fermi contact (isotropic), dipole (traceless) and core
polarization (isotropic) terms. The Fermi contact term originates from the direct contact
of electrons of s-character with a nuclear spin. Note that the wave function of the
electrons has a finite amplitude at the nuclear site. The core polarization term is caused by
the imbalance of the up and down spins of s-shell at the nuclear position, which is induced
by the exchange field of an unpaired and polarized electron spin in a non-s-orbital[3].

The total Hamiltonian for nuclear spins under a magnetic field, Hy, can generally be

expressed as,

};F:.z(-y{ﬁfi-}?ﬂ)+Zgy;ﬁ}:.oﬁ,}o§f+O+ng, (2-2)
i LY
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The first, second, third and fourth terms in eq. (2-2) originate in the interaction of nuclei
with a static magnetic field (Zeeman interaction), electronic spins, orbital current and
electric field gradient, respectively. The third term of eq. (2-2) is the contributions of Van
Vleck paramagnetism and shielding diamagnetism giving chemical shift[4]. It is known
that in the organic compound, the Van Vleck paramagnetism is quite small. Additionally,
in the present work, the probed nucleus are 'H and C whose spin are 1/2 without
quadropole moment. Therefore we do dot have to consider the fourth term. Apart from

the chemical shift term, the eq. (2-2) can be reexpressed as

H= Z("?Jﬁj; Efm:) : (2-3)
i
with A, =H, - > 84, .8 ;- The second term causes a shift of the resonance frequency

from the condition, oy = yiH) to an actual frequency, ©.,. The effect is called NMR shift,
K = (00y)/on. When the origin of the excess magnetic field is Pauli paramagnetism, X
is called Knight Shift[5]. The relationship between NMR shift and spin susceptibility

expressed as

K= 4z, (2-4)

i
where a stands for the x, y and z axis, and ¥, is local spin susceptibility at the site j. Thus
the measurements of NMR shift yield information on the local susceptibility. The
hyperfine coupling tensor, A, can be determined from the slope of K-y plot[6].
At thermal equilibrium, the population of the nuclear spins at the energy levels follow
the Boltzmann distribution. As shown in Fig. 2-1-la), there appears a net nuclear
magnetization M, in this state. Absorption of radio frequency (rf) wave raises the nuclear

spin temperature. When the upper and lower energy levels are equally occupied as shown

20



in Fig. 2-1-1b) , the net nuclear magnetization disappear (saturating state). Since the
nuclear spin system interacts with thermal reservoir of the electrons through the hyperfine
interaction, the nuclear magnetization will be recovered toward the value at the initial
thermal equilibrium. The characteristic time of the recovery is called nuclear spin-lattice
relaxation time, 7). Since 7 of a nuclear spin system depends on the state of the thermal
reservoir, one can probe the physical properties of the reservoir system through the
measurements of 7;. The time evolution of the nuclear magnetization after the saturation,
M(1), can be expressed as

M(7) = M,(1-¢™"%). (2-4)

The relaxation rate, 77" at a site / can be expressed in a general form of]8]

T =29k, 74*y 2. 2.0) (2-5)
7 Dy

where @y is the resonance frequency, and y ; (g,®) is the dynamic susceptibility given by
= @ 5 g
Im 7(§,®) = o [ (3,034 (0))cosardt . (2-6)

T, probes the g-summation of the transverse dynamic susceptibility at a frequency of wy.
When the system is in a normal metallic state, eq. (2-5) becomes a well known form

named Korringa relation[8],

2
]"l"' =4_H*EI(.&J xE (2-7)
h e

In this case, since K is proportional to the density of states at Fermi level, N(gr), Ty is
proportional to the square of N(gr). If Pauli spin susceptibility is temperature-independent,

T, is proportional to temperature.
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In case of an antiferromagnet of local spins with the exchange interaction, J, the nuclear
relaxation, which is dominated by the low frequency component of spin fluctuations of

the exchange, can be expressed in the high temperature limit as[9]

1 T 2 2 zS(S'*'}-)
=.J— —— e 2-8

where .. is the exchange frequency of spins defined as

,  8z/°S(S+1)
T 2-9

with z, the number of the nearest neighbor site. In the molecular approximation, J is
related to the Neel temperature, 7y, as
3ky Ty = |J|2S(S +1). (2-10)

The 7" is proportional to J* and temperature-independent.

2-2 Measurement System

A standard pulsed NMR spectrometer was used in the present work. A block diagram is
shown in Fig. 2-2-1. A powder or polycrystalline sample was packed into the glass tube
of which the diameter is ~ 2.5 or 3.0 mm.

The NMR spectra were obtained by two different methods. One is Fast Fourier
transformation of the quadrature-detected spin echo signals observed at a fixed frequency
and field. This technique is available in case of relatively narrow spectrum compared with

the inverse of the NMR pulse width. The typical n/2-pulse width in the study is 0.8 ~ 1.5

usec for "H-NMR and 3.5 ~ 6 psec for *C-NMR, which corresponds to ~ 300 kHz and ~
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80 kHz, respectively. The other method is the measurement of the spin echo intensity as a
function of frequency under a constant magnetic field. The frequency shift, K relative to a
standard material[10] was determined by the first moment of the spectrum. The line width

is defined as the square root of the second moment of the spectrum. A relationship
between the spectrum, shift and line width is shown schematically in Fig. 2-2-2.

The nuclear spin lattice relaxation time, 73, was measured by the standard saturation
recovery method. The saturated state was made by a set of /2 pulses with an interval, 4,
in the condition, 75 €< 7). The recovery curves of nuclear magnetization were obtained
by plotting the spin echo intensity as a function of 1, a waiting time after the nuclear
saturation. The typical pulse sequence and an example of the recovery curve are shown in

Figs. 2-2-3a) and b), respectively.
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Fig. 2-1-1
(a) A two level nuclear spin system under the thermal equilibrium. (b) The state of
“saturation”, in which no net nuclear magnetization exists.
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Components

® Magnetic field: superconducting saienoiﬁ type magnet: Oxford instruments,
Maximum 90 kQOe
e Signal Generator: Hewlett Packard 8657A
e Power Amplifier: ENI NMR 300L/500M and JEOL M3205 Maximum: 300 W
® Receiver Amplifier: THAMWAY unit type NMR receiver:
f Amp.: N141-5059A, 5-300 MHz
Video Amp.: N144-1014A, DC-1 MHz
ref. Phase shifter/phase sensitive detector:
NO072-1067A/N113-1067A, 25-50 MHz
-1078A/ -1078A4, 50-100 MHz
-1089A/ -1089A, 100-200 MHz
order made/order made, 200-400 MHz
® Phase cycling system: THAMWAY N103-1059C, 5-300 MHz
® Pulse Generator: IWATSU SY-8221
e Digital Memory: IWATSU DM7200

® Temperature controller; CONDUCTUS TLC-20
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Fig. 2-2-2 A relationship between the spectrum, shift, K, and line width.
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3-1 Introduction

In this chapter, investigations of the electronic states constructed by DI-DCNQI 1D
columns are described. As mentioned in chapter 1, it is suggested from the measurements
of p and y that the DI-system is more 3D and highly correlatéd than the DMe-system.
The band structure calculations also predict a narrower 1D & band in DI-DCNQI column.
This feature may be involved in the manifestation of electron correlation in DI-Cu. There
are arguments on the origin of the electron correlation; 1D 7 band or Cu 3d band? In this
sense, the 1D electronic state in DI-DCNQI stack itself should be characterized. The
Li/Ag salt, DI-LVDI-Ag, is expected to afford a nearly pure & electronic system without
hybridization with 3d orbital. DI-Li and DI-Ag have been newly synthesized in the
present study. In chapter 3-2, the preparation and characterization of the samples are
described. The conducting and magnetic properties of DI-Ag and DI-Li are discussed in
chapter 3-3. Further investigations of DI-Ag by “C-NMR are presented in chapter 3-4.
The ground state of DI-Ag is uncovered in chapter 3-5. In chapter 3-6, the NMR
characterization of DI-Li is described. In chapter 3-7, DI-Cu is investigated by NMR
measurements at selective nuclear sites and is discussed from the viewpoint of
hybridization between the DI-DCNQI 1D = orbital and the Cu 3d orbital. A summary is

given in chapter 3-8.

3-2 Sample preparation
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The crystals of DMe-Ag and DI-M were prepared by the electrochemical reduction; a
constant current of 1uA was applied for about one week to the acetonitril (CH;CN)
solution containing DMe-DCNQI or DI-DCNQi and LiBF; for Li salt, AgBF, for Ag salt
and [Cu(CHs;CN),]ClO4 for Cu salt[1]. Needle like crystals were obtained.

The structure of the new compounds, DI-Ag and DI-Li, was found to be tetragonal like
other DCNQI-M systems such as DMe-M and DI-Cu by single-crystal X-ray analysis.

The lattice constants at room temperature are summarized in Table 1.

Table 3.1 Lattice parameters of DCNQI-M complexes.

Material a(A) c(A) V(A%

DI-Cu [2] 21.721 4.096 1932.7
DI-Ag 22.378 4.055 2030.6
DI-Li [3] 21.995 4.076 1971.7
DMe-Cu [4] 21.548 3.871 1797.4

3-3 Conducting and magnetic properties of (DI-DCNQI).M [M
=Ag, Li]

Figures 3-3-1 and 3-3-2 show the temperature dependence of the ¢ axis resistivity
normalized to the room temperature value and magnetic susceptibility for DI-Ag/Li. The
data of other isostructual salts, which reproduced the earlier results[5-8], are also plotted
for comparison. In Fig. 3-3-2, the diamagnetic core contribution is corrected according to

the Pascal’ law; -9.15X10°, -1.402X10% -06X%X10° -12X10° and 2.4 X 10*
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emu/mole for DMe-DCNQI, DI-DCNQI, Li", Cu" and Ag’, respectively.

The paramagnetic nature of DI-Ag/Li shown in Fig. 3-3-2 evidences that this
compound is not a band insulator. The temperature dependence of 3, of DI-Ag/Li is of the
Curie-Weif type at higher temperatures but forms a broad peak around 35 K for DI-Ag
and a shoulder around 30 K for DI-Li reminiscent of the so-called Bonner-Fisher type[9].
This behavior implies low dimensionality in the spin systems although the decrease of % at
lower temperatures is not so prominent as the Bonner-Fisher behavior, that may be an
effect of 3D interchain coupling. The parameters obtained by fitting of the data above 200

K to the Curie-Weif type curve are summarized in Table 3-2.

Table 3-2. Parameters obtained by the Curie-Weib fitting of ¢ above 200 K. C, 6 and A

are the Curie constant, the Weif} temperature and the spin fraction per formula

unit.
Material C (emu K/mole) 8 (K) A(%)
DI-Ag 0.32 -71 87
DI-Li 0.30 -49 80

For DI-Ag, % shows a kink around 10 K, which is considered as a sign of magnetic order.
This is quite different from the nonmagnetic state in DMe-Ag/Li, which shows a
vanishing spin susceptibility below the (spin-) Peierls transition. Such a kink-like structure

is apparent in DI-Li as well. However, it is indistinguishable from a steep increase of
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possible Curie term. It is interesting to note that DI-M and DMe-M have respective
values of i irrespectively of M at higher temperatures although there occur various low

temperature ground states.

As seen in Fig. 3-3-1, DMe-Li/Ag and DI-Ag show nonmetallic ground states while
DMe-Cu and DI-Cu are metallic in the whole temperature range. For DI-Ag, p increases
without any anomaly below room temperature, that is a contrast to the abrupt increase of
p at 60 K for DMe-Li and 80 K for DMe-Ag due to the (spin-)Peierls transition. This
indicates that a charge excitation gap opens even at room temperature for DI-Ag. An
activation plot of p versus inverse 7 shown in Fig. 3-3-3 gives a charge gap of 490 K for
DI-Ag. As for p of DI-Li, our preliminary result is indicative of the nonmetallic behavior
like DI-Ag, as shown in Fig. 3-3-1. However, its reproducibility has not yet been

guaranteed at present. So, we do not enter into the detailed analysis of the p of DI-Li.

3-4 Nature of Insulating State of (DI-DCNQI).Ag; ZC-NMR

study

The DI-Ag is expected to have the electronic system with a nearly pure x electron band
as mentioned earlier. If the molecular stacking is uniform, the filling of 1D &t electronic
band is expected to be a quarter, giving a metallic state in the uncorrelated case. In fact,
DMe-Ag behaves metallic at a higher temperature region. The resistivity of DI-Ag show
an insulating behavior in the whole temperature range below room temperature and the %

shows no spin gap. The magnetism is typical of a Mott insulator.
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To obtain further information on the origin of the insulating nature of the DI-Ag, ®C-
NMR measurements have been performed at the cyano site in the DI-DCNQI molecule
which has large hyperfine coupling with electrons.

The measurements were made for a polycrystalline sample (~20mg) in a temperature
range between 1.7 K and 280 K. The NMR frequency was 87.6MHz, which corresponds
to an external field of 8.2 Tesla. The ?C-NMR spectra were obtained by the fast Fourier
transformation (FFT) of the spin echo signal following the m/2-m pulse sequence in the
higher temperature region. The width of n/2-pulse was about 4pusec corresponding to the
spectral width of ~120kHz. Therefore the FFT method was not available at lower
temperatures, where the spectrum became broader than the inverse of the pulse width. In
such a case, the spectra were constructed in terms of the echo intensity measured as a
function of frequency.

BC.NMR spectra are shown in Fig. 3-4-1(a), (b) and (c) (Note the different scales of
the transverse axes.) At higher temperatures above 200 K, "C-NMR spectra are single
lines, which is consistent with the fact that all of the "°C sites are crystallographically
equivalent. Below 200 K, however, the spectra get split into two lines with different shift,
K, and width, A. The narrower line with the smaller shift and the broader one with the
larger shift are called inner line and outer one hereafter. Although the outer line is much
broader than the inner line, the intensity of both lines are comparable. Therefore, the line
splitting indicates separation of the carbon sites into two different electronic
circumstances with equal populations. The X and A of the NMR line of a powdered

sample are expressed as[10],
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K o JAS and Acc< (IBS)? >'?
using the isotropic and anisotropic terms of the hyperfine coupling tensor, Aand B ; trace
[A]#0 and trace [ﬁ] =0. The <(JBS)*> stands for the powder average. As X is
proportional to the local electron density of LUMO around the "°C site, the line splitting
in the paramagnetic state is considered to indicate charge ordering into two sublattices.
This is a charge modulation type of 4k CDW with two fold periodicity along the ¢ axis
and is reminiscent of the Wigner crystal, DI-DCNQI molecules with rich and poor
electron densities are arranged alternately along the ¢ axis. This type of CDW is contrast
to the lattice modulation type, which is widély observed in many organic systems with
quarter filling band. This situation is depicted in Fig. 3-4-2. The outer/inner line comes
from the nuclei on the DI-DCNQI molecules with rich/poor population of electron. The
NMR shifts of the inner and outer lines, denoted by Ki and Ko, are plotted as a function
of temperature in Fig. 3-4-3. The Ki/(Ki+Ko) and Ko/(Ki+Ko), which measures relative
populations of electron in the respective molecules, are sown in Fig. 3-4-4. The charge
imbalance starting around 220 K saturates to ~ 3:1 below 150 K. This charge ordering
with 44z CDW modulation is concluded to be responsible for the nonmetallic state of DI-
Ag.

As shown in Fig. 3-4-1(b) and (c), the outer line becomes remarkably broadened and
finally spread out with temperature decreased, while the inner line, although broadening is
appreciable, remains observable down to the lowest temperature available. As suggested
by the susceptibility and evidenced by the 'H-NMR, which will be described below, thhe
ground state is antiferromagnetically ordered state. In this context, the broadening of the

line is reasonably attributed to the fluctuations of 24y AF ordering in the 4ks charge
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ordered state. The “Ko” site experiences serious fluctuations of local field, which makes
the broadening prominent. On the other hand, at the “Ki” site situated in between the
“Ko” site, the local field due to the AF short ra.néc order should be canceled, that explains

why the inner line alone is free from spreading out.

3-5 Ground state of (DI-DCNQI),Ag; 'H-NMR study

The '*C site has strong hyperfine coupling with LUMO electrons so that *C-NMR was
useful to probe the electronic structure in the paramagnetic state, as seen in the previous
chapter. By this reason, however, the *C-NMR becomes spread out when the magnetic
ordering is approached. In this situation, 'H site, which has much smaller hyperfine
coupling constant, plays a complimentary role. In order to clarify the ground state of DI-
Ag '"H-NMR experiments were performed. The 'H is connected directly to the six-
membered ring of the DI-DCNQI molecule. The measurements were performed for the
same sample as used in the "C-NMR measurements. The NMR frequency was 85.3 MHz,
which corresponds to 2.0 tesla. The "H-NMR spectra are shown in Fig. 3-5-1(2). Below
about 200 K, the line shape becomes asymmetric. This reflects the shift inhomogeneity
due to the freezing of the 4k&¢ CDW or charge ordering. The spectra were not separated
so clearly as in *C-NMR. This is because the hyperfine coupling between 'H nuclei and
LUMO electrons are very small and the nuclear dipolar broadening is convoluted on the
two lines. A drastic change occurs at 5.5 K. Above this temperature, the line width is an
order of ten kHz, while, at lower temperatures, the spectra suddenly get broadened over

several hundreds kHz around the origin of the shift; a spectrum at 1.7 K is shown in Fig.
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3-5-1(b). The broadened spectra are obtained by the frequency sweep of the spin echo

intensity over a range of £800 kHz because the spectra spread out of the frequency

width attained by the present rf pulse width. 'i'his broadening indicates generation of
inhomogeneous local field and is a microscopic evidence of magnetic transition. Since
above and below the transition has similar magnitudes as seen in Fig, 3-3-2, it cannot be
ferromagnetic. Therefore, it is concluded that the nature of the magnetic transition is AF.
The temperature dependence of the line width in Fig. 3-5-2 shows clearly that the
transition temperature is 5.5 K.

Figure 3-5-2 also shows 7} as a function of temperature. At 5.5 K, where the spectra
starts to be broadened, 7" forms a peak. This is an additional evidence of an AF
transition. The gradual increase of 77" toward 5.5 K from 10 K is a manifestation of the
critical slowing down of the spin fluctuations and a rapid decrease below that reflects
fluctuations in the staggered magnetization[11].

The ground state of DMe-Ag is viewed as Peierls state driven by Fermi surface nesting
or spin-Peierls state. [In the intermediate temperature range from 100 K down to 80 K,
the resistivity of DMe-Ag tends to increase. The nonmetallic behavior in this temperature
range can be explained in two ways, one is in terms of pseudo gap due to the 2k CDW
fluctuations, which condense below 80 K, and the other is a Mott like insulator due to 4k¢
CDW with tendency of spin and charge localization. The former interpretation leads to a
picture of Peierls ground state while the latter to a picture of spin-Peierls ground state.
These two pictures are difficult to distinguish.] On the other hand, DI-Ag is an AF
insulator. The difference of the ground states is understood in terms of the difference of

the band width and the dimensionality in the electronic system as follows. According to
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the first principle band calculations, the interchain and intrachain hopping integrals, 7,
and 7y, for DI-system are about three times larger and one half smaller than for DMe-
systems, respectively, indicating that the DI-system has a narrower band width and is
more 3D than the DMe-system. The former aspect in DI-Ag enhances the effect of the
electron correlation and drives the system into the insulator in the whole temperature
range. The latter aspect is responsible for AF ground state of this material because an
Néel state is stabilized with increasing interchain interaction[12] in quasi 1D electronic
system. The difference of dimensionality also explains the fact that DI-Ag has larger spin
susceptibility than the DMe-Ag because the i inversely correlates with ¢, through
density of states in the metallic regime or through the exchange interaction, J, in the
paramagnetic insulating regime.

This system is highly correlated m electronic system having 4k COW without 24z CDW.
At low temperature, DI-Ag undergoes as AF transition. The insulating state of this
compound is qualitatively different from those of other isostructual DCNQI-M complexes
studied so far; the nonmagnetic (spin-) Peierls ground state in DMe-Ag/Li[13] and the
cooperative Peierls and Mott insulating state in DMe-Cu under pressure[14]. The DI-Ag
is unique among DCNQI-M complexes in that the = electrons are responsible for
magnetic ordering. The magnetism revealed here indicates nature of the Mott insulator
and demonstrates importance of electron correlation in the n-electron system in DCNQI-

M complexes.

3-6 Comparison between (DI-DCNQI),Ag and (DI-DCNQI),Li
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In this chapter, the electronic properties of DI-Li are discussed by comparing the 'H-
NMR characteristics of the DI-Li and DI-Ag. “The preparation of “C enriched DI-Li
sample is not yet successful.

Although it was difficult to obtain the high quality crystal of DI-Li, fortunately, samples
with considerablely diminished Curie term are synthesized after ma:-w trials. 'H-NMR
measurements were performed at 200 MHz (4.7 tesla) for both systems.

'H-NMR spectra at 200 MHz of DI-Li and DI-Ag are shown in Fig. 3-6-1a) and b). In
a higher temperature region, the spectra of both salts are symmetric single lines. In the
lower temperature region, 7 < 100 K for DI-Li and 7' < 200 K for DI-Ag, the spectra
became asymmetric. The typical "H-NMR spectra of DI-Li below 100 K and of DI-Ag
below 200 K are shown in Fig. 3-6-2a) and b), respectively. The spectra can be
reproduced by a sum of two Gaussian, as shown in the figures. Although the significant
line separation has not been observed due to the small hyperfine coupling between 'H and
LUMO of the systems, the essential feature of the spectra are shared by 'H and “C-
NMR spectra of DI-Ag. This is a manifestation of the 4k CDW as mentioned in chapter
3-4.

Temperature dependence of "H-NMR linewidth and the relaxation rate, ;™" of both
salts are shown in Figs. 3-6-3, and 3-6-4. The line width of DI-Li increases steeply below

20 K like DI-Ag and is attributable to AF fluctuations. The peak formation of 7} is not

so clears as the case of DI-Ag but seems to occur around ~3 K. At higher temperatures,
the difference between 77" of the two systems becomes apparent, suggesting the

difference of the electronic states. However, the two systems are considered to have the
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common nature of the insulating state and the ground state.

3-7 Electronic state of (DI—DCNQDgCu; an electronic system

with 7-d hybridization

It is known that when Ag/Li is replaced by Cu, the d orbital in Cu are hybridized with
7 orbital in DCNQI at least for the DMe-system, We can imagine the same situation in
the DI-system. The NMR measurements at the selective nuclear sites in the DI-Cu, 'H
and "*C at cyano site, were performed. The 'H- and *C-NMR spectra are shown in Figs.
3-7-1 and 3-7-2, respectively. The spectra at both nuclear sites are constructed by single
line. In Fig. 3-7-3, the spectral shifts of °C- and '"H-NMR, "X and 'K, from the line
position of neutral DI-DCNQI molecule are shown in comparison with . Both of K and
'K form broad peaks like that of x. However, it should be noted that the peak
temperature of 'X is lower than that of y while the peak temperature of “K is slightly
higher than that. The overall temperature dependence of 7 is in between the two profiles.
Since K probes the local spin susceptibility, this fact is considered as a microscopic
evidence that the electronic structure consists of several bands with different characters,
which is believed to come from hybridization of the « and d orbitals; "H-NMR detects the
electrons of n-band preferentially, while *C-NMR at the cyano group coordinated to the
Cu ions can probe the d-electrons through the off-site core polarization as well as the
electrons.

The Cu salts are considered to be conductors doped into the (spin-)Peierls insulator
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(DMe-Ag/Li) and Mott insulator (DI-Ag/Li) in a sense that hybridization modifies the
band structure and controls band filling of the 7 band at the same time. It is interesting to
note that x at higher temperatures is almost determined by the kind of DCNQI molecule
irrespectively of the metal ions, Cu or Ag/Li. This has an implication of a dominant role of

the m electronic system in magnetism even for the Cu salts.

3-8 Summary

The electronic states of metal (Li, Ag and Cu) complexes of DI-DCNQI were
investigated by p, %, 'H- and "C-NMR measurements. The newly synthesized DI-Ag and
DI-Li are insulators below room temperature. The 4k CDW has been observed from line
separation of the "C-NMR spectra of DI-Ag. '"H-NMR also detected the 4k CDW in the
DI-Ag/Li. It is emphasized that the CDW in DI-Ag/Li is the charge ordering rather than
the lattice modulation type. The DI-Ag/Li is understood as Mott insulator by the large
Coulomb repulsion. The ground state of DI-Ag/Li is AF. The AF interaction, J of DI-Li is
little smaller than that of DI-Ag. DI-Ag/Li, which is considered as a nearly pure =
electronic system like DMe-Ag/Li, is the first case of n electron antiferromagnet among
DCNQI-M systems. It has been observed that there were not significant AF order in the
DI-Li.

The difference of the electronic states between the Ag/Li salts of DMe-DCNQI and
DI-DCNQI is explained by the difference of the band width and the dimensionality of the
electronic states. In fact, according to the estimation of the transfer integral by the band

calculation, the DI-system is more three dimensional and has a narrow band than the
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DMe-system. In DI-systems, the effect of electron correlation is enhanced.

The NMR spectra at 'H and cyano "C sites in DI-Cu were measured. Both of the shift,
'X and “K, form broad peaks like ¥. Howe\_.rer, they showed different temperature
dependence. The overall temperature dependence of % is in between the two profiles of
the shift. "C-NMR at the cyano group coordinated to the Cu ions can probe the d orbital
through the off-site core polarization as well as the © band. This is the evidence of the
existence of the hybridization between the Cu 3d orbital and 1D = band even in the DI-
system.

The ground state of DI-Ag is a magnetic insulator, while the isostructual DI-Cu is a
paramagnetic metal with hybridization of the % orbitals with Cu 3d orbitals. The present
result of DI-Ag shows an important role of m band in electron correlation manifesting

itself in ,e.g. enhancement of spin susceptibility in the DI systems.
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4-1 Method

In general, doping is a useful method to control and provide novel electronic phases.
This method should be promising for molecular conductors, as well as transition-metal
oxides, which have been extensively studied. DMe-Li behaves as a 1D electronic system
with a quarter filled = band. This system is metallic in a high temperature region, while it
undergoes a non-magnetic (spin-) Peierls transition with freezing of 24s charge density
wave (CDW) at 60K. On the other hand, DMe-Cu remains metallic down to low
temperatures at ambient pressure in spite of the low-dimensional structure. The 3d orbital
of Cu ions hybridize with LUMO of DMe-DCNQI and play a role of interconnecting the
1D 7 band. The valence of the Cu ions are around 4/3 (Cu'*:Cu®"=2:1) and the filling of
1D 7 band turns out to be about 1/3.

It is interesting to control the filling and/or dimensionality of the 1D = band by alloying
of the metal ions, M, with different valency. Now, we consider alloy systems of Li and Cu
as M. So, Cu doping to the M site in the DMe-Li is expected to cause some change of
filling of 1D = band and generate 3D character through the hybridization of the Cu 3d
orbital with the 7 orbital. In this chapter, observation of the effect of doping to the 1D
electronic system is described.

The Alloy systems, (DMe-DCNQI),Li;..Cu., with a systematic series of composition
were synthesized and characterized by the p, % and "C-NMR measurements. In chapter
4-2, preparation and evaluation of homogeneity of the samples are described. Conducting
and magnetic properties are described in chapter 4-3, and further informations of the

electronic states obtained by '"C-NMR are presented in chapter 4-4.
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4-2 Sample preparation

The crystals of (DMe-DCNQI),Li,..Cu, were prepared by chemical reduction using (n-
BtsN)I (n-tetrabuthylammonium iodide) from acetonitril (CH;CN) solution of DMe-
DCNQI and mixture of LiClIOs and (EtN);CuBry (where EtN s
tetraethylammonium)[1]. The content x in (DMe-DCNQI),Li;..Cu, was determined by
ICP-AAS[2]. A relation between the values of x in preparation and those observed by
ICP is shown in Fig. 4-2-1. In a region of small x, the Cu is incorporated more than its
content in preparation. For large x, the resultant x is nearly equal to that in preparation.
Samples with x = 0 (Li salt), 0.18, 0.33, 0.49, 0.70 and 1.0 (Cu salt) were prepared. It is
important to examine the homogeneity of the samples in case of study of the alloy system.
The “C-NMR spectrum of the systems at room temperature are shown in Fig. 4-2-2. The
difference of the line positions between the systems of x = 0 and 1.0 reflects difference of
the *C hyperfine coupling constant and local spin susceptibility. The spectra of the alloy
systems are somewhat broad but forms a single peak. If the alloy systems had phase
separation, e.g. a mixture of the salts of x = 0 and 1.0, the spectra would form a double
peak structure. A microscopic difference of the metal ions in neighbor of the C sites,
namely Li or Cu, which is inherent in the alloy systems, gives a variation of the hyperfine
coupling constant of °C and may contribute to the broadening of the spectra. Note that
the variation of the hyperfine coupling does not mean inhomogeneity of the electronic
state. In addition, the recovery curves of nuclear magnetization in the alloy systems were
nearly single exponential functions as shown in Fig. 4-2-3 while the 7" of the two

limiting salts of x = 0 and 1.0 are quite different. These observations suggest that there is
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no serious inhomogeneity in the samples. More or less fluctuations in x over the sample

volume cannot be ruled out.

4-3 Conducting and Magnetic Properties

In this chapter, the conducting and magnetic properties of (DMe-DCNQI),Li;..Cu, are
described. Figure 4-3-1 shows the temperature dependence of resistivity, p. All the
systems behave metallic in high temperatures (7> 100 K). The systems with x up to ~0.3
are insulating at low temperatures. On the other hand, the systems with x > 0.5 are
metallic in the whole temperature range without any anomaly. The resistive transition
temperature seems to decrease with increasing x up to ~0.3 but is not well-defined as the
case of x = 0, The system around x = 0.3 is the boundary between metal-insulator
transition.

In what follows, the mechanism of the metal-insulator transition or crossover is
discussed. The two limiting cases of x=0 and 1 are an one-dimensional (spin-)Peierls
insulator and a three-dimensional metal with n-d hybridization, respectively. Doping of
Cu causes the following three effects on the electronic system; the first is lifting of
dimensionality by interchain coupling due to the w-d hybridization, the second is a change
of filling of the n band between a quarter and a third, and the third is introduction of
randomness. With x varied, these three processes are going on, as depicted in Fig. 4-3-2.
If DMe-Li is viewed as a 1-D Peierls insulator driven by the Fermi surface nesting, the
first effect acts against nesting and tends to lead the system into the 3-D metals with x

increased. Alternatively if DMe-Li is viewed as a 1-D spin-Peierls insulator, the second
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effect makes the system metallic with x increased. In any event, the former two effects act
in favor of the metallic state. On the other hand, the third effect (disorder) should be
enhanced in the middle range of x. After all, the éhange of the electronic state results from
the interplay between these effects. The systems with x = 0.33, 0.49 and 0.70 have a finite
metallic resistivity in the low-temperature limit but shows lower residual resistivity ratios
than that of the system with x = 1,0. (Near x = 0.5, for example, it is an interesting
expectation that a novel ordered state of Li and Cu may appear. However, the resistivity
behavior of the system with x = 0.49 shows no sign of this state.) They can be
disordered 3-D metals, However, the system with x = 0.18 is a nonmetal but has no such
an anomaly as the system with x = 0. This feature suggests an disorder-induced insulator,
which is consistent with residual spin susceptibility (described below) even at low
temperatures for this system. Since the dimensionality of the electronic state is crucial for
the effect of disorder, the present metal-insulator transition is reasonably addressed as an
issue of the dimensional crossover of the electronic state in presence of disorder.

Figure 4-3-3a) shows the temperature dependence of . The diamagnetic core

contributions were calculated according to Pascal’s law; -9.15 X 10'5, -0.6X10% and -1.2
X 10* emu/mole for DMe-DCNQI, Li* and Cu’, respectively. The Curie contributions

was observed in all systems. The Curie constant, C, and the spin fraction, 4, of each
system are listed in table 4-1. It is obvious that 4 is much smaller than x and there is no
correlation between them. This fact indicate that the Curie term does not come from the
doped Cu but from some impurities. Therefore, the doped Cu ions turn out to carry no
localized spins even in the insulating phase and suggested to be monovalent or mixed-

valent. Since the Curie terms are so small as shown in Fig. 4-3-2, it is reasonable to
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consider that there is no serious influence on the electronic states. The susceptibility after

subtraction of the Curie term is shown in Fig. 4-3-3b).

Table 4-1. Low-temperature Curie term. 4 is the spin fraction per formula unit.

X C(emu/mole K) A
0 (Li salt) 7.28E-4 0.0019
0.18 1.66E-3 0.0044
033 1.44E-3 0.0038
0.49 5.46E-4 0.0015
0.70 8.03E4 0.0021
1.0 (Cu salt) 1.45E-3 0.0039

The abrupt decrease of % at 60 K in the system of x = 0 (Li salt) is due to the freezing of
2ks CDW. A systematic change of % with Cu doping in a low temperature region (7' < 100
K) is seen. Up to x ~ 0.3, where the system is nonmetallic in resisti;rity, the susceptibility
anomaly occurs around 45 - 60 K with a finite low-temperature value of ¥, which is
correlated with x as seen in Fig. 4-3-4. This behaviors are not compatible with the (spin-)
Peierls non-magnetic state, but reconciled with disorder-induced electron localization
with finite density of states at Fermi level. The anomaly around 45-60 K may be
interpreted as the imperfect nesting. Above x ~ 0.3, there is no anomaly in susceptibility,
which shows Pauli-like. This perfect suppresion of the nesting, which shows 3D nature of

the electronic state, coincides with the appearance of the metallic resistivity. This is a
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manifestation of the ineffectiveness of randomness to electron localization in higher-

dimensional system.

4-4 PC-NMR study

In this chapter, the "C-NMR results of the doped systems are presented. The transport
measurements revealed that the systems are insulating at low temperatures up to x ~ 0.3
while the systems with x > 0.5 are metallic in the whole temperature range.

The *C-NMR spectra of the systems with x = 0 (Li slat), 0.18, 0.33, 0.49, 0.70 and 1.0
(Cu salt), are shown in Fig. 4-4-1a), b), ¢), d), €) and f), respectively. The structure of the
BC-NMR spectra of the x = 0 system is markedly changed with temperature varied. The
spectra in the metallic state at high temperatures are symmetric. Well below the (spin-)
Peierls transition temperature, 7p, of 60 K, there is no contribution of electron spins to
the shift and therefore the asymmetry is due to the anisotropy in the chemical shift of
DMe-DCNQI molecules. The samples of x = 0.18 and 0.33 also show the similar
temperature profiles of spectra. However, the characteristic temperature, where the
symmetric spectrum changes to the asymmetric one, slightly shifts to a lower temperature
of 40 -50 K and the lineshape of the spectra at the lowest temperature is different from
the perfectly nonmagnetic case of x = 0. These behaviors are consistent with the inperfect
nesting postulated in the previous section. On the other hand, the spectra of the systems
with x > 0.5 remain symmetric down to low temperatures, providing microscopic
evidence of absence of nesting.

The “C-NMR relaxation rate, 77", is shown in Fig. 4-4-2, For x = 0, (7,7)" decreases
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abruptly below 7p of 60 K and vanishes at low temperatures due to opening of a spin gap.
For x = 0.18 and 0.33, Tp seems to decrease down to 40 -50 K, below which (7;7)"
approaches a finite value. This value increases with x. The overall feature of the results

for x = 0.3 is consistent with a picture of imperfect nesting and electron localization

discussed above. In the metallic state, the (717)" has positive temperature dependence
and the magnitude is clearly correlated with the doping content. Especially, for the
systems of x > 0.5, (T\7)" does not exhibit any anomaly in the whole temperature range
and converges into a value of about 0.03 sec'K' in the low temperature limit,
irrespectively of x. This systematic deviation from (7,7)" = const. is an indication
that the doping causes some change in the electronic states, particularly in the excitation

spectrum even in the metallic region.

4-5 Summary

The electronic states of (DMe-DCNQI);Li,..Cu. has been studied by resistivity,
susceptibility and *C-NMR measurements. The system with x = 0 (Li salt) shows abrupt
decrease of conductivity, susceptibility, shift and (7:7)" due to the freezing of 2ky CDW.
The results of the systems up to x ~ 0.3 are characterized by the nonmetallic conductivity
and incomplete decrease of the susceptibility, shift and (7,7)" at a decreased temperature
of 40 -50 K. These behaviors can be understood by the imperfect Fermi surface nesting
due to the n-d hybridization and disorder-induced electron localization. When x exceeds
0.5, the systems remain metallic down to low temperatures without any sign of the

nesting. This indicates considerable degree of three-dimensionality of the electronic state,

68



where the randomness loses the role of electron localization. In high temperature region
(T> 100 K) of all systems are metallic. The large deviation of (737)" from the relation,

(N T)"' = constant, expected in noncorrelated rﬁetal strongly indicate a change of the

metallic nature, with x varied.
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(DMe-D°CNQI), Cu °C-NMR 61.6MHz

- /\ _10IK
_ A 0.1K

30.1K

I

frats ci 03K
3 ’ \ 504K
i 70.3K

i A 102.6K

131.5K

61.7K

" / \ ' 31.0K
; 78.1K

I L 1 L 2 l 1 2 L i I i 5 L. L i ] L I

-1500 -1000 -500 0 500 1000 :1500
Shift from neutral (ppm)

Fig. 4-4-1f) "C-NMR spectra of x = 1 (Cu salt) system.

83



(13T1 D-l (SGC-I K-l)

0.4

0.3

(DMe-DPCNQI),Li;__Cu_

0% (Li-salt)
0.18

1.0 (Cu-salt)

100 200
TEMPERATURE (K)

300

Fig 4-4-2 temperature depndence of (7, 7)"" of each

system. Solid curves are guides to eyes.

84



Concluding remarks

The new electronic phases in DCNQI-Metal complexes have been developed and
examined. By replacing the substitutents of DCNQI from Me to iodine, the electron
correlation effect of the system become large. The newly synthesized (DI-DCNQI),Ag
was expected to afford nearly pure = electron system without n-d hybridization like
isostructual (DMe-DCNQI),Ag. However, their electronic properties were found to be
quite different from each other. DI-Ag is an insulator below room temperature. The 44:
CDW with twofold charge ordering along the c-axis has been identified by the line
separation of "C-NMR spectra. It is emphasized that the CDW is the charge modulation
type rather than the lattice modulation type. The ground state of DI-Ag was found to be
antiferromagnetic from NMR measurements and is a sharp contrast to the nonmagnetic
(spin-) Periels state in DMe-Ag. DI-Ag is the first 7 electron antiferromagnet among the
DCNQI-Metal complexes. The fundamentals of the electronic properties of DI-Li is
similar to DI-Ag. The difference of the electronic state between DI-Ag/Li and DMe-
Ag/Li is understood in terms of difference of the band width and the dimensionality of the
electronic system. When Ag is replaced by Cu, the d orbital of Cu is hybridized to the =
orbital in DCNQI at least for the DMe-system. We can imagine the same situation in the
DI-system. It was observed that temperature dependence of 'K, "*K and y,, are different
from one another. This provides an evidence that DI-Cu is a multi-band system
constructed through the hybridization between = and d orbital.

The alloy systems, (DMe-DCNQI);Li;.Cu,, have been synthesized. The band filling of

DMe-DCNQI 1D 7 band and three dimensionality through the Cu 3d orbital have been
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controled by the Cu doping in the Li site. In a lightly dope region (x < 0.3), the Cu doping
gives the incomplete (spin-) Peisrls transition with finite values of susceptibility remaining
at low temperatures. The systems with x > 0.5 behave metallic in whole temperature
range. The resistivity, susceptibility and NMR behaviors lead us to consider that the
insulator-metal transition or crossover around x = 0.3 is driven by the interplay between
dimensional crossover of the electronic structure and disorder-induced electron
localization. In this sense, disorder plays an important role in determining the electronic
phases as well as dimensionality and band-filling. "C-NMR relaxation of all the systems
in the metallic states (7 > 100 K) indicates that the doping causes some change in the
electronic states, particularly in excitation spectrum visualized in higher temperature

region.
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Appendix

The synthesis process of >C isotope substitution

Each DCNQI molecule was synthesized from the reaction of corresponding
benzoquinone and bis(trimethylsilyl)carbodiimide ((Me;SiN),C) in dichloromethane
(CH.Cl,) as shown in Scheme 1" . The center carbon of bis(trimethylsilyl)carbodiimide is
to be situated cyano carbon in the DCNQI molecule. The synthesis process of “C
enriched bis(trimethylsilyl)carbodiimide is described in this section.

There are three steps of reactions as’

K*CN + Br, — Br*CN + KBr 0

Br*CN + 2NH; — H;N*CN + NH:Br @
EtsN
Me;SiCl

HoN*CN ¥ (ME3S.IN)2*C (IH}
Et;O

Step I

The water solution of K*CN (Isotec, 99.4% C) (10g of K*CN / 55g of water) was
dropped into a stirred mixture of 23.4 g (146.7 mmole) of brimine (Bry; Nakarai GR) in
the ice-bathed three necked flask for about two hours. It should be note that the
temperature in the flask should be lower than ~ 10 °C. About 15 minutes after, the distill
head was put on the three necked flask. The distillation was carried out in the oil bath at ~

80 C (b. p. is 61°C, m. p. is 52°C). An amount of 11.98 g (112mmole, 74%) Br*CN
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was yield based on K¥*CN.

The yield Br*CN was solved in ether and dried by CaCl, for the next step® .

Step I1°

The 200 ml of the 2.0 M ammonia alcohol solution (Aldrich) was added dropwise to a
stirred suspension of Br*CN obtained in the Step I in dry ether (~ 200 ml). The mixture
was left overnight in a refrigerator. The filtered, and filtrate is evaporated to dryness

under vacuum,; yield 4.8 g (112 mmle 96% based on Br*CN).

Step III

25.3 g of Me;SiCl (TCI-GR: 224 mmole) was added dropwise to stirred 22.7 g of Et;N
(Nakarai-GR; 224mmole) in a ice-bathed nitrogen-substituted three necked flask, and 60
ml of the dry ether was also added. The ether solution (60 ml) of H,N*CN obtained at
Step III was added dropwise to the flask for about an hour. The mixture was left for ~ 3

hours and filtered. The filtrate was evaporated and distilled (b. p. 83°C/500 torr); yield

11.2 g, 59.8 mmole, 39.5% based on K*CN.

L A. Aumdiller and S. Hiinig , Angew. Chem. Int. Ed. Engl. 23 (1984) 447

2 A. Aumiiller and S. Hiinig, Liebigs Ann. Chemd. 1986 (1986) 142

3 Hartman and Deger, Org. Synth.. 11, (1931) 30

4+ Since BrCN does not keep well, it is preferable to prepare it just before using, The
drying agent is not filtered off because of the appreciable vapor pressure of the product.

5 S. Graff ef al., Canter research, 11, (1951) 388

88



CH:Cl:
TiCls

Scheme 1. Synthesis method of DCNQI molecule.[1)
A = (MesSiN)2C.
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